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Editorial

With the participation of world top scientists from the fields and integration of science in international artistic
production, Socratic lectures strive to present scientific and artistic excellence to the students, involve them in the
creation of science and art and push forward development of curricula within university education.

14th Socratic Lectures symposium took place online on April 17, 2026.

It featured two plenary lectures, 9 scientific sessions, a poster session and the student session with about 240 active
participants.

With 48 manuscripts and 11 posters received for publication, the Proceedings of the 14th Socratic Lectures is organized
into four distinct sections: Part I focuses on breast cancer research, followed by medicine in Part II, physics in Part III,
and interdisciplinary sciences in Part IV. This part (IV Interdisciplinary sciences) presents a meeting point for natural
sciences, social sciences and arts. We are very happy that our symposia are constituted by different fields, to enrich
brainstorming and ideas of the participants. Also, the Interdisciplinary science collection unites authors from Algeria,
Argentina, Austria, Indonesia, Italy, Romania, Serbia, Turkey, United States of America, and Slovenia and are
therefore the richest one as regards internationalization.

Part IV: front cover features an original, mid-19th-century magnetic field recording created by Michael Faraday
(1791-1867) at the Royal Institution, London. By dusting fine iron filings over waxed paper placed above permanent
magnets and gently warming the sheet, Faraday permanently fixed these field lines to visually map invisible natural
forces. He integrated principles of chemistry and materials science —using a thermal phase transition to trap magnetic
iron particles in a solidifying wax matrix. The image shows how cross-disciplinary methodologies can render abstract
theoretical physics tangibly visible.

We conclude with a big thanks to all the participants who in the spirit of Socrates donated their contributions and to all
those who made the events possible. Kindly invited to the next Socratic lectures.

Veronika Kralj-Igli¢, Anna Romolo and Yelena Istileulova
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Abstract:

Microplastics have emerged as one of the most significant environmental pollutants of
the 21st century due to their persistence, mobility, and potential ecological and human
health impacts. Aquatic ecosystems are particularly vulnerable because rivers, lakes,
and marine environments act both as sinks and transport pathways for plastic debris.
This paper presents an overview of microplastics in aquatic ecosystems with a specific
focus on Montenegro. Available investigations conducted during the last seven years
indicate the presence of microplastics in freshwater systems, lake sediments, coastal sed-
iments, fish, and shellfish. Elevated concentrations were reported in several rivers and
coastal zones compared with regional literature data. The findings highlight the need
for systematic monitoring, improved waste management, wastewater treatment, and
stronger regulatory measures.

Keywords: Microplastics, Aquatic ecosystems, Montenegro, Sediments, Fish, Shellfish
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1. Introduction

Plastic materials have become indispensable in modern society due to their durability, ver-
satility, lightweight properties, and low production costs. Their widespread application
includes packaging, construction, healthcare, agriculture, transportation, and consumer
products. However, the continuous increase in plastic production, combined with inade-
quate waste management practices, has created a serious global environmental problem.
Approximately 40% of plastic products are intended for single-use or short-term applica-
tions, particularly packaging materials, with an average lifespan of less than one month.
Although recycling rates have improved in some regions, only a relatively small propor-
tion of plastic waste is effectively recycled, while the majority accumulates in landfills or
is released into the environment (Klein et al., 2015; Fischer et al., 2016).

Unlike natural materials, conventional plastics are highly resistant to biodegradation and
do not readily decompose into harmless end products. Instead, they gradually fragment
through physical, chemical, and biological weathering processes such as photodegrada-
tion, oxidation, hydrolysis, thermal stress, and mechanical abrasion. Over time, these pro-
cesses generate progressively smaller particles known as microplastics and nanoplastics
(Scherer et al., 2020).

Microplastics are commonly defined as synthetic solid polymer particles ranging from 1
pum to 5 mm in size. They exhibit substantial variability in morphology, color, density, and
polymer composition. Due to their small size, persistence, and ease of transport, micro-
plastics are now ubiquitous contaminants detected in terrestrial, freshwater, and marine
environments, including remote polar regions, rivers, lakes, estuaries, coastal zones, and
open oceans (Fischer et al., 2016; Hengstmann et al., 2021).

According to their origin, microplastics are generally divided into two main categories.
Primary microplastics are intentionally manufactured microscopic particles used in cos-
metics, personal care products, industrial abrasives, synthetic textiles, and resin pellets.
Secondary microplastics arise from the fragmentation of larger plastic items such as bot-
tles, bags, fishing gear, packaging waste, and other discarded materials. In addition to
source-based classification, microplastics are frequently categorized by morphology (fi-
bers, fragments, films, pellets, foams), particle size, color, and polymer type (Scopetani et
al., 2019).

Aquatic ecosystems are among the most threatened environments with regard to plastic
contamination. Rivers, lakes, transitional waters, and marine ecosystems receive continu-
ous inputs of plastic debris from urban runoff, wastewater effluents, industrial discharges,
tourism, fisheries, maritime transport, and improper waste disposal. Rivers are considered
one of the principal pathways and major sources of microplastic transport from land-based
environments toward lakes, estuaries, seas, and oceans (Rodrigues et al., 2018; Simon-
Sanchez et al., 2019). It is estimated that nearly 80% of aquatic plastic pollution originates
from terrestrial sources, while the remaining proportion is associated with marine-based
activities such as shipping, aquaculture, and fisheries.

Marine environments are particularly vulnerable because floating and suspended plastic
particles can be transported over long distances by currents and winds, leading to wide-
spread contamination of coastal and offshore ecosystems. Sediments in rivers, lakes, and
coastal zones act as important sinks for microplastics, where particles may accumulate
over time and remain available for remobilization under changing hydrodynamic condi-
tions (Atwood et al., 2019; Hengstmann et al., 2021).

Aquatic organisms are especially sensitive to microplastic exposure due to their constant
interaction with contaminated water and sediments. Numerous studies have demon-
strated the ingestion of microplastics by plankton, benthic invertebrates, mollusks, crusta-
ceans, and fish. Once ingested, microplastics may cause physical damage, feeding disrup-
tion, reduced growth, oxidative stress, inflammation, and altered reproductive perfor-
mance. Furthermore, microplastics may act as vectors for additives and adsorbed environ-
mental contaminants, thereby increasing ecological risks and potential transfer through
food webs (Digka et al., 2018; Avio et al., 2019; Gomiero et al., 2019).

The Adriatic Sea, including the Montenegrin coastal area, represents an environmentally
and economically important marine region characterized by intense seasonal tourism,
maritime traffic, fisheries, and coastal urbanization, all of which may contribute to plastic
inputs. At the same time, Montenegro possesses diverse freshwater ecosystems, including
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rivers, lakes, and reservoirs, which may also serve as recipients and transport routes for
microplastic pollution (Blaskovi¢ et al., 2017; Palatinus et al., 2019).
The aim of this review is to summarize and critically evaluate studies on microplastic con-
tamination conducted in aquatic ecosystems of Montenegro over the past seven years. Par-
ticular attention is given to reported concentrations and characteristics of microplastics in
river sediments, lake sediments, coastal marine sediments, as well as in mussels, shellfish,
and fish collected from the Montenegrin region. In addition, this review provides a com-
parative analysis of concentrations recorded in Montenegro with data reported from
neighboring countries and the wider regional context. Such an overview is essential for
assessing the current state of microplastic pollution in Montenegro and identifying priori-
ties for future monitoring and management strategies. Studies from Montenegro consist-
ently demonstrate the presence of microplastics across all investigated compartments,
highlighting rivers as transport pathways, lakes as accumulation zones, and coastal sedi-
ments and biota as long-term sinks, emphasizing the integrated nature of pollution dy-
namics in the region (Boskovic et al., 2021; 2022a; 2022b; 2023a; 2023b; 2025a; 2025b; 2026a;
2026b).

2. Microplastics in aquatic environment in Montenegro

The first investigations of microplastics in Montenegro began approximately seven years
ago. Since then, studies have included seven rivers, three lakes, and the Montenegrin
coastal zone (sediments, fish and shellfish).

Investigated rivers include Sitnica, Ribnica, Cijevna, Zeta, Moraca, Bojana, and Tara. The
occurrence and characteristics of microplastics in river sediments in Montenegro, in com-
parison with selected European rivers, are summarized in Table 1. As shown in Table 1,
microplastic concentrations in Montenegrin rivers exhibit considerable variability, with
mean values generally higher than those reported for rivers in Slovenia, such as the
Ljubljanica and Kamniska Bistrica. This difference may reflect variations in waste manage-
ment practices, population density, and local pollution sources. However, when compared
with larger European rivers such as the Rhine and Elbe, the observed concentrations fall
within a comparable range, indicating that microplastic contamination is a widespread is-
sue across Europe rather than a localized phenomenon. The dominant polymers identified
in Montenegrin rivers are polyethylene (PE) and polypropylene (PP), which is consistent
with their extensive use in packaging materials and consumer products. In terms of mor-
phology, both fragments and fibers are present, with fibers often associated with domestic
wastewater and textile-related sources. The relatively narrow size range (predominantly
0.5-1.0 mm) suggests ongoing fragmentation processes and potential methodological con-
sistency across studies. Importantly, no clear relationship between river length and micro-
plastic concentration can be observed, indicating that local anthropogenic inputs and hy-
drological conditions play a more significant role than river size itself. The wide concen-
tration ranges recorded in certain rivers further point to spatial heterogeneity and the in-
fluence of site-specific factors. With respect to lake ecosystems, research has focused on
lakes located within national parks of Montenegro. The analyzed lakes include Black Lake
and Devil Lake, which belong to Durmitor National Park and are of glacial origin, as well
as Skadar Lake, located within Skadar Lake National Park.



1472026 |
SOCRATIC D(‘
OF LIUBLIANA | Heatth ciences LECTURES |

Proceedings of 14th Socratic Lectures 2026
5

Table 1. Comparison of the microplastics abundance, polymer type, shape, size and color of microplastics in rivers
sediment from Montenegro compared to river sediments data from the Europe (MP/100g dry sediment)

Length
. of the Concentration .

River / country . . Polymer Shape Size (mm) Color Reference

river  (min-max /mean)

(km)
::gnlca, Montene- 19 7.487/283+122  PP,PE  fragment, fiber 0.5-1.0  blue, red, clear
Ribnica, Monte- 4 147.337/249+81 PE fragment 05-10  blue, red, clear DoSkovicetal.
negro 2026a
g‘;‘g‘i‘c’)”a Monte- 56 137.50/27.3+141  PE,PP  fragment 05-1.0  blue, red, clear
Zeta, 89  543/145+11 PP,PE  fragment, fiber 0.5-1.0  blue, red, clear
Montenegro
Morata, 1134 2-44/16.9 + 11.3 PE, PET fiber 05-1.0  blue, red, clear DOSKovi¢ etal.
Montenegro 2023b
Bojana, 41 11-25/18+53 PP,PE fiber 0.5-10  blue, red, clear
Montenegro
Tara, 157 1-61/11.9+11.1 PE,PP  fiber 0150  blue, red, clear 30Skovicetal.
Montenegro 2025a
Ljubljanica, Slo- 0.5-4/23+25 PE,PP  fragment 0-0.99 colored e
venia Matjasic et al.
KamniSka Bis- 55 4 34/5949 PE,PP  fragment 0-099  colored 2022
trica, Slovenia
Ticino, Winkler et al.
ialy 248 /1.1+08 EVA  / / / 2092
Po, Atwood et al.
laly 652  0.05-7./9 PE,PP | / / 5010
Osa, 20 /286+37 / fiiber / colored
Italy Cannas et al.
ﬁ;?;gna’ 70 /453+424 / fiber / colored 2017
Ombrone, ltaly 161 4.5-106.9/ / fiber / black, white,  Guerranti et al.

clear 2017
Cecina, . 0.630- Blaskovi¢ et al.
Italy 78 7.2-19.1/ PVC fragment, fiber 1.462 colored 2018
Tisza, 1419 /317.7+197 / fiber / / Kiss et al. 2021
Central Europe
Rhine, 123 22.8-376.3/ PE, PP, PS fragment 0.630-5.0 colored
Germany .
Main Klein et al. 2015
' 5249 78.6-136.8/ PE, PP, PS fragment 0.630-5.0 /

Germany
Elba, 1165 09-1596.2/208 +467 PE,pp  Jranule.frag- 156 50 clear Scherer et al.
Germany ment 2020
Tet, 1158 0.7-102.9/258+259 PE,PP  fragment, fiber / / Constant et al.
France 2020
Ebro, [142.2+11.9 . 0.200- Simon-Sanchez et
Spain 930 2052+ 746 PA,PE  fiber 0500  cleanorange . Ton1g
Kelvin, - 35 161432/ / fiber / colored Blair et al. 2019
Great Britany
Antud, 38 18629/ PE,PP  fragment 0.055-5.0 colored Rodrigues et al.

Portugal

2018

A comparison of microplastics abundance and characteristics in lake sediments from Mon-
tenegro and other European regions is presented in Table 2. The data presented in Table
2 reveal notable differences in microplastics concentrations among Montenegrin lakes,
largely reflecting the degree of anthropogenic influence. Lower concentrations are ob-
served in glacial lakes such as Black Lake and Devil Lake, which are relatively remote and
less exposed to direct human activities. In contrast, Skadar Lake shows higher levels of
contamination, likely due to its connection with river inflows, surrounding settlements,
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and agricultural activities. When compared with European data, microplastics concentra-
tions in Montenegrin lakes fall within the lower to moderate range. They are generally
lower than heavily impacted systems such as Bizerte Lagoon in Tunisia, but comparable
to values reported for lakes in Italy and Switzerland. This suggests that, while contamina-
tion is present, it is still influenced by regional environmental pressures rather than ex-
treme pollution sources. Similar to river sediments, fibers and fragments dominate, and
common polymers include PE, PP, and PET. These findings confirm that lakes act as accu-
mulation zones, or sinks, for microplastics transported from surrounding catchments. The
observed patterns highlight the importance of watershed characteristics and human activ-
ity in determining contamination levels.

Table 2. Comparison of the microplastics abundance, polymer type, shape, size and color of microplastics in lake sediment from
Montenegro compared to lake sediments data from the Europe (MPs/100g dry sediment)

Lake / country Co_ncentranon Polymer Shape Size Color Reference
(min-max /mean) (mm)

Black Lake, 0-16 ]
Montenegro 51414 PE fragment, fiber ~ 0.5-3 blue, red

Lk Boskovi¢ et al. 2026b
Devil Lake, 1-12 PE, PET, ' )
Montenegro 38405 PP fragment, fiber  1-5 blue, red
Skadar Lake, 9-22 . e
Montenegro 154+43 PE, PP fiber, fragments  1-3 blue, red, clear ~ Boskovi¢ et al. 2025b
Upper Balma, /1.75+0.62 PE, PP fiber, fragment 0.1 blue, white,
Italy black .
Lower Balma blue, white Pastorino et al. 2023

' /1.33+0.67 PE, PP fiber, fragment 0.1 ! '

Italy black
Bolosena Lake, /11.2+3.2 / fragment, fiber ~ 0.3-0.5 /
Italy .
Chiusi Lake - Fischer et al. 2016
Italy ! /23.4+85 / fiber, fragment  0.3-0.5 /
Lake Sassolo, ] Negrete Velasco et al.
Switzerland /33 PE,PP fiber / / 2020
Mylt!ple lakes, 13-121/ PET, PP, fragment, fiber, 1 / Akdemir et al. 2025
Turkiye PE
Bizerte Lagoon, 300-1800 . clear, white, o
Tunisia 796 + 687 / fiber, fragment  0.3-5.0 blue Abidli et al. 2017
Hampstead Pond 55 PS,PA  fiber 0.5-1.0 blue, white, red  Turner et al. 2019
no. 1, London
Lake Tollene, /141 %822 PE,PET fragment 0.063-2 mm / Hengstmann et al. 2021
Germany
Vesijarvi Lake, PA, PS, ] .
Finland /39.58 +9.07 PET fiber, fragment  / / Scopetani et al. 2019

Microplastics concentrations and characteristics in marine sediments from the Montene-
grin coast, in comparison with other European marine environments, are summarized in
Table 3. As indicated in Table 3, the Montenegrin coastal sediments exhibit relatively high
levels of microplastics contamination compared to several locations in the Adriatic Sea,
particularly along the Croatian coast. However, the reported values remain lower than
those observed in highly polluted regions such as parts of the Mediterranean Sea, includ-
ing Tunisia. Marine sediments represent a major sink for microplastics, where particles
accumulate due to hydrodynamic processes and sedimentation. The dominance of fibers
and fragments in Montenegrin samples suggests a combination of sources, including
wastewater discharges, textile fibers, and the degradation of larger plastic debris. The
prevalence of PE and PP further supports the role of land-based plastic waste as a primary
source. The semi-enclosed nature of the Adriatic Sea likely contributes to the retention and
accumulation of microplastics, limiting their dispersion and enhancing local contamina-
tion. Additionally, seasonal tourism, maritime activities, and coastal urbanization repre-
sent significant pressures that may further increase microplastic inputs into the marine
environment.
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Table 3. Comparison of the microplastics abundance, polymer type, shape, size and color of microplastics in marine sediment from

Montenegro compared to marine sediments data from the Europe (MP/kg dry sediment)

Concentration

Country / Sea - Polymer Shape Size (mm) Color Reference
(min-max /mean)

Montenegro, Adriatic Sea 4105 +44.7 PP, PE fiber, fragment  1-3 blue, clear, red Boskovi¢ et al. 2021,

' o ' ' ' ' 20223, 2022b
Croatia, Adriatic Sea 177.6 £112.6 / fiber 15 E:ZiL WhIte,  Blagkovic et al. 2017
Croatia, Adriatic Sea 310 + 109 / fiber, fragment  1-5 black, blue Renzi et al. 2019
Croatia, Adriatic Sea 360 + 169.1 PE, PP fiber, fragment 2.5-5 EIIZ%L’ white, Palatinus et al. 2019
Croatia, Adriatic Sea 263.6 +64.8 PVC, PP, PA fiber 0.5-2.5 / Renzi & Blaskovi¢, 2020
Italy, Adriatic Sea 1445.2 +458.4 PE, PP fragment 1-5 / Vianello et al. 2013
Italy, Adriatic Sea 254.6 +200.4 / fiber 2-5 EIIZ%L’ white, Renzi et al. 2018
Italy, Mediterranean Sea 272.8 +44 PP fragment 0.5-1 blue, black Piazzolla et al. 2020
Tunisia, Mediterranean Sea 7960 + 6840 / fiber, fragment 0.3-5 Ellzaer, white, Abidli et al. 2017
Spain, Mediterranean Sea 499.1 / fiber 0.5-2 black, blue Alomar et al. 2016
Belgium, North Sea 166.7 +92.1 PS, PP, PA  fiber, granule / / Claessens et al. 2011
Belgium, North Sea 585.3 / fiber 1-3 \?Jﬁﬁlg Clear, Maes et al. 2017
Holland, North Sea 2245 / fiber 1-3 \ll)vlﬁftlg clear, Maes et al. 2017
English, North Sea 306 / sphere 1-3 \?VLE:?; Clear, Maes et al. 2017
France, North Sea 481.2 / fiber 1-3 \?Jﬁﬁlg Clear, Maes et al. 2017

In addition to abiotic samples, studies have also investigated the presence of microplastics
in biotic components of the marine ecosystem, specifically in fish and shellfish from the
Montenegrin coast. The occurrence and characteristics of microplastics in selected marine
organisms from Montenegro, compared to similar species from other European regions,
are presented in Table 4. The results summarized in Table 4 indicate that microplastics
are widely present in marine organisms from the Montenegrin coast, with relatively high
average particle counts per individual and a high frequency of occurrence. In many cases,
these values exceed those reported for the same species in other parts of the Adriatic and
Mediterranean Seas, suggesting elevated exposure levels in the study area. Fibers are the
dominant form of microplastics detected in both fish and shellfish, which is consistent with
their prevalence in the surrounding environment and their origin from wastewater and
textile sources. A variety of polymers, including PE, PP, PET, and others, have been iden-
tified, indicating multiple contamination pathways. The presence of microplastics in com-
mercially important species highlights the potential for transfer through the food web and
raises concerns regarding ecological and human health impacts. However, differences
among studies should be interpreted with caution, as they may also reflect variations in
sampling methodologies, analytical techniques, and species-specific feeding behaviors.

3. Current Challenges

Despite increasing awareness of plastic pollution and microplastics contamination, Mon-
tenegro still faces several important challenges in environmental management and pollu-
tion control. Limited institutional capacity, insufficient infrastructure, and strong sea-
sonal pressure caused by tourism significantly complicate the implementation of effec-
tive mitigation measures.

One of the major issues is the insufficient development of systems for waste separation,
recycling, and final treatment of plastic waste. Although progress has been made in mu-
nicipal waste management, plastic recycling rates remain relatively low, while considera-
ble quantities of waste are still disposed of in landfills or released into the environment.
Inadequate waste collection in rural areas and along the coast further increases the prob-
ability of plastic leakage into rivers, lakes, and marine ecosystems.
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Another important limitation is the restricted capacity of wastewater treatment facilities.
Microplastics originating from domestic wastewater, laundry effluents, industrial dis-
charges, urban runoff, and personal care products may enter aquatic environments
through sewage systems. In the absence of advanced filtration and tertiary treatment
technologies, a substantial proportion of these particles can pass through treatment
plants and be discharged into rivers or coastal waters.

High consumption of single-use plastic products, including plastic bags, beverage contain-
ers, food packaging, and tourism-related disposable items, remains an additional concern.
During the summer season, the population in coastal municipalities increases considera-
bly, leading to a temporary but significant rise in waste generation and pressure on local
waste management systems.

Table 4. Comparison of the microplastics abundance, frequency of microplastics occurrence, shape, and polymer type of micro-
plastics in studied species from Montenegro compared to same species data from Europe

Average Frequency
. MP of MP oc-
Species Area items/ currence Shape Polymer Reference
individual (%)
Montenegro, Adri- fiber, PE, PP, Boskovic¢ et.al.
atic Sea 29+05 586 fragment  PET, PA 2022b
Italy, Adriatic Sea 15+0.7 19.2 fiber PE, PP Avio et.al. 2019
Italy, Adriatic Sea 1.0 29 fiber /
Italy, Mediterra- . Giani et.al. 2019
M. barbatus nean Sea 1.1+0.2 16.1 fiber /
Greece, Mediterra- PE, PP, .
nean Sea 15+0.3 32 fragment PET Digka et.al. 2018
Turkey, Mediterra- . ,
nean Sea 21+14 66 fiber Nylon Guven et.al. 2017
Spain, Mediterra- .
nean Sea 19+13 18.8 fiber / Bellas et.al. 2016
Montenegro, Adri- . . PP, PE, Boskovi¢ et al.
atic Sea 3241 54 fiber, film — peT oA 2022b
Italy, Adriatic Sea 16+0.1 35 fiber, film PE, PP Avio et.al. 2019
Italy, Adriatic Sea 1.1+£03 30.6 fiber /
M. merluccius Italy, Mediterra- 14405 28.2 fiber / Giani et.al. 2019
nean Sea
Italy, Mediterra- Mancuso et.al.
nean Sea / 46.3 / / 2019
Spain, Atlantic 1.0 6.7 fiber / Bellas et.al. 2016
Ocean
PP, PE,
Montenegro, . PET, PA, Boskovi¢ et al.
Adriatic Sea 25311 33 fiber PS, PVC, 2023a
PVS
. PE, PP, .
Italy, Adriatic Sea / ?rge:ﬁent PET (23(;)1rg|ero etal,
9 PS, PVC
Italy
! 3.95+ ‘ . PE, PP, Nalbone et al.
g/lezdlterranean 254 1.1 fiber PET, PVC 2021
Italy, Adriatic,
M. galoprovincialis Ligurian and 3.0-124 fiber / Renzi et al. 2018
Tyrrhenian Sea
Greece, lonian fiber, PE, PP, .
Sea 19+0.2 6.3 fragment PTEE Digka et al. 2018
Tunisia, .
Mediterranean 7.7+3.8 7 :lber, PE, PP, Wakkaf et al.
Sea ragment celophane 2020
Spain, 454 -
Mediterranean : / / Capo et al. 2021
Sea 18.2
Spain, Cantabrian 2.65 + rayon, PET,

00 fiber

Sea 1.46 : PS, PE Masia et al. 2022
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A further challenge is the absence of legislation that explicitly recognizes microplastics as
a specific pollutant category. While general regulations concerning waste, water protec-
tion, and marine management exist, more detailed legal frameworks are needed to regu-
late monitoring obligations, emission sources, industrial responsibility, and prevention
strategies in line with current European environmental policies.

The lack of long-term national monitoring programs also represents a significant scientific
and management gap. Most studies conducted in Montenegro have been site-specific or
project-based, without continuous monitoring of trends in water, sediments, and aquatic
organisms. Without harmonized methodologies and regular data collection, it remains dif-
ficult to assess temporal changes, identify hotspots, or evaluate the effectiveness of miti-
gation measures.

The need for coordinated regional action is particularly important because the Adriatic Sea
is considered one of the more vulnerable semi-enclosed European seas regarding plastic
accumulation. Its limited water exchange, intense maritime traffic, coastal urbanization,
fisheries, and seasonal tourism all contribute to pollutant retention and transboundary
transport. For this reason, regional cooperation among Adriatic countries is essential for
effective long-term management.

4. Conclusions

Available scientific evidence clearly demonstrates that microplastics are already present
in multiple aquatic ecosystems of Montenegro, including rivers, lakes, coastal sediments,
as well as in fish and shellfish species of ecological and commercial importance. These
findings confirm that microplastic contamination is no longer an isolated or emerging
issue, but an established environmental concern affecting both freshwater and marine
environments of the country. Freshwater systems, particularly rivers flowing through
urbanized and industrialized areas, appear especially vulnerable because they function as
major transport pathways for land-based plastic waste toward downstream lakes and the
Adriatic Sea. At the same time, Montenegro’s coastal zone is exposed to combined
pressures from local waste sources, tourism activities, fisheries, maritime transport, and
transboundary inputs carried by marine currents. Sediments in rivers, lakes, and coastal
areas are of particular importance because they act as long-term sinks for microplastics
and may serve as secondary contamination sources through resuspension processes.
Comparisons with studies from neighboring countries indicate that several Montenegrin
sites show elevated concentrations of microplastics, highlighting the need for more
detailed spatial investigations and source identification. However, differences in analytical
methods and sampling strategies among studies emphasize the necessity for
methodological standardization in future research. Future priorities should therefore
include the establishment of a harmonized national monitoring network covering water,
sediments, and biota; improvement of laboratory methodologies; reduction of single-use
plastics; modernization of waste collection and recycling systems; expansion of
wastewater treatment capacity; stronger environmental legislation; and increased public
awareness. Regional cooperation within the Adriatic basin will also be essential for
addressing the transboundary nature of plastic pollution. As a country with high
biodiversity, valuable freshwater resources, and an internationally recognized ecological
identity, Montenegro has the opportunity to become a regional example of proactive
microplastic management. By integrating scientific evidence into environmental policy,
prevention strategies, and sustainable resource management, it is possible to substantially
reduce future plastic contamination and protect aquatic ecosystems for the long term.
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Abstract:

The increasing resistance of microorganisms highlights the need for new antimicrobial
agents in healthcare, particularly for preventing infections on medical surfaces and
implants. Promising approaches include quaternary ammonium compounds, chitosan,
and graphene. Quaternary ammonium compounds are effective against a wide range of
bacteria and viruses; however, their synthetic nature and environmental impact pose
limitations, as well as the risk of developing resistance. Chitosan is a natural biopolymer
with biocompatibility, antiviral, and antifungal properties; however, its poor solubility
limits its use, necessitating chemical modifications. Graphene and its derivatives exhibit
exceptional mechanical strength, large surface area, and antimicrobial activity, enabling
effective prevention of biofilm formation, although their efficacy depends on specific
usage conditions. Combining these materials with advanced technologies opens
opportunities for developing smart, biocompatible, and environmentally friendly
antimicrobial solutions that can complement or replace conventional antibiotics. Further
research is essential to enhance efficacy, reduce toxicity, and increase practical
applicability in clinical practice.

Keywords: Antimicrobial agents; Quaternary ammonium compounds; Chitosan;
Graphene; Medical implants; Biocompatibility.
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1. Introduction

The need to design new antimicrobial agents in healthcare is becoming increasingly ur-
gent, both to prevent healthcare-associated infections and to address the growing devel-
opment of bacterial resistance to existing drugs. The increasing spread of resistance to an-
tibiotics and other antimicrobial substances poses new challenges in the treatment of in-
fections, potentially leading to prolonged hospital stays, higher mortality rates, and in-
creased healthcare costs (Agarwalla et al., 2019). Therefore, the development of new agents
is essential for maintaining the effectiveness of therapeutic options and controlling the
spread of resistance. Microorganisms that develop antibiotic resistance can spread rapidly,
rendering treatments ineffective and posing a serious threat to public health. At the same
time, the development of new antibiotics is slow and time-consuming, resulting in a lack
of effective solutions when existing drugs fail. Consequently, there is growing interest in
natural compounds, which may offer new opportunities to combat resistant bacteria. Nat-
ural products have historically played a crucial role in drug development. Over the past
40 years, more than half of newly developed antibacterial drugs have been derived from
natural or semi-natural sources, while only about 22% have been purely synthetic (Con-
federat et al., 2021). Two broad approaches are used to create antimicrobial surfaces: pre-
vention of microbial adhesion and contact-based inactivation. The first approach often in-
volves superhydrophobic surfaces inspired by nature, designed to prevent microbial at-
tachment. However, these strategies are relatively complex, mostly limited to flat surfaces,
and their long-term durability remains uncertain. The second approach encompasses a
wide range of contact-based inactivation strategies, all of which rely on chemical surface
modification to achieve specific bactericidal and virucidal effects (Artusio et al., 2024). Bac-
terial species of particular interest are those capable of acquiring resistance through vari-
ous mechanisms of genetic transfer, such as transformation, conjugation, transduction, and
mobile genetic elements. Notable examples include Staphylococcus aureus, Enterococcus
spp., Pseudomonas aeruginosa, members of the Enterobacteriaceae family, and Acinetobacter
spp. (Confederat et al., 2021).

2. Design of Review

The review was conducted in accordance with the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) guidelines, where applicable. A systematic liter-
ature search was carried out using PubMed, Scopus, and Web of Science, covering the pe-
riod from 2007 to 2025. The search strategy included the following keywords: antimicrobial
agents, quaternary ammonium compounds, chitosan, graphene, medical implants, and bi-
ocompatibility.

3. Quaternary Ammonium Compounds

Quaternary ammonium salts (QAS) are widely present in nature and play an important
role in various biological processes. In addition to their natural occurrence, they are fre-
quently synthesized chemically. Due to their diverse chemical structures and biological
properties, QAS are widely used in industrial and medical applications, including disin-
fectants, pharmaceuticals, DNA carriers, preservatives, biocides, herbicides, and fungi-
cides. An important aspect of their function is their ability to reduce microbial adhesion to
both biotic and abiotic surfaces, thereby contributing to the eradication of biofilms formed
by pathogenic microorganisms. These biofilms are often resistant to conventional drugs
and disinfectants, and the use of QAS can help prevent infections and reduce the risk of
disease transmission (Obtak et al., 2021). Common disinfectants used in routine cleaning
are largely based on quaternary ammonium compounds, halogens, and phenols. How-
ever, in some cases, their effectiveness against pathogenic bacteria is limited, as it depends
on factors such as contact time, pH, temperature, and the type and quantity of microor-
ganisms present (Santoro & 1zzo, 2024). The chemical structure of QAS, such as alkyl chain
length, the type of counterion, and the linking group, strongly influences their physico-
chemical properties and biological activity. For example, by integrating into microbial cell
membranes, QAS can inhibit key enzymatic activities and disrupt intracellular transport,
leading to reduced growth or cell death. However, their widespread use in commercial
products raises concerns about the development of microbial resistance not only to QAS
but also potentially to antibiotics (Obltak et al., 2021). Polymeric surfaces containing QAC
exhibit low hemolytic activity, making them suitable for safe and effective use in various
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applications. These include surgical and medical implants, wound dressings, industrial
equipment, water treatment systems, and food packaging, where they help reduce the risk
of bacterial contamination (Santoro & Izzo, 2024). Based on structural complexity, QAC
can be classified into mono-QAC (one quaternary nitrogen atom), bis-QAC (two quater-
nary nitrogen atoms), and poly-QAC (multiple quaternary nitrogen atoms) (Mohapatra et
al., 2023; -Ortega et al., 2025). The number of quaternary nitrogen centers significantly af-
fects antimicrobial efficacy, along with factors such as the length and nature of alkyl sub-
stituents and the presence of functional groups. It is also important to note that QAC has
been detected in wastewater and sewage sludge worldwide, often at variable and some-
times high concentrations, particularly in raw sewage and industrial effluents. Although
regulatory measures have reduced the levels of certain compounds, a marked increase in
QAC concentrations and loads in wastewater was reported during the COVID-19 pan-
demic, reflecting increased disinfectant use and limited removal efficiency in treatment
plants. QAC enters wastewater treatment systems via sewage networks; however, a por-
tion can pass through treatment processes and be released into aquatic environments. It is
estimated that approximately 75% of QACs enter treatment plants annually, while around
25% are directly discharged into the environment. Their removal primarily occurs through
adsorption onto activated sludge, while biodegradation plays a lesser role, allowing QAC
to persist and accumulate in surface waters. Concentrations in effluents and surface water
typically range from below 1 to approximately 100 ug/L, while levels in raw wastewater
can be significantly higher (Mohapatra et al., 2023). Environmental concerns regarding
QAC arise from their potential to promote antibiotic resistance and their role as precursors
in the formation of disinfection by-products. Due to slow microbial degradation and lim-
ited photolysis, these compounds can accumulate, particularly in sediments. Although de-
tected concentrations are unlikely to pose acute risks to aquatic ecosystems, their cumula-
tive presence may be significant in terms of resistance development and by-product for-
mation (Pati & Arnold, 2020).

3.1. Broad-spectrum antimicrobial activity of QAC

The antibacterial activity of QAC is primarily based on its positive charge, which enables
electrostatic interaction with negatively charged phospholipids in bacterial membranes.
After initial binding, the hydrophobic alkyl chain inserts into the lipid bilayer, leading to
reduced membrane fluidity, disruption of membrane integrity, impaired osmoregulation,
and ultimately cell damage and death. As with antibiotics, resistance mechanisms against
QAC have also developed over time. Prolonged or repeated exposure can lead to changes
in membrane structure, the emergence of mutated enzymes, activation of alternative met-
abolic pathways, and increased expression of genes associated with biofilm formation and
efflux pumps. As a result, microorganisms may develop resistance to QAC, including the
ability to metabolize or degrade these disinfectants (Belter et al., 2022). The effectiveness
of antibacterial activity is also influenced by material properties, particularly in polymeric
surfaces. Key factors include surface charge, molecular size, hydrophilicity, and environ-
mental conditions such as temperature and pH. Polymeric surfaces containing QAC carry
a positive charge, enabling strong interactions with negatively charged bacterial cells. This
negative charge originates from teichoic acids in Gram-positive bacteria and from lipopol-
ysaccharides and phospholipids in Gram-negative bacteria, as well as from the cytoplas-
mic membrane. Therefore, electrostatic attraction between the surface and bacteria is a key
mechanism of contact-based antimicrobial activity (Santoro & Izzo, 2024). In addition to
antibacterial effects, QACs are also active against enveloped viruses, where they destabi-
lize the lipid membrane. Cationic QAC, such as benzalkonium chlorides (BAC), can inter-
act with the viral envelope, affecting its stability and fluidity. These changes may disrupt
homeostasis, alter pH in endocytic and lysosomal vesicles, and ultimately lead to leakage,
lysis, and viral inactivation (Mohapatra et al., 2023).

4. Chitosan

Although synthetic polymers offer advantages such as strength and durability, their major
drawback is their non-biodegradability, which leads to long-term environmental persis-
tence and pollution. For this reason, increasing attention has been directed toward natural,
biodegradable materials. Among these, biopolymers have gained considerable interest
due to their environmental compatibility and wide range of applications, including medi-
cine, cosmetics, moisture absorption, and tissue regeneration. Chitosan is one of the most
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extensively studied natural biopolymers. It is derived from the shells of marine organisms
such as shrimp and crabs and possesses several advantageous properties, including bio-
degradability, biocompatibility, non-toxicity, non-allergenicity, affordability, and various
therapeutic effects. These include antimicrobial, antitumor, antioxidant, and immunostim-
ulatory activities. In addition, its structure can be readily modified, enabling the develop-
ment of derivatives for diverse biomedical applications (Confederat et al., 2021). Chitosan
exhibits antimicrobial activity against a wide range of bacteria, including both Gram-pos-
itive species (e.g., Staphylococcus aureus) and Gram-negative species (e.g., Escherichia coli),
as well as other pathogens such as Salmonella, Listeria, and Pseudomonas (Ngo et al., 2015).
However, one limitation of chitosan is its poor solubility in water, which is attributed to
its rigid and crystalline structure (Xie et al.,, 2007). Nevertheless, the presence of amino
groups allows for chemical modification, which can improve solubility and enhance anti-
microbial efficacy. Modified forms of chitosan have been developed that exhibit improved
solubility and higher antibacterial activity, even at neutral pH, which is particularly im-
portant for biomedical applications (Confederat et al., 2021).

4.1. Broad-spectrum antimicrobial activity of chitosan

The antibacterial activity of chitosan and its derivatives is primarily driven by electrostatic
interactions. Chitosan carries a positive charge, whereas bacterial cell surfaces are nega-
tively charged. This interaction leads to disruption of the bacterial envelope —affecting the
cell wall in Gram-positive bacteria and the outer membrane in Gram-negative bacteria. As
a result, membrane permeability increases, allowing essential intracellular components
such as enzymes, ions, and nucleotides to leak out, ultimately leading to cell death (Con-
federat et al., 2021). Numerous studies over the past two decades have demonstrated that
the antibacterial effectiveness of chitosan depends on multiple factors. These include in-
trinsic properties such as molecular weight, degree of purification, and concentration, as
well as external factors such as bacterial type and age, with younger cells generally being
more susceptible. Environmental conditions, including pH, temperature, and the presence
of metal ions (e.g., calcium or magnesium), also significantly influence its activity (Kong
et al., 2010).

In addition to antibacterial effects, chitosan also exhibits antiviral properties, which are
particularly relevant in the context of difficult-to-treat viral infections such as HIV and
hepatitis C. Low-molecular-weight chitosan oligosaccharides have been shown to inhibit
HIV replication at non-toxic concentrations by preventing syncytium formation, reducing
viral antigen (p24) production, and blocking viral entry and fusion with host cell mem-
branes. These findings suggest potential for the development of novel antiviral therapies
(Artan et al., 2010). Furthermore, chitosan-conjugated nanoparticles have demonstrated
the ability to target HIV, prolong drug activity, and reduce side effects, offering potential
for improved antiretroviral treatments (Ngo et al., 2015). Studies using animal models have
also shown that chitosan can be effective in preventing infection with influenza A (H7N9).
Rather than acting directly on the virus, chitosan appears to stimulate the host immune
response, enabling a more effective defense during the early stages of infection(Zheng et
al., 2016).

Chitosan also demonstrates antifungal activity, although the underlying mechanisms are
not yet fully understood. It has been shown to be effective against various fungi, particu-
larly Candida species, including drug-resistant strains such as those resistant to flucona-
zole. Its activity depends on factors such as molecular weight, degree of deacetylation,
concentration, and pH, with optimal effects observed at lower pH and concentrations be-
tween 1-5%. Chitosan disrupts fungal cell membranes, increases membrane permeability,
causes the loss of essential ions (e.g., potassium), and inhibits respiration and metabolism.
Some studies have also reported synergistic effects when chitosan is combined with anti-
fungal drugs such as fluconazole, although this effect depends on the specific type of chi-
tosan and drug used (Confederat et al., 2021).

5. Graphene

Graphene is one of the most promising materials in modern science. Due to its exceptional
mechanical strength, large surface area, excellent thermal and electrical properties, and
capacity for chemical modification, it has attracted significant attention, particularly in bi-
omedical applications. Research over recent decades has demonstrated that graphene is
not only versatile and robust but also biocompatible, antibacterial, and corrosion-resistant,
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which is particularly important for medical implants and dental materials. Despite exten-
sive research, the application of graphene coatings in dentistry and implantable medical
devices remains limited, indicating substantial potential for future development
(Srimaneepong et al., 2022). Graphene-based materials exhibit strong antibacterial proper-
ties, effectively inhibiting bacterial growth and proliferation. When applied as coatings on
titanium, a commonly used implant material, they can significantly reduce biofilm for-
mation and enhance resistance to microbial infections. In one study, graphene coatings
reduced biofilm formation by bacteria such as Pseudomonas aeruginosa, Enterococcus faecalis,
Streptococcus mutans, as well as fungi such as Candida albicans, by approximately 50% after
only two applications. This effect has been attributed to the hydrophobic nature of gra-
phene, which limits bacterial adhesion to surfaces (Agarwalla et al., 2019). Graphene de-
rivatives, particularly graphene oxide (GO) and reduced graphene oxide (rGO), are highly
effective antimicrobial materials that act against a wide range of bacteria and fungi. Their
activity is mainly associated with the induction of oxidative stress and damage to the cell
membrane. Although their effectiveness depends on material properties and the type of
microorganism, they generally exhibit strong and broad-spectrum antimicrobial activity
(Pandit et al., 2021). Graphene and its derivatives are typically more effective against
Gram-positive bacteria, which is related to differences in cell wall structure. Gram-nega-
tive bacteria possess an additional outer membrane rich in lipopolysaccharides, providing
increased protection against external stress. Furthermore, graphene-based materials show
significant potential against antibiotic-resistant bacteria, making them promising candi-
dates for future medical applications (Mohammed et al., 2020).

5.1. Antimicrobial Activity of graphene

The antimicrobial activity of graphene and its derivatives can be explained by several in-
terconnected mechanisms. A key factor is mechanical damage, as the sharp edges of gra-
phene sheets can disrupt bacterial membranes, leading to loss of integrity and leakage of
intracellular contents. Another important mechanism is the induction of oxidative stress,
either through the generation of reactive oxygen species (ROS) or via ROS-independent
pathways, which disrupt essential cellular functions and lead to cell death. In addition,
graphene sheets can physically wrap around and trap bacterial cells, isolating them from
their environment, limiting nutrient availability, and preventing proliferation. This trap-
ping effect further enhances membrane damage and contributes to the overall antimicro-
bial activity (Mohammed et al., 2020; Pandit et al., 2021).

6. Conclusions

Quaternary ammonium compounds are highly effective antimicrobial agents, making
them a popular choice in many applications. However, their synthetic nature may pose
environmental concerns, and the potential development of microbial resistance limits their
long-term use. In contrast, chitosan, as a natural material, offers important advantages in
terms of biocompatibility and environmental sustainability. Its antiviral properties further
enhance its potential for applications in medicine and pharmaceuticals. Nevertheless, its
limited solubility represents a practical challenge, often requiring modification or combi-
nation with other materials to achieve optimal performance.

Funding: This research received no specific grant from any funding agency.
Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Agarwalla SV, Ellepola K, Costa MCF da, Fechine GJM, Morin JLP, Castro Neto AH, et al. Hydrophobicity of
graphene as a driving force for inhibiting biofilm formation of pathogenic bacteria and fungi. Dental Materials
2019; 35:403-413. DOI:10.1016/j.dental.2018.09.016.

Artan M, Karadeniz F, Karagozlu MZ, Kim MM, Kim SK. Anti-HIV-1 activity of low molecular weight sulfated
chitooligosaccharides. Carbohydr Res. 2010; 345:656-662. DOI:10.1016/j.carres.2009.12.017.

Artusio F, Miiller L, Razza N, Cordeiro Filipe I, Olgiati F, Richter t, et al. Broad-Spectrum Supramolecularly
Reloadable Antimicrobial Coatings. ACS Applied Materials and Interfaces 2024; 16:29867-29875.
DOI:10.1021/acsami.4c04705.



14"2026 _
UNIVERSITY | Faculty of SOCRATIC ¥ :
Proceedings of 14th Socratic Lectures 2026 OF LJUBL]JANA | Health Sciences | L ECTU RES

18

4.

10.

11.

12.

13.

14.

15.

16.

17.

Belter B, McCarlie SJ, Boucher-Van Jaarsveld CE, Bragg RR. Investigation into the Metabolism of Quaternary
Ammonium Compound Disinfectants by Bacteria. Microbial Drug Resistance 2022; 28:841-848.
DOI:10.1089/mdr.2022.0039.

Confederat LG, Tuchilus CG, Dragan M, Sha’at M, Dragostin OM. Preparation and Antimicrobial Activity of
Chitosan and Its Derivatives: A Concise Review. Molecules 2021; 26. DOI:10.3390/molecules26123694.

Kong M, Chen XG, Xing K, Park HJ. Antimicrobial properties of chitosan and mode of action: A state of the art
review. Int ] Food Microbiol 2010; 144:51-63. DOI:10.1016/j.ijfoodmicro.2010.09.012.

Mohammed H, Kumar A, Bekyarova E, Al-Hadeethi Y, Zhang X, Chen M, et al. Antimicrobial Mechanisms and
Effectiveness of Graphene and Graphene-Functionalized Biomaterials. A Scope Review. Front Bioeng Biotech-
nol 2020; 8. DOI:10.3389/fbioe.2020.00465.

Mohapatra S, Yutao L, Goh SG, Ng C, Luhua Y, Tran NH, et al. Quaternary ammonium compounds of emerg-
ing concern: Classification, occurrence, fate, toxicity and antimicrobial resistance. ] Hazard Mater 2023; 445.
DOI:10.1016/j.jhazmat.2022.130393.

Ngo DH, Vo TS, Ngo DN, Kang KH, Je JY, Pham HND, et al. Biological effects of chitosan and its derivatives.
Food Hydrocoll 2015; 51:200-16. DOI:10.1016/j.foodhyd.2015.05.023.

Obflak E, Futoma-Kotoch B, Wieczynska A. Biological activity of quaternary ammonium salts and resistance of
microorganisms to these compounds. World ] Microbiol Biotechnol 2021;37. DOI:10.1007/s11274-020-02978-0.
Santoro O, Izzo L. Antimicrobial Polymer Surfaces Containing Quaternary Ammonium Centers (QACs): Syn-
thesis and Mechanism of Action. Int ] Mol Sci 2024; 25. DOI:10.3390/ijms25147587.

-Ortega V, Ekow Ampah-Essel ], Barszczewska-Rybarek I, Drejka P, Chladek G. Quaternary Ammonium Di-
methacrylates as an Additive in Dental Composite Resins: A Review of Their Antimicrobial, Mechanical, and
Physicochemical Properties 2025. https://doi.org/10.3390/ma18214844.

Pandit S, Gaska K, Kadar R, Mijakovic I. Graphene-Based Antimicrobial Biomedical Surfaces. Chem-PhysChem
2021; 22:250- 263. DOI:10.1002/cphc.202000769.

Pati SG, Arnold WA. Comprehensive screening of quaternary ammonium surfactants and ionic liquids in
wastewater effluents and lake sediments. Environ. Sci. 2020; 22:430-431 . DOI: 10.1039/C9EM00554D
Srimaneepong V, Skallevold HE, Khurshid Z, Zafar MS, Rokaya D, Sapkota ]. Graphene for antimicrobial and
coating application. Int ] Mol Sci 2022; 23. DOI:10.3390/ijms23010499.

Zheng M, Qu D, Wang H, Sun Z, Liu X, Chen ], et al. Intranasal Administration of Chitosan Against Influen-za
A (H7N9) Virus Infection in a Mouse Model. Sci Rep 2016;6. DOI:10.1038/srep28729.

Xie Y, Liu X, Chen Q. Synthesis and characterization of water-soluble chitosan derivate and its antibacterial ac-
tivity. Carbohydr Polym 2007; 69:142-7. DOI:10.1016/j.carbpol.2006.09.010.



m.l[l..l}rl». bl

s pr— | \ ..r‘r{?\w,_,_&?_z__..".._. TN L x

*

4 g bt P e




Proceedings of 14th Socratic Lectures 2026

14"2026
SOCRATIC ¢
ILECTURES

UNIVERSITY | Faculty of
OF LJUBLJAMA | Health Sciences

20

Research

Biological Effects of Plant Cannabinoids on Saccharomyces
cerevisiae Assessed Using the Kirby-Bauer Disk Diffusion

Method

Kitek Maja't, Satosek Majalt, Schofs Laureano?3#, Pecan Luka Irenej4, Oblak Tine!, Lap Patricija?, Tavcar Gasper?,
Ponikvar-Svet Maja!, Sanchez Bruni Sergio?3, Jeran Marko'+*

1. Jozef Stefan Institute, Department of Inorganic Chemistry and Technology, Ljubljana, Slovenia
2 Facultad de Ciencias Veterinarias, Universidad Nacional del Centro de la Provincia de Buenos Aires (UNCPBA), Tandil, Buenos Aires,

Argentina

3. Centro de Investigacion Veterinaria de Tandil (CIVETAN), CONICET-UNCPBA-CICPBA, Tandil, Buenos Aires, Argentina
4 GaiaCell, Advanced Cell and Gene Therapy Ltd., Trzin, Slovenia

* o+

Citaton: Kitek M, Satosek M, Schofs L,
Pecan LI, Oblak T, Lap P, Tavcar G,
Ponikvar-Svet M, Sanchez Bruni S, Jeran
M. Biological Effects of Plant
Cannabinoids on Saccharomyces cerevisiae
Assessed Using the Kirby-Bauer Disk
Diffusion Method. Proceedings of
Socratic Lectures. 2026, 14, 20-27.
https://doi.org/10.55295/PSL.14.2026.1V3

Publisher’s Note: UL ZF stays neutral
with regard to jurisdictional claims in
published maps and institutional

affiliations.

Copyright: © 2026 by the authors.
Submitted for possible open access
publication under the terms and
conditions of the Creative Commons
Attribution (CC BY)
(https://creativecommons.org/licenses/

by/4.0/).

license

These authors contributed equally to this work (KM & SM; SL & JM)
Correspondence: Jeran Marko; marko.jeran@ijs.si

Abstract:

Cannabis sativa L. subsp. sativa, commonly known as hemp, has historically been used
for its nutritional, industrial, and medicinal properties. The plant produces
cannabinoids such as cannabidiol (CBD), which have shown therapeutic effects,
including anti-inflammatory, anxiolytic, and analgesic properties. This study examines
the antimicrobial potential of CBD and a complete hemp isolate against Saccharomyces
cerevisige, a model yeast organism. Using the solid-state diffusion method, different
concentrations of CBD and hemp isolate were applied to S. cerevisiae cultures. Results
showed that both CBD and hemp isolate displayed varying levels of antimicrobial
activity, with the most significant effects observed at higher concentrations (500 pig/mL)
after 24 hours of exposure. The study suggests that cannabinoids may provide
promising natural antifungal agents for further research and application in
biotechnology and pharmaceuticals.

Key words: Cannabinoids; CBD; Cannabis sativa L. subsp. sativa; Saccharomyces cerevisiae;
Disk diffusion test; Antifungal activity
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1. Introduction

1.1. Cannabis sativa L. subsp. sativa

Cannabis sativa L. subsp. sativa (common hemp) is an annual dioecious plant belonging to
the Cannabaceae family. Historically, it has been cultivated extensively for its nutritional,
industrial, and medicinal value. Hemp is found across all latitudes due to its high
phenotypic adaptability. Morphologically, the leaves are characteristically palmate,
comprising five to nine narrows, serrated, and dark green leaflets. The first pair of leaves
usually contains a single leaflet, with the number gradually increasing to a maximum of
thirteen leaflets per leaf (most commonly seven or nine), depending on the variety and
growing conditions (Pecan et al., 2021). During the transition to the reproductive phase,
the leaflet numbers decrease, often reducing to a single leaflet near the apical
inflorescences. The stem is typically erect, slender, and highly fibrous, capable of reaching
several meters in height (Pecan et al., 2021; Misic Jancar et al., 2024).

The flowers of the female plant are arranged in inflorescences and can produce hundreds
of seeds rich in oils that are used for food purposes. The stems, leaves, and flowers of hemp
are covered with glandular hairs known as trichomes, which are particularly concentrated
in certain parts of the female inflorescence. Trichomes are specialized epidermal
appendages that are the primary biosynthetic sites for secondary metabolites, notably
phytocannabinoids and volatile organic compounds such as terpenes and terpenoids.
Collectively, these lipophilic compounds constitute the hemp resin and confer the plant's
characteristic aroma (Tavcar Benkovi¢ et al., 2019).

1.2. Cannabinoids

Phytocannabinoids represent a structurally diverse class of lipophilic, terpenophenolic
compounds naturally synthesized as secondary metabolites in plants of the Cannabis and
Humulus genera. To date, over 120 distinct phytocannabinoids have been isolated and
identified from C. sativa (Morales et al.,, 2017). Emerging pharmacological research
indicates that terpenophenolic compounds exhibit protective effects against inflammation
and apoptosis in the cardiovascular system (Abdul Ghani et al., 2023). The most abundant
pharmacologically active compounds in cannabis are the cannabinoids cannabidiol (CBD)
and A°-tetrahydrocannabinol (THC), which are recognized as medicinal agents (Tavcar
Benkovi¢ et al., 2019; Misic Jancar et al., 2024).

A®-Tetrahydrocannabinol (THC) is a highly lipophilic, glassy solid at room temperature,
readily soluble in alcohols, hydrocarbons, and lipids. As the principal psychoactive
constituent of cannabis, its regulatory status restricts general use. As a narcotic, it is
classified as a Schedule III substance under the Controlled Substances Act (CSA), allowing
its use for medical and research purposes. However, targeted formulations are utilized
clinically for the management of specific medical conditions. These include spasticity
associated with multiple sclerosis, refractory chemotherapy-induced nausea and
vomiting, glaucoma, pain associated with AIDS, epileptic seizures, and chronic pain
syndromes (Tavcar Benkovié et al., 2019, Whiting et al., 2015).

Cannabidiol (CBD) is the second most active constituent of C. sativa and was first isolated
in 1940 (Tavcar Benkovié et al., 2019). At room temperature, CBD is a colourless, white, or
yellow crystalline solid with a boiling point of 175 °C. Under specific conditions, such as
exposure to strong acids or high temperatures, trace amounts of CBD may undergo
cyclization to A®-tetrahydrocannabinol (THC) (Tavcar Benkovic¢ et al., 2019). While trace
amounts of CBD have been shown to undergo in vitro cyclization to form THC under
extreme conditions, whether this conversion actually occurs in vivo is a subject of
significant controversy within the scientific literature (Golombek et al., 2020). CBD is a
widely used ingredient in dietary supplements and cosmetic products. The European
Commission has included CBD in the list of permitted cosmetic ingredients, where it is
used as an antioxidant, skin-protecting, and emollient agent. Unlike THC, CBD is non-
psychoactive. Preclinical and clinical evidence indicate that CBD may help alleviate
anxiety and insomnia and reduce inflammation associated with arthritis. Natural
cannabinoids, including CBD, have shown positive effects in the treatment of various skin
diseases. CBD has been reported to reduce cravings for tobacco, heroin, and certain other
addictive substances (Hurd et al., 2019; Pellati et al., 2018, Grinspoon, 2024).
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Both CBD and THC (Figure 1) interact with the endocannabinoid system in the human
body; however, they differ in their mechanisms of action and receptor affinity. THC has a
strong effect on CB1 receptors in the brain, which is reflected in behavioural changes. Such
effects are not expected for CBD, as it acts on different receptors within the
endocannabinoid system (e.g., 5-HT1A, TRPV1), contributing to its broad therapeutic
profile without inducing intoxication (Pertwee, 2008).

CH;, CHa

CBD

Figure 1. Structures of tetrahydrocannabinol (THC) and cannabidiol (CBD).

1.3. Medical applications

Extracts from Indian hemp (Cannabis sativa subsp. indica) and industrial hemp have been
used in traditional medicine for thousands of years. In the 19t century, preparations used
for pain relief and the prevention of cough and nausea—particularly in the United States
and England —contained extracts from the female inflorescences of Indian hemp. It was
used for their analgesic, antiemetic, and antitussive properties (Zuardi, 2006).

When hemp extracts were classified as prohibited substances in 1942, research on the
medicinal use of extracts and cannabinoids came to a halt. The research of cannabinoid
science resumed in the late 1980s and early 1990s with the discovery of the human
endocannabinoid system, which provided a mechanistic rationale for the plant's
physiological effects (Mechoulam & Parker, 2013). In 2016, the first medicinal product
containing natural A°-tetrahydrocannabinol (THC) and cannabidiol (CBD) was approved
for the treatment of multiple sclerosis. A medicinal product containing a natural CBD
extract for the reduction of epileptic seizures is also available on the market, and additional
drugs are being developed to alleviate pain and stimulate appetite in cancer patients and
individuals infected with HIV. The effects of cannabinoids on Parkinson’s and Alzheimer’s
diseases are also under investigation (Tavéar Benkovic et al., 2019).

In addition to their medical applications, cannabinoids play an active role in protecting
plants against microbial infections. Emerging in vitro and in vivo research has highlighted
the potent antimicrobial —and particularly antibacterial —efficacy of cannabinoids against
multi-drug resistant bacterial strains (e.g., MRSA) and various fungal pathogens,
presenting a novel approach for antimicrobial drug discovery (Karas et al., 2020,
Bahraminia, 2025; Pecan et al., 2023).

Despite cannabis significant therapeutic potential, there are still numerous negative
effects. The clinical application of cannabis and isolated cannabinoids is complicated by a
well-documented adverse event profile. Chronic consumption carries a risk of developing
cannabis addiction and dependence, particularly due to chronic consumption of the THC
molecule. Acute and chronic adverse effects also include: increased heart rate, impaired
coordination, fatigue, deterioration of short-term memory, and the potential exacerbation
of psychiatric sequelae, such as anxiety, paranoia, and in vulnerable individuals, psychosis
(Volkow et al., 2014; Tavcar Benkovi¢ et al., 2019).

CBD is increasingly used in veterinary medicine for its potential therapeutic effects,
including pain management, anxiety reduction, and anti-inflammatory properties. Its non-
psychotropic nature makes it a safe alternative to traditional medications for treating
various conditions in animals. Additionally, CBD has shown promise in supporting the
overall well-being of pets, especially in managing chronic conditions such as arthritis and
epilepsy (Schofs et al., 2026).

1.4. Saccharomyces cerevisiae

S. cerevisiae is a single-celled, facultatively anaerobic microorganism belonging to the
fungal kingdom, with oval or spherical cells (Que et al., 2024). On solid culture media, S.
cerevisige forms milky-white, convex colonies with moist, shiny surfaces (Que et al., 2024).
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Under aerobic conditions, it converts sugars into CO2 and energy, while under anaerobic
conditions, it converts sugars into ethanol, COz and glycerol through alcoholic
fermentation (Busic et al., 2018). S. cerevisiae is widely used in scientific research and is
considered a model organism in genetics, cell biology, biotechnology, and molecular
biology. Its value as a model organism lies in its affordability and small genome, which
was completely sequenced in 1996 and is recognised as the first fully sequenced eukaryotic
genome (Goffeau et al., 1996).

Despite its fungal properties, it also shares similarities with human cells, particularly in
cellular processes such as the cell cycle, transcription, and DNA replication.
Approximately 23% of S. cerevisiae genes are homologous to the human genome (Liu et al.,
2017). It reproduces rapidly, dividing every 90 minutes under optimal conditions
(Vanderwaeren, 2022). Such microorganisms are usually cultivated on simple nutrient
media and are not considered ethically controversial model organisms, unlike animal
models such as mice or rats. In biotechnology, S. cerevisiae is widely used as a model for
studying metabolic pathways, including fermentation and respiration, and plays an
important role in drug development, particularly in insulin production (Karathia et al.,
2011; Seyidoglu & Aydin, 2020). Yeast has also been used to study the cell cycle, DNA
repair, and other cellular mechanisms. Furthermore, it serves as a model for studying cell
cycle mutations associated with cancer and certain diseases, especially neurodegenerative
disorders (Galao et al., 2007).

Fungi can be beneficial to humans, but they can also be harmful and cause numerous
problems, such as mould growth on walls and plants, skin and systemic mycoses, and
candidiasis in humans and animals. Due to the excessive use of conventional antimicrobial
drugs, resistance to antimycotics is becoming an increasing problem, highlighting the
urgent need for new alternatives and the development of strategies to prevent and control
microbial diseases in humans, animals, and plants, as well as food contamination (Coelho,
2025). In modern biomedical and pharmaceutical research, the use of plant secondary
metabolites is becoming increasingly important (Baricevi¢, 1996). Several studies have
shown that cannabinoids, alone or in combination with conventional antibiotics, have an
antimicrobial effect on Gram-positive and Gram-negative bacteria and an antifungal effect
on yeasts and phytopathogenic fungi (Ali et al., 2012).

This study investigates the effects of plant-derived CBD and a complete isolate of common
hemp (Cannabis sativa L. subsp. sativa) on the growth and reproduction of yeast (S.
cerevisiae) using the solid-state diffusion method. The results may be important for
developing natural antifungal agents with potential applications in various fields
beneficial to humans.

2. Materials and Methods

2.1. Experimental suspensions of plant material and Kirby—Bauer disk diffusion method

Plate Count Agar (PCA) solid medium was prepared as follows: 300 mL of deionised water
was measured into a 500 mL Erlenmeyer flask, and 6.75 g of dehydrated agarose mixture
for PCA (Vegitone, Millipore) solid medium was dissolved in it. With vigorous stirring,
the medium base was completely dissolved and heated until a clear solution formed. The
prepared mixture was removed from the heat and cooled to approximately 60 °C. To
prevent contamination, the rim of the Erlenmeyer flask was quickly sterilised by passing
it through a flame, and the mixture was poured into prepared Petri dishes, filling each to
about two-thirds of their volume. Once cooled and solidified, the media were labelled and
stored in an incubator for further use.

In the experiment, samples of pure CBD and cannabinoid full-spectrum isolate were used,
as reported by Jutersek et al. (2025), and characterized by Fourier transform infrared (FTIR)
spectroscopy. FTIR analysis shows that the full-spectrum isolate contains CBD and other
non-psychoactive cannabinoids with similar structural features. The absence of distinct
additional peaks indicates a lack of unrelated impurities, and the spectra confirm the
chemical relatedness of the two samples. The CBD sample was a white powder with 99.3%
purity. The full-spectrum isolate, free of psychoactive components such as THC, was
partially crystalline and amber colored. Both samples were donated by Herbana Ltd.

50.0 mg of the active ingredient CBD was carefully weighed into a 50 mL Falcon tube,
while 50 mg of a complete hemp isolate, containing a mixture of various cannabinoids
(primarily CBD) and other natural compounds, was weighed into a second 50 mL Falcon
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tube. The isolate is a partially crystalline, amber-coloured mixture. To each sample, 0.5 mL
of DMSO (Merck, Germany) was added as a co-solvent. The volumes were adjusted to 50
mL with deionised water, and the mixtures were homogenised at 35 °C for 10 minutes in
an ultrasonic bath (Elmasonic P, Germany). General suspensions of different
concentrations were then prepared. In 10 mL Falcon tubes, suspensions with
concentrations of 10, 50, 100, and 500 pug/mL of the cannabinoid isolate and CBD were
prepared. Again, 0.1% DMSO was added as a co-solvent, and the mixtures were
homogenised at 35 °C in an ultrasonic bath for 10 minutes. The S. cerevisine suspension was
prepared by suspending 100 mg of dry baker’s yeast (Fala, Slovenia) in 50 mL of saline
solution. A confluent S. cerevisine smear was aseptically applied to the prepared culture
media using a cotton swab, and three discs were placed on each plate. Precisely 10 pL of
each prepared suspension was applied to the discs (diameter = 0.5 mm, quantitative filter
paper MN 640W, Macherey-Nagel, Germany), with the procedure repeated three times
per sample. Control samples consisted of 10% hydrogen peroxide (Merck, Germany) and
saline solution (B. Braun, Germany).

The culture samples prepared as described were incubated in a Heratherm IGS60 GP
incubator at 37 °C and evaluated after 24, 48, and 72 hours. Antimicrobial activity was
assessed by measuring the diameter of the inhibition zones, defined as the clear areas
surrounding the filter discs where microbial growth was absent. Each concentration of the
cannabinoid samples was tested in triplicate against the model S. cerevisinze to ensure
reproducibility and statistical reliability of the results.

3. Results

The experimental results were statistically analysed based on three parallel determinations
and expressed as the diameter of the growth inhibition zone of the model organism. Both
the concentration of the applied cannabinoid and the exposure time influenced the size of
the inhibition zone. The first effects of the active ingredient CBD and the complete
cannabinoid isolate on the model organism were observed after 24 hours of exposure. The
control samples (Table 1) showed the expected results. As expected, the largest inhibition
zone was observed with the positive control, 10% hydrogen peroxide, and the smallest
with the physiological solution.

Table 1. The results of the inhibition zones for individual samples, taking into account the measurement error.

Inhibition zone diameter [cm]

S. cerevisiae

No.  Sample 24 h 48 h 72h

1 10 pg/mL CBD 0.9+0.2 0.9+0.1 0.9+0.2
2 50 pg/mL CBD 0.9+0.2 1.4+0.6 1.1+0.3
3 100 pg/mL CBD 1.1+0.8 1.2+0.3 1.3+0.6
4 500 pg/mL CBD 8.6+0.2 8.6+0.1 22+0.2
5 General CBD suspension 09+0.1 1.1+0.2 09+0.1
6 10 pg/mL isolate 0.6+0.1 1.0+0.3 09+0.1
7 50 pg/mL isolate 0.8+0.1 21104 1.3+04
8 100 pg/mL isolate 0.7+0.1 0.9+0.1 0.6+0.0
9 500 pg/mL isolate 0.8+0.1 1.3+0.3 09+0.2
10 General isolate suspension 09+05 1.1+0.2 0.8+0.1
11 Saline solution 0.0£0.1 0.0+0.0 0.0+0.0
12 10% H20: 8.6+0.0 8.6+0.0 8.6+0.0
13 0.1% DMSO 0.6+0.0 0.0+0.0 0.0+0.0
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4. Discussion and Conclusion

When examining the effect of the active ingredient CBD (Table 1), the most effective
concentration was 500 pg/mL, which produced the greatest effect within 24 hours,
followed by 50 pg/mL. The size of the inhibition zone increased linearly for up to 48 hours
at both concentrations, then began to decrease. At 100 pg/mL, a constant increase in the
inhibition zone was observed, indicating that this concentration also had an effect. The
lowest measured concentration of cannabidiol, 10 pg/mL, had no significant effect on yeast
between 24 and 72 hours.

Applications of different concentrations of the cannabis isolate showed varying effects
(Table 1). Within the first 24 hours, the 500 and 50 pg/mL concentrations had a similar
impact. After 72 hours, the lowest effect was observed at 100 pg/mL, with the inhibition
zone of the model organism measuring 0.6 cm. At all concentrations, the effect of the
cannabis isolate increased during the first 48 hours and then decreased over 72 hours.
Based on yeast growth, it can be concluded that their abundance decreased in the first 48
hours under the influence of the isolate. For further applications, this information is
crucial, as it allows determination of how long the tested substance remains effective and
when its effect is nullified.

The observed results show that pure CBD demonstrated greater antimicrobial activity than
the full-spectrum isolate. This is notable, as one might expect a synergistic effect between
CBD and other cannabinoids or compounds present in the isolate. One possible
explanation is the presence of inhibitory interactions within the full-spectrum mixture.
However, a more likely interpretation involves physicochemical properties, particularly
solubility and diffusion capacity (Hoover & Harlander, 1993; Bonev et al., 2008). Pure CBD
is more soluble and diffusible than the heterogeneous mixture in the full-spectrum isolate.
In antimicrobial diffusion assays, the size of the inhibition zone is strongly influenced by
a compound’s ability to diffuse through the medium, which depends on molecular weight
and structural complexity (Hoover & Harlander, 1993; Bonev et al.,, 2008). The full-
spectrum isolate is a mixture of multiple compounds that may collectively have a higher
average molecular weight and reduced mobility compared to pure CBD. Therefore, pure
CBD may diffuse more efficiently through the medium, resulting in a larger inhibition
zone and an apparent increase in antimicrobial activity.

Similar studies using the diffusion method of active substances onto a solid medium have
also been conducted by other research groups. By studying an extract from Cannabis sativa
seeds, Ali et al. (2012) demonstrated weak activity against the fungi Aspergillus niger and
Candida albicans. Later, Kesavan et al. (2024) confirmed the antifungal activity of
cannabidiol against C. albicans and Malassezia furfur. Schofs et al. (2021) also reported
successful antifungal activity, while Al Ubeed et al. (2023) did not demonstrate an effect of
cannabinoids on fungi.

In the context of antibacterial activity, lower concentrations exhibited greater activity. This
is attributed to the solubility and stability of suspensions and the resulting bioavailability
of the tested active substances. The size of the growth inhibition zone of the model
organism was influenced by the concentration of the applied cannabinoid and the duration
of exposure. Itis confirmed that the effect of common hemp isolates on the model organism
S. cerevisiae can be studied using various methods and techniques. The results of this
research can be used to develop new strategies and inform further applications.

Funding: This research was supported by Slovenian Research and Innovation Agency (ARIS)
through the core funding No. P1-0045.
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References

1.

Abdul Ghani MA, Ugusman A, Latip J, Zainalabidin S. Role of terpenophenolics in modulating inflammation
and apoptosis in cardiovascular diseases: A review. Int ] Mol Sci. 2023; 24(6), 5339. DOL
https://doi.org/10.3390/]JMS24065339

Al Ubeed HM, Farahnaky A, Beckett EL, Khandaker M, Pillidge CJ. Potential applications of Cannabis plant
extracts and phytochemicals as natural antimicrobials. ] Explor Res Pharmacol. 2023; 8: 121-130.

DOI: 10.14218/JERP.2022.00062



' 142026
Proceedings of 14th Socratic Lectures 2026 OF LJUBLJANA | Health Sciences |

26

3.

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Ali EMM, Almagboul AZI, Khogali SME, Gergeir UMA. Antimicrobial activity of Cannabis sativa L. Chin Med.
2012; 3:61-64. DOL: https://doi.org/10.4236/CM.2012.31010

Bahraminia M, Cui S, Zhang Z, Semlali A, et al. Effect of cannabidiol (CBD), a cannabis plant derivative, against
Candida albicans growth and biofilm formation. Can J of Microbiol. 2025; 71:1-13. DOLI: https://doi.org/10.1139/
¢jm-2024-0034

Baricevic D. Rastlinske droge in njihovi sekundarni metaboliti —surovina rastlinskih zdravilnih pripravkov
(Engl. Plant drugs and their secondary metabolites — raw materials for herbal medicinal preparations). Ljubljana,
1996. ISBN 961-236-323-4.

Bonev B, Hooper J, Parisot J. Principles of assessing bacterial susceptibility to antibiotics using the agar diffusion
method. ] Antimicrob Chemother. 2008; 61: 1295-1301. DOI: https://doi.org/10.1093/jac/dkn090

Busi¢ A, Mardetko N, Kundas S, Morzak G, et al. Bioethanol production from renewable raw materials and its
separation and purification: A review. Food Technol Biotechnol. 2018; 56: 289-311 DOI: 10.17113/
ftb.56.03.18.5546

Coelho M], Aratjo MD, Carvalho M, Cardoso IL, Manso MC, Pina C. Antimicrobial potential of cannabinoids: A
scoping review of the past 5 years. Microorganisms. 2025; 13:325.

DOIL: https://doi.org/10.3390/microorganisms13020325

Galao RP, Scheller N, Alves-Rodrigues I, Breinig T, Meyerhans A, Diez ]J. Saccharomyces cerevisiae: A versatile
eukaryotic system in virology. Microb Cell Fact. 2007; 6: 1-9. DOI: 10.1186/1475-2859-6-32

Goffeau A, Barrell G, Bussey H, Davis RW, et al. Life with 6000 genes. Science. 1996; 274: 546-567. DOI:
https://doi.org/10.1126/SCIENCE.274.5287.546

Golombek P, Miiller M, Barthlott I, Sproll C, Lachenmeier DW. Conversion of cannabidiol (CBD) into
Psychotropic cannabinoids including tetrahydrocannabinol (THC): A controversy in the scientific literature.
Toxics. 2020; 8: 41. DOLI: https://doi.org/10.3390/toxics8020041

Grinspoon P, April 4, 2024.Harvard Medical Publisher. Cannabidiol (CBD): What we know and what we don’t.
Available from: https://www.health.harvard.edu/blog/cannabidiol-cbd-what-we-know-and-what-we-
dont-2018082414476. Access on: 5/5/2026

Hoover DG, Harlander SK. Screening methods for detecting bacteriocin activity. In: Hoover DG and Steenson
LR, editors. Bacteriocins of lactic acid bacteria. Academic Press, Inc; San Diego, California. 1993. DOL
https://doi.org/10.1016/B978-0-12-355510-6.50010-5

Hurd YL, Spriggs S, Alishayev ], Winkel G, et al. Cannabidiol for the reduction of cue-induced craving and
anxiety in drug-abstinent individuals with heroin use disorder: A double-blind randomized placebo-controlled
trial. Am J Psychiatry. 2019; 176: 911-922. DOL: https://doi.org/10.1176/appi.ajp.2019.18101191

JuterSek V, Schofs L, Lap P, Pecan LI, et al. The antimicrobial activity of plant-derived cannabinoid suspensions
from Cannabis sativa L. against the mixed oral microflora of humans and canine. Proc Socr Lect. 2025; 13: 4/54.
DOIL: https://doi.org/10.55295/PSL.13.2025.6

Karas JA, Wong LJM, Paulin OKA, Mazeh AC, et al. The antimicrobial activity of cannabinoids. Antibiotics. 2020;
9: 406. DOL: https://doi.org/10.3390/antibiotics9070406

Karathia H, Vilaprinyo E, Sorribas A, Alves R. Saccharomyces cerevisiae as a model organism: A comparative study.
PLoS ONE. 2011; 6. DOI https://doi.org/10.1371/JOURNAL.PONE.0016015

Kesavan PS, Kera NH, Kleyi P, de Beer M, et al. Stability, biofunctional, and antimicrobial characteristics of
cannabidiol isolate for the design of topical formulations. Soft Matter. 2024; 20: 2348-2360. DOI:
https://doi.org/10.1039/D35SM01466E

Liu W, Li L, Ye H, Chen H, et al. From Saccharomyces cerevisiae to human: The important gene co-expression
modules. Biomed Rep. 2017; 7: 153. DOI: https://doi.org/10.3892/BR.2017.941

Mechoulam R, Parker LA. The endocannabinoid system and the brain. Ann Rev Psychol. 2013; 64: 21-47. DOL
https://doi.org/10.1146/annurev-psych-113011-143739

Misic Jancar ], Schofs L, Pecan LI, Oblak T, et al. An insight into the use of cannabis in medical and veterinary
dermatological applications and its legal regulation. Proc Socr Lect. 2024, 10: 79-91. DOL: https://
doi.org/10.55295/PSL.2024.113

Morales P, Hurst DP, Reggio PH. Molecular Targets of the phytocannabinoids: A complex picture. In: Kinghorn
A, Falk H, Gibbons S, Kobayashi ], editors. Phytocannabinoids. progress in the chemistry of organic natural
products, 2017; 103. Springer, Cham. DOI: https://doi.org/10.1007/978-3-319-45541-9_4

Pecan LI, Barrios Francisco R, Jeran M. Cannabinoid molecules from Cannabis sativa L. as a promising solution
for methicillin—resistant Staphylococcus aureus (MRSA). Proc Socr Lect. 2023; 8: 97-105. DOI: https://
doi.org/10.55295/PSL.2023.115

Pecan LI, gtukelj R, Godic Torkar K, Jeran M. Study of the cannabinoid profile and microbiological activity of
industrial hemp (Cannabis sativa subsp.sativa L.). In: Kraljglic¢ V, editor. Socratic lectures: 5t International
minisymposium. University of Ljubljana, Faculty of Health Sciences, Ljubljana. 2021; 125-138. Available from
https://www.zf.uni-lj.si/images/stories/datoteke/Zalozba/Sokratska_5.pdf



https://doi.org/10.4236/CM.2012.31010
https://doi.org/10.17113/ftb.56.03.18.5546
https://www.health.harvard.edu/blog/cannabidiol-cbd-what-we-know-and-what-we-dont-2018082414476
https://www.health.harvard.edu/blog/cannabidiol-cbd-what-we-know-and-what-we-dont-2018082414476

' 14°2026
UNIVERSITY | Faculty of Eé) CCTl?ﬁ\?TElg \ : |
Proceedings of 14th Socratic Lectures 2026 OF LJUBL]JANA | Health Sciences [ |

27

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Pellati F, Borgonetti V, Brighenti V, Biagi M, et al. Cannabis sativa L. and nonpsychoactive cannabinoids: Their
chemistry and role against oxidative stress, inflammation, and cancer. BioMed Res Int. 2018; 2018: 1691428. DOL:
https://doi.org/10.1155/2018/1691428

Pertwee RG. The diverse CB1 and CB2 receptor pharmacology of three plant cannabinoids: delta®-
tetrahydrocannabinol, cannabidiol and delta®-tetrahydrocannabivarin. Br ] Pharmacol. 2008; 153: 199-215. DOLI:
https://doi.org/10.1038/sj.bjp.0707442

Que Z, Wang S, Wei M, Fang Y, et al. The powerful function of Saccharomyces cerevisiae in food science and other
fields: A critical review. Food Innov Adv. 2024; 3: 167-180. DOI: 10.48130/fia-0024-0016

Schofs L, Mir6 MV, Moriones L, Jeran M, et al. Comparative plasma exposure and fecal excretion of oral
cannabidiol in fasted and fed dogs: pilot study. Vet Res Commun. 2026; 50: 236. DOL:
https://doi.org/10.1007/s11259-026-11170-y

Schofs L, Sparo MD, Sanchez Bruni SF. The antimicrobial effect behind Cannabis sativa. Pharmacol Res Perspect.
2021; 9: e00761. DOIL: https://doi.org/10.1002/prp2.761

Seyidoglu N, Aydin C. Saccharomyces: Is a necessary organism or a biological warrior? In: Basso TP, Basso LC,
editors. Sacchuromgces. IntechOpen. DOI: https://doi.org/10.5772/intechopen.96029

Tavcar Bekovi¢ E, Strukelj B, Razinger B, et al. Uporaba kanabinoidov (Engl. The use of cannabinoids). In: Gosenca
Matjaz M, Tomasic T, editors. Strokovno izpopolnjevanje s podrocja farmacije (Engl. Professional training in the
field of pharmacy). University of Ljubljana, Faculty of Pharmacy, Ljubljana, Slovenia. 2019. Available form
https://www.ffa.uni-lj.si/docs/default-source/e-knjige/uporaba-kanabinoidov.pdf?sfvrsn=2

Vanderwaeren L, Dok R, Voordeckers K, Nuyts S, Verstrepen K]J. Saccharomyces cerevisiae as a model system for
eukaryotic cell biology, from cell cycle control to DNA damage response. Int ] Mol Sci. 2022; 23: 11665. DOI:
https://doi.org/10.3390/]JMS231911665

Volkow ND, Baler RD, Compton WM, Weiss SR. Adverse health effects of marijuana use. N Engl ] Med. 2014;
370: 2219-227. DOI: 10.1056/NEJMra1402309

Whiting PF, Wolff RF, Deshpande S, DiNisio M, et al. Cannabinoids for Medical Use: A Systematic Review and
Meta-analysis. JAMA. 2015; 313: 2456-2473. DOI: 10.1001/jama.2015.6358

Zuardi AW. History of cannabis as a medicine: A review. Braz ] Psychiatry. 2006; 28: 153-157. DOI:
https://doi.org/10.1590/51516-44462006000200015


https://doi.org/10.48130/fia-0024-0016




Proceedings of 14th Socratic Lectures 2026

1472026
SOCRATIC 1
LECTURES

UNIVERSITY | Faculty of
OF LJUBLJANA | Health Sciences

29

Review

Bisphenol Exposure from Clear Orthodontic Aligners: A
Systematic Review of Experimental and Clinical Evidence

Majstorovic Jasnal, Jenko Monika?, Ovsenik Maja3, Debeljak Mojca*

P

Citation: Majstorovi¢ J, Jenko M,
Ovsenik M, Debeljak M. Bisphenol
Exposure from Clear Orthodontic
Aligners: A Systematic Review of
Experimental and Clinical Evidence.
Proceedings of Socratic Lectures. 2026,
14, 29-34.
https://doi.org/10.55295/PSL.14.2026.1V4

Publisher’s Note: UL ZF stays neutral
about jurisdictional claims in published

maps and institutional affiliations.

Copyright: © 2026 by the authors.
Submitted for possible open access
publication under the terms and
conditions of the Creative Commons
(CC  BY)
(https://creativecommons.org/licenses/

by/4.0/).

Attribution license

Biosciences, Biotechnical faculty, University of Ljubljana, Ljubljana, Slovenia
MD-RI Institute of Materials Research in Medicine, Ljubljana, Slovenia

Medical Faculty, University of Ljubljana, Ljubljana, Slovenia

University Rehabilitation Institute Republic of Slovenia Soca, Ljubljana, Slovenia
Correspondence: Mojca Debeljak; mojca.debeljak@ir-rs.si

Abstract:

Clear orthodontic aligners have become widely adopted in contemporary orthodontic
practice; however, concerns persist regarding the potential release of bisphenols from
polymer-based materials and their biological effects. This study systematically reviewed
the available evidence on bisphenol release from clear aligners, integrating findings
from systematic reviews, in vitro investigations, and clinical studies.

The literature consistently demonstrated substantial heterogeneity in study design,
analytical methods, and outcome reporting. Most in vitro studies reported minimal or
undetectable bisphenol A (BPA) release under simulated oral conditions, although
isolated investigations identified low levels of leaching, primarily during the initial
phase of material exposure. In contrast, clinical studies revealed transient increases in
salivary BPA concentrations following aligner placement or attachment procedures,
with levels typically returning to baseline within a few days.

Emerging evidence also suggests the potential release of alternative compounds,
including bisphenol analogues and plasticizers, which may contribute to the overall
biological profile of these materials. Despite generally low measured concentrations, the
cumulative effects of long-term exposure, particularly in younger populations
undergoing prolonged orthodontic treatment, remain insufficiently understood.
Overall, current evidence indicates that bisphenol exposure associated with clear
aligners is limited and predominantly transient. However, the lack of standardized
methodologies and long-term clinical data precludes definitive conclusions regarding
their long-term biocompatibility and safety. Future studies should prioritize
longitudinal designs, standardized analytical protocols, and comprehensive
toxicological assessments.

Keywords: Bisphenol A; Clear aligners; Orthodontic biomaterials; Biocompatibility;
Endocrine disruption
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Oral Exposure Pathways

Sources and Pathways of Bisphenol Exposure in Clear Aligner Therapy
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Figure 1. Graphical abstract of bisphenol exposure from clear aligners. (Figure created by authors’ instructions with the help

of ChatGPT)

Clear thermoplastic aligners and composite attachments represent potential sources of
bisphenol release (BPA, BPF, BPS) into the oral environment. Exposure pathways include
direct salivary contact, inhalation of aerosols generated during attachment removal, and
microabrasion resulting from repeated insertion and removal of aligners. Evidence from
in vitro and clinical studies suggests that bisphenol release is generally low and primarily
transient, occurring during the initial phase of material use. Despite low detected
concentrations, potential biological effects include endocrine disruption and systemic
responses, highlighting the need for further long-term investigation.

1. Introduction

Bisphenol A (BPA) is a synthetic monomer widely used in the production of polymer-
based dental materials, including thermoplastic orthodontic aligners. As a precursor of
bisphenol A glycidyl methacrylate (Bis-GMA), BPA is a fundamental component of many
resin-based systems used in orthodontics and restorative dentistry (Eliades, 2017). Beyond
its industrial relevance, BPA has attracted considerable scientific attention due to its
endocrine-disrupting properties and its ability to interfere with oestrogenic, androgenic,
and thyroid hormone signalling pathways (Fonseca et al., 2022; Teng et al., 2013; Moriyama
et al, 2002). These interactions have been associated with metabolic dysregulation,
cardiovascular effects, and potential carcinogenic outcomes (Gao et al., 2015; Maniradhan
& Calivarathan, 2023).

The increasing adoption of clear aligner therapy has intensified concerns regarding chronic
low-dose exposure to bisphenols released from intraoral polymeric devices. Unlike
conventional orthodontic appliances, aligners are worn for extended periods, creating
conditions that may promote material ageing, mechanical wear, and chemical leaching
(Hiadi et al., 2020). In addition, composite attachments, routinely used to enhance
treatment efficiency, may represent an additional source of monomer release, particularly
during placement and removal procedures involving mechanical abrasion and aerosol
generation.
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To address safety concerns, alternative bisphenol analogues such as bisphenol F (BPF) and
bisphenol S (BPS) have been introduced. However, emerging evidence suggests that these
compounds may exhibit biological activity comparable to BPA, raising concerns regarding
their long-term safety (Fonseca et al., 2022). Therefore, a comprehensive evaluation of
bisphenol release from clear aligners and its biological relevance is essential.

2. Materials and Methods

This systematic review was conducted in accordance with the PRISMA 2020 guidelines to

ensure transparent and reproducible reporting.

2.1 Search Strategy

A comprehensive literature search was performed in the electronic databases PubMed,

Scopus, and Web of Science. Google Scholar was used as a supplementary source to

identify additional relevant studies. The search covered publications from January 2010 to

December 2025.

The  following  keywords and  Boolean  combinations  were used:

("bisphenol A" OR "BPA" OR "bisphenol F" OR "BPF" OR "bisphenol S" OR "BPS") AND

("clear aligners" OR "thermoplastic orthodontic appliances" OR "orthodontic retainers")

AND ("release" OR "leaching" OR "exposure")

2.2 Eligibility Criteria

Studies were included if they met the following criteria:

e original research articles or systematic reviews

e in vitro, in vivo, or clinical studies

* focused on bisphenol release from clear aligners or thermoplastic orthodontic
appliances

e published in English

Exclusion criteria were:

e studies on conventional orthodontic appliances without thermoplastic materials

e conference abstracts without full text

e editorials, opinions, or non-peer-reviewed content

2.3 Study Selection

All identified records were imported into a reference management system, and duplicates

were removed. Two independent reviewers screened titles and abstracts for relevance.

Full-text articles were assessed for eligibility, and disagreements were resolved by

consensus.

2.4 Data Extraction

Data were extracted using a standardized form, including:

e study type

material investigated

experimental or clinical conditions

analytical method

detection of bisphenols

e Kkey findings

2.5 Risk of Bias Assessment

Due to the heterogeneity of included study designs, a formal meta-analysis was not

performed. The risk of bias was qualitatively assessed based on study design, sample size,

analytical sensitivity, and reproducibility of methods.

The diagram (Figure 2) summarizes the identification, screening, eligibility assessment,

and inclusion of studies in this systematic review, conducted in accordance with PRISMA

2020 guidelines. A total of 320 records were identified through database searching and

additional sources. After removal of duplicates, 266 records were screened, of which 246

were excluded based on title and abstract. Twenty full-text articles were assessed for

eligibility, and 12 were excluded due to irrelevance to the research question, insufficient

data, or use of non-thermoplastic materials. Ultimately, eight studies were included in the

qualitative synthesis.
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Table 1. Overview of included studies investigating bisphenol release from clear orthodontic aligners.

Study Type Material Method BPA Key findings
detected

Iliadi et al., 2020 Systematic Various aligners ~ Multiple Minimal = Low-quality evidence, high
review heterogeneity

Peter et al., 2023 Systematic Thermoplastic Multiple Mostly no  Majority in vitro,
review aligners inconsistent results

Yazdi et al., 2023 Systematic Aligners and HPLC, LC- Variable Limited clinical evidence
review retainers MS

Kotyk & Wiltshire, In vitro Retainer and HPLC Yes BPA release only first 3 days

2014 adhesive

Milling et al., 2025  In vitro Multiple aligners ~ GC-MS No No BPA, but DEP detected

Arslan Avan et al.,, In vitro Invisalign®, and LC-MS/MS No No detectable BPA

2025 Essix ACE®

Vitores-Calero et Clinical Invisalign® LC-MS Yes Increase after 30 min,

al., 2025 (transient) baseline after 7 days

Azhagudurai et al., Clinical Multiple aligners  LC-MS Yes BPA only first 24 h

2024

(early)
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Table 1 summarizes study characteristics, including study design (systematic review, in
vitro, or clinical), material type, analytical methods, and reported bisphenol detection. The
included studies demonstrate substantial methodological heterogeneity and variability in
analytical sensitivity, which limits direct comparison of quantitative outcomes across
studies.

3. Results

The included studies demonstrated substantial heterogeneity in experimental design,
analytical sensitivity, and reporting, precluding direct quantitative comparison.

Most in vitro studies reported negligible or undetectable BPA release, particularly when
analysed using high-sensitivity techniques such as LC-MS/MS. However, several studies
identified low-level release during the initial exposure period, likely reflecting residual
monomers or early-stage material degradation (Kotyk & Wiltshire, 2014).

Clinical studies consistently demonstrated transient increases in salivary BPA
concentrations shortly after aligner placement or attachment procedures, with levels
returning to baseline within days (Vitores-Calero et al., 2025; Azhagudurai et al., 2024).
These findings indicate that exposure is primarily confined to the early phase of
treatment.

Importantly, several studies reported the presence of alternative compounds, including
plasticisers such as diethyl phthalate, even in the absence of detectable BPA (Milling et
al., 2025), suggesting that BPA alone may not adequately represent the chemical
exposure profile of these materials.

4. Discussion

The findings of this review indicate that bisphenol release from clear aligners is generally
low and predominantly transient. This is consistent with previous systematic reviews
reporting minimal or undetectable BPA release in most in vitro studies (Iliadi et al., 2020;
Peter et al., 2023; Yazdi et al., 2023). Nevertheless, measurable release during the initial
exposure phase has been observed and is most likely attributable to residual monomers
and early-stage polymer degradation.

Clinical evidence provides a more relevant representation of real exposure conditions,
demonstrating short-term increases in salivary BPA levels following aligner placement
(Vitores-Calero et al., 2025; Azhagudurai et al.,, 2024). These transient patterns suggest
that early material ageing and surface interactions, rather than continuous degradation,
are the primary determinants of exposure.

However, the detection of alternative leachable compounds highlights an important
limitation of current research, as the absence of BPA does not imply chemical inertness.
Furthermore, the biological relevance of chronic low-dose exposure remains uncertain,
particularly in light of non-monotonic dose-response relationships characteristic of
endocrine-disrupting compounds (Teng et al., 2013; Fonseca et al., 2022).

The variability between in vitro and clinical findings reflects differences in experimental
conditions and underscores the need for standardised methodologies. Future research
should prioritise longitudinal clinical studies integrating advanced analytical techniques
and clinically relevant exposure models.

Taken together, current evidence suggests that bisphenol exposure from clear aligners is
limited and predominantly transient; however, its long-term biological significance
remains insufficiently defined.

5. Conclusions

Although bisphenol release from clear orthodontic aligners is generally minimal and
transient, its long-term biological relevance remains insufficiently understood due to
methodological heterogeneity and the absence of longitudinal evidence. Future studies
should focus on standardised clinical protocols and comprehensive assessment of both
bisphenols and alternative leachable compounds to establish the long-term safety of
thermoplastic orthodontic materials.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Extracellular particles (EPs) were investigated by interferometric light micros-
copy (ILM) in the udder fluid from the mare with juvenile galactorrhea. Number density
n and hydrodynamic diameter D of EPs were measured. The samples were taken from
a 1 year old Posavje mare. Higher number density (1) of nano - sized EPs were found in
in the whole fluid in comparison with the skimmed fluid, the difference was statistically
significant which is the opposite from the mare’s mature milk or colostrum which was
shown in our previous investigation when mature mare milk and colostrum were in-
vestigated. While the value of the udder fluid n was considerably lower than in the ma-
ture mare milk, the values of Dn in the respective samples were within the error of the
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1.  Introduction
1.1. Milk as a complete food

Mare’s milk is the most important nutritional resource for foals during the first months of
life. It contains proteins (corpuscular casein and dissolved whey proteins), lipids (fat glob-
ules), carbohydrates (milk sugar - lactose), vitamins and minerals (Ca2*, P+, K¥, Na*). It has
antimicrobial activity and antiviral activity. (Musaev et al., 2021; Malacarne et al., 2002).
Human and cow milk contains extracellular particles like corpuscular casein micelles, fat
globules and extracellular vesicles. (Hu et al., 2021). Here, we investigated the extracellular
particles from the fluid of the mare with juvenile galactorrhea. The concentration was
measured by interferometric light microscopy.

1.2. What is juvenile galactorrhea in the mare?

Juvenile galactorrhea in the mare refers to milk secretion in a young female horse (mare
or filly) that has not been bred or is not pregnant. It is an inappropriate lactation in a non-
pregnant, immature mare, usually due to hormonal dysregulation. In a normal situation,
milk production in mares is triggered late in pregnancy under the influence of hormones
like prolactin and estrogen. In juvenile galactorrhea, this process happens abnormally
early, typically in immature or prepubertal fillies. It occurs without pregnancy or foaling
(McCue & Sitters, 2011; Chavatte, 1997). Mares or fillies have enlarged udder (mammary
gland) with milk or milk-like discharge — “fluid” from the teats.

Figure 1. The udder of a maiden mare is shown on the left image (Image from: https://wellcomecollec-
tion.org/works/a2j9qt79/images?id=brwex7sh). On the right image the udder of a maiden mare with juvenile galactor-
rhea is shown. An enlarged teat is clearly visible.

2. Material and Methods
2.1. Milk Sampling

For interferometric light microscopy either udder fluid was milked by hand from an 1 year
old Posavje (breed) mare. The fluid was collected into tubes VACUETTE® TUBE 3 ml Z
No Additive 13x75 white cap-black ring, non-ridged (Greiner AG, Kremsmiinster, Aus-
tria). To obtain skimmed fluid, whole fluid was centrifuged at 300 g for 15 min. This pro-
cedure was repeated twice. The “cream” was removed from the top using a pipette with
the tip shortened for 2 mm by scissors. The tubes with colostrum and milk are shown in
Figure 2.
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Figure 2. The left tube contains udder fluid of the mare with juvenile galactorrhea and the right tube the normal mare

milk.

2.2. Interferometric Light Microscopy (ILM)

The average hydrodynamic diameter (Dh) and the number density of small particles in
milk were determined by interferometric light microscopy using Videodrop (Myriade,
Paris, France) as described previously (Romolo et al., 2022). Before measurement the milk
was diluted 100 x by saline for injections (Braun, Melsungen, Germany) to obtain a meas-
urable dilution. Signals of the saline were under the detection limit. The threshold value
4.2 was used. 7 puL of sample was placed between cover glasses and illuminated by 2W
blue LED light. The light scattered on the particle was imaged by a bright-field microscope
objective and allowed to interfere with the incoming light. The image was recorded by a
complementary metal-oxide-semiconductor high resolution speed camera. The obtained
pattern that includes contrasting black and white spots was recognized as a particle and
its position in the sample was assessed. Number density of the particles is the number of
the detected particles within the detected volume (e.g. 15 pL). Dn was determined by track-
ing the position of the imaged particle within the recorded movie. It was assumed that
particles undergo Brownian motion due to collisions with surrounding particles. The dif-
fusion coefficient D of the motion of the particle is taken to be proportional to the mean
square displacement d of the particle between two consecutive frames taken in the time
interval At, <d2(At)>=<4D At>, where t is time, and D is diffusion coefficient. Dh was esti-
mated by assuming that the particles were spherical and using the Stokes-Einstein relation
Dn = ksT/3mnD, where ks is the Boltzmann coefficient, T is temperature and n is viscosity
coefficient. Each particle that was included in the analysis was tracked and processed in-
dividually and the respective incident light signal was subtracted from each image. Pro-
cessing of the images and of the movies was performed by using the associated software
QVIR 2.6.0 (Myriade, Paris, France) (Romolo et al., 2022).

2.3. Light microscopy

Samples were placed into observation chamber, created between two cover glasses delim-
ited by silicon grease and observed by the Nikon Eclipse 2000-S inverted optical micro-
scope.

2.4. Statistical analysis

All measurements were performed in triplicates and presented by the average values and
standard deviations. The differences were evaluated by the t-test using the Excel sofware.
The value p = 0.05 was taken as a threshold for statistical significance.
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3. Results

Higher number density (1) of nano - sized EPs were found in in the whole fluid in com-
parison with the skimmed fluid, the difference was statistically significant (Figure 3). The
average hydrodynamic diameter Dn was larger in the skimmed fluid in comparison with
the whole fluid, the difference was statistically significant (Figure 3). The difference be-
tween the average hydrodynamic diameters Dh was within the error of the method.

n x109mL

}

A| ..| Dh(nm) B

Figure 3. Average number density # (left) and average hydrodynamic diameter Dn of EPs in the mare whole (full cir-
cles) and skimmed (empty circles) udder fluid. The error bars represent standard deviations. Asterisk (*) represents
statistically significant difference between the whole and the skimmed milk results.

A

G

Figure 4. Optical microscope images of : whole fluid (left image), skimmed fluid (middle image) and fluid supernatant
— “cream” (right image). Magnification 600x.

4, Discussion

The number density of EPs n was higher in the whole fluid in comparison with the
skimmed fluid, the difference was statistically significant (Figure 3). In a previous study
of mare’s colostrum and milk, the number density of EPs was higher in the colostrum than
in milk (Arko et al., 2024b). The value of n in the “udder fluid” was much lower than in
the mature mare milk from our previous investigation.

Dn was larger in the skimmed fluid in comparison with the whole fluid, the difference was
statistically significant (Figure 3). A similar featue was observed in the mare’s mature milk
at day 7 after parturition (Arko et al., 2024b). The number density of micro and nano-sized
particles n in skimmed mature equine milk measured by interferometric light microscopy
and flow cytometry was observed when compared to the whole mature equine milk, and
the differences were statistically significant (Arko et al. 2024a). Higher number density of
EPs was found in the skimmed equine colostrum and milk when compared with the whole
milk, but the difference was statistically significant only on day 7 after the parturition
(Arko et al., 2024b).
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Abstract:

This qualitative study investigates how Austrian sixth-grade students attending urban
academic secondary schools understand the concept of nature. Within the context of
Education for Sustainable Development, the study focuses on students” human-nature
relationships, because conceptions of nature may shape emotional engagement, envi-
ronmental attitudes, and later pro-environmental behaviour. Data were collected
through an anonymous questionnaire administered to 324 students from 14 classes in
four schools located in urban areas. The analysis focused on the open-ended question
“What is nature to you?” Valid responses (n = 306) were analysed using qualitative
content analysis. An inductively developed coding scheme identified eleven main cat-
egories describing students’ conceptions of nature. The most frequent categories were
ecosystems (44.4%), living nature (41.2%), and leisure and recreation (34.0%). Students
most often referred to forests, plants, animals, green spaces, and opportunities for re-
laxation, physical activity, and spending free time outdoors. Abiotic elements, aesthetic
descriptions, and emotional associations such as joy, freedom, calmness, and affection
were also present, but less frequent. By contrast, environmental protection, untouched
nature, and rural references were rarely mentioned. The findings suggest that students
mainly understand nature as a familiar, living, aesthetically pleasing, and emotionally
meaningful space, rather than primarily as a system requiring protection or as a sphere
independent of human influence. These results highlight the need for biology and sus-
tainability education to build on students” everyday experiences while strengthening
conceptual links between nature, ecological interdependence, human impact, and en-
vironmental responsibility in urban learning contexts for future sustainable action and
reflection.

Keywords: Education for Sustainable Development; Human-Nature Relationship;
Middle School Students; Urban Environment
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1. Introduction
1.1. Education for Sustainable Development

Human survival depends on nature; nevertheless, natural resources are often used as if
they were inexhaustible. To illustrate the increasing impact of human activities on the
Earth system, Crutzen & Stoermer (2000) proposed the term Anthropocene to describe a
new geological epoch shaped by human influence. Climate change, the increasing fre-
quency of extreme weather events, and the ongoing loss of biodiversity can be understood
as consequences of human action (Cook et al., 2016; Folke et al., 2021). Reducing these
negative impacts requires profound changes in human lifestyles and a transition towards
more sustainable ways of interacting with the planet (Oskamp, 2000; Crutzen, 2002). In
this context, the concept of sustainability has become highly significant.

One widely used definition of sustainability was introduced in the Brundtland Report, Our
Common Future, published in 1987. Sustainable development is defined as “development
that meets the needs of the present without compromising the ability of future generations
to meet their own needs” (Hauff, 1987). The continuing relevance of sustainable develop-
ment is also reflected in the United Nations” Agenda 2030 and its 17 Sustainable Develop-
ment Goals (SDGs), through which all member states committed themselves to promoting
a more sustainable relationship with the Earth (UN, 2015). Since the SDGs comprise eco-
logical, economic, and social dimensions, Education for Sustainable Development (ESD) is
considered a key approach to their implementation (UN, 2017). ESD is inherently interdis-
ciplinary and aims to enable learners to act in environmentally responsible ways while also
considering the economic and social dimensions of sustainability (UNESCO, 2014).
Promoting environmentally responsible behavior, however, requires more than the trans-
mission of environmental knowledge. Several studies have shown that knowledge alone
is not sufficient to foster pro-environmental action (Nisbet et al., 2009; Otto & Pensini,
2017). Instead, the human-—nature relationship plays an essential role. This relationship is
reflected, among other aspects, in an individual’s connectedness to nature. A high level of
nature connectedness has been associated with more environmentally responsible atti-
tudes and behaviors (Clayton, 2003; Clayton et al., 2021; Daviset al., 2009; Dutcher et al.,
2007; Nisbet et al., 2009). In addition to nature connectedness, students” individual under-
standing of nature provides insight into how they relate to nature and may shape their
behavior towards it (Dittmer & Gebhard, 2020; Meske, 2011).

Environmental education is particularly relevant for younger students, as educational in-
terventions at this age may have stronger and more lasting effects on nature connectedness
and later environmental behavior than interventions targeting older learners (Liefldnder
et al., 2013; Wells & Lekies, 2006). Understanding students” human-nature relationships
can therefore provide important implications for school practice. It enables educators to
connect teaching with students’ existing conceptions of nature and to design learning en-
vironments that support both ecological understanding and emotional engagement with
nature.

Therefore, the aim of the present study is to investigate the human—nature relationship of
Austrian sixth-grade students attending academic secondary schools in urban areas. Par-
ticular attention is given to students’ individual understanding of nature, explored
through the open-ended question: “What is nature to you?”

1.2. Human-nature relationship

One influential approach to conceptualizing the human-nature relationship is Wilson's
biophilia hypothesis. Wilson (1984) defines biophilia as the “innate tendency to focus on
life and lifelike processes” (p. 1). According to this perspective, humans possess an inher-
ent inclination towards living organisms and natural processes. Wilson (1993) later speci-
fied this tendency as an emotional affiliation with other forms of life. Biophilia is therefore
understood not merely as an interest in nature, but as a deep-rooted emotional connection
that may have developed through human evolution. Kellert (1993) similarly argues that
human attachment to nature may have offered evolutionary advantages and contributed
to survival.

Kellert (1993) expanded the concept by identifying nine values of biophilia: utilitarian, nat-
uralistic, ecologistic-scientific, aesthetic, symbolic, humanistic, moralistic, dominionistic,
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and negativistic. These values describe different ways in which humans relate to nature.
For example, the utilitarian value refers to the practical and material use of nature, while
the naturalistic value describes the satisfaction derived from direct contact with natural
environments. The aesthetic value concerns the attraction to natural beauty, whereas the
humanistic value concerns emotional attachment and affection for nature. The moralistic
value includes ethical responsibility and spiritual respect for nature. Importantly, Kellert
also included negative or ambivalent dimensions, such as fear, aversion, domination, and
control, showing that human-nature relationships may range from attraction to rejection.
Several studies have indirectly supported the relevance of the biophilia hypothesis. Kahn
(1999), for example, provides an overview of empirical findings indicating children’s af-
finity for nature. Lumber et al. (2017) further show that engagement with nature through
naturalistic, aesthetic, symbolic, humanistic, and moralistic pathways can strengthen na-
ture connectedness. However, the biophilia hypothesis has also been criticized. Joye & De
Block (2011) question its evolutionary explanation, while Kahn et al. (2009) argue that the
concept is so broad that it is difficult to falsify empirically.

For this reason, the present study does not treat biophilia as a hypothesis to be tested.
Instead, following Kahn et al. (2009), biophilia is used as a theoretical construct for inter-
preting students” human-nature relationships and their individual understandings of na-
ture. The main research question of the study was how secondary school students under-
stand the concept of nature.

2. Materials and Methods

In this study, we follow a qualitative approach. Qualitative inductive research methods
were adopted (Mayring, 2015). An anonymous questionnaire was used to collect the data.
2.1. Sample and Methods

The study was part of a broader longitudinal project investigating environmental attitudes
among Austrian middle school students. For this paper, we focused solely on the open
question of understanding nature and sociodemographic data. The students” understand-
ing was assessed using the open-ended question, “What is nature to you?”

The study sample consisted of 324 Austrian students in 6th grade (second year of lower
secondary education) attending academic secondary schools. In total, 14 classes partici-
pated in the study. Data were collected at four schools located in urban regions. Three of
these schools were in Vienna (1st, 2nd, and 18th districts), and one was in Lower Austria.
Of the 324 participating students, 147 were female (45.5%), and 176 were male (54.5%). One
student provided an unclear response to the gender question. The students’ ages ranged
from 10 to 14 years, with a mean age of 11.28 years (5D = 0.56).

2.2.  Data analysis

The analysis was conducted with the Qualitative Data Analysis (QDA) software
MAXQDA 2022, which also allowed a semi-quantitative analysis (e.g. the occurrence of
technical terms) ( Radiker & Kuckartz 2019). The coding was dominantly inductive, focus-
ing on the most common patterns emerging from the dataset. The coding frame was data-
driven, with codes and themes emerging from the students” descriptions. The author and
one trained graduate research assistant applied the coding guideline, which was continu-
ously adapted throughout the analysis through iterative reviews, discussions, categoriza-
tion, and re-coding. The final coding structure was also validated through discussions and
refinement. We first did the analysis in German and then translated a selection of the stu-
dents’ statements for our manuscript. The translation was done by a bilingual researcher
and then retranslated to confirm the original meaning and information. Additionally, all
translated descriptions were discussed with the bilingual team (native languages: German
and English), as we are aware of the risk that information may be changed or misrepre-
sented.

The developed coding guideline includes a clear category definition and an example from
the student’s answers for each category to ensure the validity of the coding scheme (Table
1).
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Table 1: Coding scheme for students” understanding of nature

4

5 Main Category Definition Anchor example
1 Ecosystems Students describe nature by “For me, nature means forest and meadow.”
referring to ecosystems such as (male, 11 years)
forests, meadows, and lakes. Urban
green spaces, such as parks and
gardens, are also included in this
category as urban ecosystems.
2 Living nature Students describe nature through “Calmness, love, forests, life, air.”
living organisms, such as plants, (female, 11 years)
animals, fungi, or more generally,
as something living.
3 Leisure and Students describe nature as a place ~ “A recreational space where I like to spend
recreation for leisure activities. This includes my free time. You can observe and discover
playing, physical activity in nature, =~ many things, and it is good for me.”
nature as a meeting place or place (female, 12 years)
of discovery, and nature as a
recreational space.
4 Abiotic nature Students describe nature by “Nature is freedom. Nature is fresh air.
referring to its non-living Minecraft.” (male, 12 years)
components, such as water, rocks,
oxygen, and air.
5 Aesthetic Students describe nature as “I think nature is the green with different
description something beautiful or associate it ~ animals and the fresh air. Unfortunately, we
with the colour green. are currently destroying it.” (male, 12 years)
6 Emotions and Students describe their affection or ~ “Nature is the best thing in the world for me;
attitudes aversion towards nature and the I cannot live without nature. I forget all
feelings that nature evokes in them.  stressful things when I am in nature.”
Statements expressing enjoyment, (female, 12 years)
enthusiasm, or excitement about
nature are also included in this
category.
7 Freedom Students describe nature as “A place where I can feel free.” / “For me,
freedom or as a place that evokesa  nature is freedom. There you can do
feeling of freedom. anything you want.”
(female, 11 years)
8 Importance of Students describe nature using the ~ “Nature is very important to me because
nature general term “important” or as a without nature, there is no oxygen.”
basis for human life. (male, 11 years)
9 Almost free Students describe nature as neither ~ “For me, nature is everything that has not
from humans created nor influenced by humans,  been created by humans.”
or as a place where almost no (male, 12 years)
humans are present.
10 Environmental Students describe nature as “You should not throw rubbish on the street
protection something worth protecting or state  or into the sea.”
how nature or the environment can  (female, 11 years)
be protected.
11 Rural reference  Students describe nature through “Forest and meadow. At both of my

buildings commonly found in rural
areas or through rural places where
acquaintances or relatives live.

grandparents’ villages.”
(male, 11 years)
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3. Results

The eleven inductively developed main categories, including definitions and anchor ex-
amples in the original wording, are presented in Table 1.

As shown in Figure 1, “ecosystems” (44.4%) was the most frequently mentioned category,
followed by “living nature” (41.2%) and “leisure and recreation” (34.0%). Approximately
one fifth of the students referred to “abiotic nature” (20.9%) and provided an “aesthetic
description” of nature (18.0%). “Emotions/attitudes” were mentioned by 14.7% of the re-
spondents. These six categories are further divided into subcategories, which are discussed
in more detail. Among the categories without subcategories, “freedom” (9.2%) was the
most frequently mentioned, followed by “importance of nature” (6.5%). The remaining
three categories were each mentioned by fewer than 5% of the surveyed students.
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The Main Categories

Figure 1. Percentage frequencies of the main categories regarding 6th-grade students” understanding of nature. The

percentages refer to the valid responses (n = 306) and indicate what percentage of students mentioned the respective

category. In total, the percentage exceeds 100%, as each student could mention several categories.

3.1. Ecosystems

s s

The category “ecosystems” consists of the five subcategories “forest,” “meadow,” “green
spaces,” “aquatic ecosystems,” and “other ecosystems.” In total, 136 students described
nature as an ecosystem or explicitly mentioned ecosystems. Approximately 83% of all stu-
dents mentioned an ecosystem referring to forests, around one-third to meadows (33.1%),
and one-fifth to green spaces, such as parks and gardens (20.6%). Aquatic ecosystems were
mentioned by 20 of the 136 students (14.7%). Other ecosystems, such as deserts and caves,
were mentioned by only a small proportion of the students (3.7%).

Some examples:

. “Forest, animals of all kinds, natural rivers, sea, plants” (female, 11 years old)

. “Rivers, mountains, desert, caves, forest, sea” (male, 11 years old)

3.2. Living Nature

The category “living nature” includes the subcategories “flora,” “fauna,” “fungi,” and “liv-
ing organisms”. Overall, the category “living nature” was mentioned by 126 students.
“Flora” was described most frequently (72.2%), followed by “fauna” (61.1%). Eight of the
126 students used the term “living organisms” (6.4%), and four mentioned “fungi” (3.2%)
as an example of nature.

For example:

e  “Nature means to me, for example, many plants, animals, green spaces and yes. Many

living beings” (female, 14 years old)
. “Plants, fungi, forests, lakes, mountains, seas, streams and rivers” (male, 11 years old)
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3.3. Leisure and Recreation

The category “leisure and recreation,” which was described by 104 students, is divided

into five subcategories. More than half of all students who mentioned “leisure and recrea-

tion” described nature as a “place of recreation” (53.8%). The second most frequently men-

tioned subcategory was “physical activity in nature” (40.4%). Nature was described con-

siderably less frequently as a “place of discovery” (10.6%), a “meeting place” (7.7%), or a

“place to play” (6.8%).

For example:

e “Inthe forest or somewhere where you can spend time without traffic noise.” (female,
11 years old)

e  “To me, nature is pure relaxation!” (female, 11 years old)

e  “Lots of trees, relaxing, climbing, hiking, having peace and quiet” (female, 12 years
old)

3.4. Abiotic Nature

The category “abiotic nature” is divided into the three subcategories “Air,” “Mountains,”
and “Other Parts of abiotic nature” and was mentioned by 64 students. Most students who
mentioned parts of abiotic nature referred to “Air” (64.1%). The subcategory “Mountains”
was mentioned second most frequently (35.9%). The remaining responses fall under other
parts of abiotic nature or abiotic factors, such as sun, water, snow, wind, and stones
(17.2%).

For example:

e  “I think of lots of fresh air (...)” (female, 11 years old)

. “Forest, wind, sun, mountains, animals, huts, long meadows” (male, 11 years old)

3.5. Aesthetic

The category “aesthetic description” consists of the subcategories “green color” and

“beauty.” It was mentioned by 55 students, with 34 responses assigned to the subcategory

“green color” (58.2%) and 24 responses to the subcategory “beauty” (43.6%).

For instance:

¢  “Home of animals and the greenery of the world” (male, 11 years old)

e “To me, nature is something especially beautiful. I feel most comfortable there.”
(male, 11 years old)

3.6. Emotions and attitudes

The category “emotions” is divided into “positive emotions” and “negative emotions”. It
was mentioned by 45 students, almost all of whom described a positive emotional connec-
tion to nature (95.6%). Two students expressed negative emotions toward nature (4.4%).
Their responses are presented below:

e  “Something special. Nature is like a good friend to me (...)” (female, 11 years old)

e  “Nature makes me happy. I like nature.” (female, 11 years old)

e  “Nature is beautiful, but I hate mosquitoes and I hate insects” (male, 11 years old)

e  “Very beautiful, can be boring, can smell musty” (female, 11 years old)

4, Discussion

The findings indicate that Austrian middle school students’ understanding of nature is
multidimensional but strongly shaped by concrete, familiar natural elements. Most fre-
quently, students described nature through ecosystems, especially forests, as well as
through living nature, leisure and recreation, and, to a lesser extent, abiotic components,
aesthetic qualities, and emotional responses. This pattern is broadly consistent with previ-
ous research showing that children and adolescents often conceptualize nature primarily
through visible natural elements such as plants, animals, landscapes, forests, water, and
other ecosystems (Aaron & Witt, 2011; Bolzan-de-Campos et al., 2018; Collado et al., 2016;
Hahn, 2018; Kleespies et al., 2021; Pointon, 2014; Tillmann et al., 2019).

A particularly prominent result is the central role of forests in students’ conceptions of
nature. Among those who mentioned ecosystems, the forest was by far the most frequent
example. Similar findings have been reported by Hahn (2018) and Kleespies et al. (2021),
who also identified forests as highly salient elements in children’s and adolescents’” under-
standing of nature. This dominance may be explained by several interacting factors. First,
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forests are highly visible in Austria, where forested areas constitute a substantial part of
the landscape. Gebhard (2020) further highlights the psychological and cultural signifi-
cance of forests, which may represent freedom, calmness, mystery, and emotional depth.
Third, the school curriculum and biology textbooks may reinforce this emphasis, as forests
are prominently featured in the Austrian biology curriculum for this age group. However,
because the timing of classroom instruction was not controlled, it remains unclear whether
recent forest instruction influenced students’ responses.

Students also frequently described nature through living organisms, especially plants and
trees. This finding is noteworthy in relation to the concept of “plant blindness” proposed
by Wandersee & Schussler (1999), which holds that plants are often overlooked relative to
animals. In the present findings, however, plants were more frequent than animals, alt-
hough this may partly be due to the inclusion of trees in the plant category. The strong
presence of trees may again reflect their association with forests and their symbolic im-
portance in children’s perceptions of nature (Gebhard, 2020).

Beyond ecological elements, many students understood nature as a place for recreation,
relaxation, movement, and leisure. This supports earlier findings that children’s defini-
tions of nature often include outdoor activities and personal experiences (Aaron & Witt,
2011; Collado et al., 2016; Tillmann et al., 2019). The frequent description of nature as a
place of calmness and recovery also corresponds with research demonstrating positive ef-
fects of nature contact on mental and physical health, including stress reduction, attention
restoration, and psychological well-being (Clafien & Bunz, 2018). In terms of Kellert’s
(1993) biophilia framework, these responses reflect a naturalistic value orientation, in
which nature is appreciated for its positive effects on human experience.

Aesthetic and emotional dimensions were also present, although less dominant. Students
associate nature with the color green, beauty, freedom, joy, relaxation, and affection. These
findings indicate that nature understanding is not merely cognitive or ecological, but also
relational and effective. This supports Meske’s (2011) argument that concepts of nature
provide insight into children’s relationship with nature. At the same time, explicitly nega-
tive emotions were rare, suggesting that nature was predominantly associated with posi-
tive experiences. Unlike findings from contexts where nature may be linked to danger or
insecurity (Adams & Savahl, 2015), Austrian students rarely described nature as threaten-
ing.

Interestingly, nature conservation and untouched nature were mentioned only rarely. This
contrasts with studies in which environmental protection or human-free nature played a
stronger role (Collado et al., 2016; Hahn, 2018; Vining et al., 2008). One possible explana-
tion is the participants' urban background, as previous studies suggest that rural children
more often refer to conservation, food production, and human dependence on natural re-
sources (Bolzan-de-Campos et al., 2018; Collado et al., 2016). Overall, the results show that
students” understanding of nature is shaped by ecological knowledge, everyday experi-
ence, cultural symbols, school learning, and emotional relationships. Future studies should
complement open written responses with interviews to clarify whether the absence of ref-
erences to humans, conservation, or untouched nature reflects genuine conceptual exclu-
sion or simply the limits of the chosen method.

5. Conclusions

The findings show that Austrian students’” understanding of nature largely corresponds
with previous research. Differences mainly concern the frequency of individual categories
and the way categories are defined, which is to be expected in qualitative research. More
than 40% of the students described nature through ecosystems, particularly forests, or
through living nature, with plants, especially trees, being mentioned slightly more often
than animals. In addition, one quarter of the students referred to abiotic elements of nature,
while around one-fifth associated nature with green and/or beauty.

Furthermore, one-third of the students integrated aspects of leisure and recreation into
their understanding of nature. Their responses also reveal an emotional relationship with
nature: students described nature through feelings such as freedom, relaxation, and joy,
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Abstract:

This paper explores the interpretation of Epicurean atomistic theory and the visualiza-
tion of invisible particles and structures inspired by Lucretius' De Rerum Natura through
a STEAM (Science, Technology, Engineering, Arts, and Mathematics) framework. This
study is guided by the research question: How do simple elements combine to generate com-
plex structure?

The discussion is based on the author's original methodologies, SMS (Stories based on
Music about Science) and SMH (Stories based on Music about Heritage), which integrate
scientific concepts, artistic expression, music, and cultural heritage. Drawing on Book I
of De Rerum Natura, in which Titus Lucretius Carus presents one of the earliest system-
atic accounts of Epicurean atomism, the paper reinterprets the concepts of semina rerum
("seeds of things"), corpora prima ("first bodies"), and primordia rerum ("first beginnings")
through three interconnected components: poetry, music, and digital visualization.
The poetic component consists of an original adaptation based on William Ellery
Leonard's English translation of Book I, complemented by passages from the original
Latin text. The musical component is represented by the author's original composition
under the artistic name of Aleona von Sultanova, Carmen Philosophicum. The visual com-
ponent employs digital interpretations inspired by Splendor Solis, a sixteenth-century il-
luminated manuscript attributed to Salomon Trismosin, which functions here as a sym-
bolic and cultural framework for representing hidden processes, transformation, and
the emergence of visible forms from invisible constituents. By bringing together classical
philosophy, music, poetry, digital heritage, and contemporary perspectives from bio-
physics, the study proposes an interdisciplinary model for STEAM education and public
engagement. This project was presented at the European Joint Theory/Experiment Meet-
ing on Membranes (28 January 2026, in Ljubljana), where Carmen Philosophicum was also
introduced alongside the related STEAM project Architecture of the Invisible: Membranes.

Keywords: Biophysics; De Rerum Natura; STEAM; SMS (Stories based on Musi about
Science); SMH (Stories based on Music about Heritage); Tiny particles.
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1.  Introduction
1.1. De Rerum Natura (Book I): From Epicurean Physics to Contemporary Biophysics

De Rerum Natura (On the Nature of Things) is a six-book philosophical poem written by
the Roman poet Lucretius (c. 99-55 BCE) to introduce Greek Epicurean philosophy to a
Roman audience. Drawing on the teachings of the Greek philosopher Epicurus (341-270
BCE), Lucretius explains the nature of the universe through natural causes, arguing that
all things are composed of invisible primary constituents moving in the void.

Albert Einstein, in his foreword to Hermann Diels' 1924 translation of De Rerum Natura,
admired Lucretius for his conviction that nature could be understood through reason and
causal relationships. Einstein regarded De Rerum Natura as a lasting example of a scientific
worldview grounded in observation, rational inquiry, and the search for natural explana-
tions of the physical world (O'Rourke, 2020). A century later, modern studies of complex
systems, exemplified by the work of Giorgio Parisi (the 2021 Nobel Prize in Physics), con-
tinue to investigate how large-scale structures and behaviours emerge from the interac-
tions of simple constituent elements.

Although Lucretius' “atomistic” theory differs fundamentally from modern scientific
knowledge, his central question remains relevant to contemporary biophysics:
- how do invisible constituents give rise to observable structures and processes?

Bailey (1940) writes that in Book I Lucretius argues for the existence of infinitely many
“atoms” moving within infinite space and maintains that the formation of the world re-
sulted not from divine planning but from the natural interactions of these elementary par-
ticles. He emphasizes that Lucretius possesses a remarkable ability to convert philosophi-
cal argument into visual imagery, allowing abstract concepts to be perceived almost as
concrete pictures.

In De Rerum Natura, Lucretius explains the visible world through the interactions of unseen
constituents (examples: semina rerum and corpora prima) moving within the void (inane).
His attempt to explain visible phenomena through invisible entities resonates with modern
efforts to visualize tiny particles and microscopic structures in biological samples. Modern
biophysics similarly investigates how atoms, molecules, membranes, and extracellular
vesicles organize into increasingly complex biological systems. While separated by more
than two millennia and based on different scientific frameworks, both approaches seek to
understand how complex forms emerge from simpler underlying constituents.

1.2. Carmen Philosophicum: Book I

Drawing on Book I of De Rerum Natura, the author presents Carmen Philosophicum as an
original musical interpretation of Lucretius' philosophy. The composition is based on a
poetic adaptation of William Ellery Leonard's English translation of the summary of Book
I and incorporates selected passages from Lucretius’ original Latin text, intentionally in-
serted in the poem in English language. Drawing on Book I of De Rerum Natura, the au-
thor presents Carmen Philosophicum as an original musical interpretation of Lucretius'
philosophy. The composition is based on a poetic adaptation of William Ellery Leonard's
English translation of the summary of Book I and incorporates selected passages from Lu-
cretius' original Latin text, intentionally inserted into the English-language poem.The work
is presented under the artistic name Aleona von Sultanova and is available on YouTube as Book I.
De Rerum Natura by Lucretius): https://www.youtube.com/watch?v=47jhNOOQ_8IE Carmen
Philosophicum was developed within a STEAM (Science, Technology, Engineering, Arts, and
Mathematics) framework and integrates three interconnected components: Mu-sic-Poetry-
Digital Visualisation (described in Methods).

Together, all these components explore the research question of how simple elements com-
bine to generate complex meaning and structure. Although the philosophical foundations
of Lucretius and the symbolic tradition of Splendor Solis differ, both provide frameworks
for understanding how visible forms emerge from underlying invisible principles.
Although Epicurus and Lucretius are often described as materialists (see, for example,
Masi and Verde, 2024; Galloway, 1986), they did not deny the existence of the gods. Rather,
they rejected the notion that the gods intervene in the affairs of the world, maintaining
instead that divine beings exist in a state of perfect tranquility, detached from human con-
cerns and natural processes. Lucretius' De Rerum Natura opens with a celebrated Hymn to
Venus, in which Venus is invoked not merely as the Roman goddess of love but as the
generative force of Nature itself. This poem attracted the attention of John Evelyn, an early
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Fellow and founding member of the Royal Society, who in 1656 published An Essay on the
First Book of T. Lucretius Carus De Rerum Natura (Evelyn). According to Butterfield
(2015), Evelyn's translation formed part of the early modern rediscovery of Lucretius.
Significantly, the First Book contains both the famous invocation to Venus and the poem's
foundational philosophical arguments concerning nature, matter, and the structure of the
universe.

Inspired by Lucretius' Hymn to Venus, this composition was first written and performed in
October 2024 as a musical introduction to Book I of De Rerum Natura during the Socratic
Lectures Symposium. It later became part of the broader philosophical-musical project Car-
men Philosophicum, which was presented at the European Joint Theory/Experiment Meeting on
Membranes on 28 January 2026 alongside another STEAM-related composition, Architec-
ture of the Invisible: Membranes.

1.3 Symbols in Words and Images: Lucretius " Invisible Particles and the Imagery of Splendor Solis
Epicurus adopted the Greek concept of atomos ("indivisible" or "uncuttable" particle; from
a- = "not" and tomos = "cut"). Lucretius, however, does not use the Greek term atomos and
prefers a variety of philosophical Latin expressions to describe the fundamental constitu-
ents of reality: semina rerum ("seeds of things"), corpora prima ("tirst bodies"), and primordia
rerum ("first beginnings"). He also occasionally uses broader or more poetic expressions
such as materies ("matter") and genitalia corpora ("generative bodies"). Through this di-
verse vocabulary, Lucretius emphasizes not only the material nature of these invisible con-
stituents but also their generative role in producing the observable world.

“Splendor Solis” is employed by the author of this paper as a visual interpretation of Lucre-
tius' “semina rerum”. The symbolism of Splendor Solis lends itself naturally to this reading.
The manuscript repeatedly depicts: hidden processes, transformation of matter, emer-
gence of new forms, cycles of dissolution and recombination, relationships between mi-
crocosm and macrocosm. “Splendor Solis” seems to be identical with that of the 22 keys of
the Tarot, and they observe the same order, and it “has both a Physical-Alchemical, and a
Spiritual-Mystic meaning” (Trismosin, & Godwin, 2021, pages 8-9).

Among the images of Splendor Solis, the peacock may be interpreted as a visual analogue
of Lucretius' semina rerum (Figure 1, Table 1). In alchemical symbolism, the peacock repre-
sents transformation and the emergence of complexity from hidden processes.

The multitude of colours generated from a single living form reflects the transition from
simple elements to complex structures. The presence of musical instruments further rein-
forces the idea of harmony and organisation, suggesting that invisible principles may gen-
erate both visual and musical order. In this respect, the image also provides a symbolic
response to our research question:

“How do simple elements combine to generate complex meaning and structure?”
According to Dovgifet al. (2015) in the Christian tradition the peacock was associated with
immortality, in alchemy it symbolized the attainment of the Prima Materia (First Matter)
and the successful completion of the first stage of the Great Work (Magnum Opus or Great
Work).

This can create a bridge to Lucretius: semina rerum - as the invisible origins of visible forms
and Prima Materia as the original substance from which transformation proceeds. Thus,
Peacock (Cauda Pavonis) symbolizes as the emergence of multiplicity, colours, and com-
plexity from an underlying process.

In the Image of the Peacock there are depicted musical instruments connecting all three
components: Poetry - meaning, Music - harmony, Image - visual structure. Trismosin &
Godwin (2021, p.18) notes that “Art produce extraordinary things”, and “out of the afore-
said natural beginnings such as Nature of herself would never be able to create”. “For
unaided Nature does not produce things whereby imperfect metals can in a moment be
made perfect, but by the secrets of our Art this can be done. Here Nature serves Art with
Matter, and Art serves Nature with suitable Instruments and method convenient or Nature
to produce such new forms”.



14"2026 —
SOCRATIC .

UNIVERSITY | Faculty of
Proceedings of 14th Socratic Lectures 2026 OF LJUBLJANA | Heaith Sciences L E CT U RE S

55

Figure 1. According to Trismosin & Godwin, 2021 p. 57), inside the Cucurbit there is the painted peacock who is
looking down upon a group of musicians: “one of them is playing a guitar, and another a viol; a lady dressed in
red and gold also is playing a viol, while another lady in blue and gold and one in yellow and gold are singing a
concert”. Among the images of Splendor Solis, the peacock may be interpreted as a visual analogue of Lucretius'
semina rerum. The presence of musical instruments further reinforces the idea of harmony and organisation, sug-
gesting that invisible principles may generate both visual and musical order. In this respect, the image also provides
a symbolic response to the research question: How do simple elements combine to generate complex meaning and
structure?

Table 1. From Simple Elements to Complex Structures: A Comparative Model across Lucretian Philosophy, Lan-
guage, Music, Visualization, and Biophysics

Elementary principle Structured combination Emergent form

Generative principle Fundamental constituents Observable world

Semina rerum Corpora prima Res

(seeds of things) (primary bodies) (Visible bodies/forms or Realities)
Letters Words Poem

Notes Melody Music

Pixels Image Visualisation

Atoms/Molecules Microscopic biological structure  Biological systems

(cells/membranes/vesicles)
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2. Methods

2.1. Stories based on Music about Heritage SMH and Stories based on Music about Science
(SMS) Methods
The SMH and SMS methods were introduced in 2012 year by Istileulova Yelena.
2.1.1. SMH
“Carmen Philosophicum” is written on the basis of the STEAM approach (Science, Tech-
nology, Engineering, Arts and Mathematics), using one of the author’s original methods -
SMH (Stories based on Music about Heritage — a historical, cultural, and scholarly frame-
work). This method, developed in 2012, comprising three elements:
1. Music — an original composition;
2. Poetry — a concise poetic adaptation and summary of Book I of De Rerum Natura,
reflecting Lucretius' concepts of semina rerum ("seeds of things"), corpora prima ("first
bodies"), and inane ("void"), the literary and scientific heritage of antiquity;
3. Image or Visualisation of the main idea.
Digital Visualization is interpretation inspired by Splendor Solis, a sixteenth-century illu-
minated manuscript attributed to Salomon Trismosin, employed as a cultural and sym-
bolic framework for representing hidden processes, transformation, and the emergence of
visible forms from invisible constituents. Poem - De Rerum Natura - on the nature of the
atom. Book I of Lucretius in translation from Latin - is a literary and scientific heritage.
2.1.2. SMS
In the context of Carmen Philosophicum, the emphasis is placed primarily on concepts
derived from modern science and their relationship to Lucretian philosophy. In other SMS
projects, the author has also employed the related framework Stories based on Music about
Scientists. Like SMH, SMS is built upon three core components: storytelling (poetry), orig-
inal music, and digital visual imagery.
Describing the method in greater detail, Istileulova (2024, p. 141) outlines the conceptual
framework of SMS (and SMH) as follows
In the context of Carmen Philosophicum, the emphasis is primarily made on the concepts of
modern science. In other SMS projects, the author has also employed the framework Sto-
ries based on Music about Scientists. Like SMH, SMS is based on three key elements:
Storytelling (poetry); Original music; Digital visual imagery. In Istileulova (2024, p. 141),
the method is described in more details. In fact, the SMS (also SMH) method has the fol-
lowing conceptual framework:
1. Research about the scientist of the Past time
2. Story about a Scientist-Polymath of the Past time (mainly, the 17-th -20-th centuries)
3. Key idea of Scientific Innovation, or inspiring facts from the life of Scientist
4. Lyrics (a): written based on research)/or by Scientist himself or construction of the key
shorter version
5. Music (supporting the idea of lyrics)
6. Visual Arts (digital images /pictures, video, etc.) to explain the key ideas to those who
do not understand the original languages of lyrics (English, Russian, Slovenian, or Latin).
7. Performance (for example Socratic Lectures Symposiums, and other scientific events)

3. Results

These are quintessential Book I: “Semina rerum. Corpora prima." "Bodies and the void”
"But from nothing nothing comes, Nor to nothing things return.". The musical component
is represented by the author's composition, Carmen Philosophicum (created under the
artistic name Aleona von Sultanova), presented here: https://www.youtube.com/
watch?v=47jhNOOQ 8IE

While Lucretius is commonly associated with ancient atomism, his preferred expression
semina rerum ("the seeds of things") suggests a broader conception of invisible generative
entities underlying the visible world.

This metaphor provides a productive framework for contemporary STEAM
interpretations linking ancient natural philosophy with modern scientific visualization.
The text of the adapted poem “Carmen Philosophicum”:
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Lightnings pass through walls of stone,
Iron whitens in the flame,

Rocks ignite and burst apart,

Gold dissolves, yet stays the same.
Warmth and cold through silver creep,
Bronze turns liquid, fire wins—
All we touch and all we see
Shows no solid form within.

Yet true reason calls us back:
There must be something standing fast —
Bodies firm and everlasting,

Seeds from which all forms are cast.
Semina rerum. Corpora prima.
Semina rerum. Corpora prima.
Twofold is the nature known,
Different utterly in kind:

Body stands, and space receives,
One is mass, the other blind.
Where there is the empty place,
Body cannot dwell inside;

Where the body holds its ground,
There the void itself must hide.
Corporibus atque inani.

Bodies and the void remain.
Corporibus atque inani.

Bodies formed in endless plane.
Only where the void resides

Can a thing be crushed or torn;
Fire and cold and seeping damp
Break what space has let be born.
More the void a body holds,

More it trembles, more it bends—
What is solid without void

Never breaks and never ends.

If the primal seeds were not
Everlasting, firm, and sure,

Long ago all things had fallen
Back to nothing, cold and pure.
But from nothing nothing comes,
Nor to nothing things return—
Thus the seeds of all that is

Hold immortal frame and form.

The poem follows the logical progression of Book I: Observation of physical change (lines
1-12), Inference of invisible permanent constituents (lines 13-20), Doctrine of body and
void (lines 21-36), Explanation of change through void (lines 37-48), Necessity of eternal
first bodies (lines 49-56), The principle that nothing comes from nothing and nothing
returns to nothing (lines 57-64)

3.2.  De Rerum Natura and the Concept of Invisible Particles

Democritus (5th—4th century BCE) was one of the founders of ancient atomism. He pro-
posed that all matter is composed of indivisible constituents moving through empty space
(the void). Epicurus (341270 BCE) further developed Democritus' atomistic theory and
incorporated it into a broader philosophical system aimed at explaining nature through
natural causes rather than divine intervention. Although most of his works have been lost,
written in Ancient Greek, some fragments survive through later sources, particularly the
writings of Diogenes Laertius and the Herculaneum papyri.

Finally, Lucretius (c. 99-55 BCE) transmitted Epicurean philosophy to the Roman world
through his Latin didactic poem De Rerum Natura ("On the Nature of Things"). While the
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philosophical foundations derive from Epicurus, Lucretius reinterpreted them in poetic
form, employing expressions such as semina rerum ("the seeds of things"), corpora prima
("the first bodies"), and primordia rerum ("the first beginnings") to describe the invisible
particles underlying the visible world.

These expressions more accurately reflect Lucretius' own language and philosophical im-
agery. From the author's perspective, these concepts offer a broader interpretive frame-
work than the modern notion of the atom, allowing for multiple representations of invisi-
ble generative structures and different stages in the formation of visible reality.

The poem Carmen Philosophicum (see Results) was conceived as a concise poetic adaptation
of Lucretius and is based primarily on Book I. Most of the poem is devoted to the funda-
mental doctrines. In the present study, the original Lucretian terminology is retained ra-
ther than replaced by the modern term "atom".

The author of this paper used the original Lucretian terms rather than the modern trans-
lation of "atoms". Lucretius' own expressions fit this interpretation much better than the
modern word "atom”, because from the position of the author it shows different and rich
variations and different stages of the “seeds”.

3.3 Visualisation

Splendor Solis is regarded as one of the most famous alchemical manuscripts. According
to Vollnagel (2011), its miniatures are among the most beautiful and best-known images
in the history of alchemical illustration. At the same time, despite its prominence within
the Harley Collection and the broader tradition of alchemical manuscripts, many aspects
of the work remain uncertain, and comparatively little critical research has been devoted
to its historical and symbolic interpretation (Vollnagel, 2011). While Splendor Solis does
not represent atoms or microscopic particles in a scientific sense, it provides a rich sym-
bolic language for visualizing invisible processes of transformation and generation. In this
respect, the manuscript serves as a visual analogue to Lucretius' concept of semina rerum,
offering an artistic framework through which hidden structures may be imagined and in-
terpreted (Figure 1).

4. Discussion

Thus, we return to a fundamental question: how do invisible constituents give rise to
observable structures and processes? Historians of philosophy commonly describe
Lucretius as an atomist. Yet Lucretius himself frequently employs more poetic expressions
such as semina rerum ("seeds of things"), corpora prima ("first bodies"), and genitalia
corpora ("generative bodies") to describe the invisible constituents underlying the visible
world. Although these concepts are related to ancient atomism, they should not be
uncritically equated with the modern scientific concept of the atom.

Indeed, some scholars prefer not to translate semina rerum simply as "atoms," since the
phrase "seeds of things" more accurately reflects Lucretius' own imagery and philosophical
vocabulary. The metaphor of the seed evokes generation, growth, emergence, and hidden
potential. For a classicist, semina rerum signifies the invisible origins of visible things.
From a contemporary scientific perspective, the same idea may resonate with atoms,
molecules, cells, membranes, extracellular vesicles, and other microscopic entities that
participate in the formation of increasingly complex structures. While ancient atomism
differs fundamentally from modern science, Lucretius' notion of unseen constituents
provides a useful philosophical starting point for contemplating how visible forms emerge
from invisible foundations. Lucretius imagined invisible generative principles (semina
rerum, corpora prima); modern chemistry identifies atoms and molecules as fundamental
building blocks of matter, while modern biology demonstrates how molecules organize
into membranes, cells, and complex living systems.

The author further proposes that Lucretius' expression genitalia corpora may be
interpreted as reflecting a multilevel process of generation and differentiation. Although
Lucretius employs the term primarily in the sense of "generative bodies" or productive
constituents of nature, the symbolic perspective adopted in this study invites a broader
interpretation. The transition from primordial unity to differentiated forms may be viewed
symbolically through the emergence of complementary principles, often represented in
later alchemical traditions by male and female figures. Although such an interpretation is
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not explicitly present in De Rerum Natura, it provides a conceptual bridge between
Lucretius' generative vocabulary and the visual symbolism of Splendor Solis, where
transformation and creation are frequently depicted through the interaction of masculine
and feminine elements.

In De Rerum Natura, semina rerum refers to the generative principles from which all forms
arise, while corpora prima denotes the fundamental constituents of matter. Through their
combinations, arrangements, and movements, these invisible elements give rise to res
("things"), namely the visible forms and structures perceived in nature. In the present
study, these Lucretian concepts serve as a conceptual model for understanding how simple
elements combine to generate increasingly complex forms, meanings, and systems across
language, music, visual representation, and biophysics.

Table 1 illustrates a common principle across the domains examined in this study: simple
elements combine to generate increasingly complex forms. In Lucretius' philosophy,
semina rerum and corpora prima give rise to res, the observable world. Similar patterns can
be seen in language (letters-words—poem), music (notes—-melody-music), visualization
(pixels-image-visualization), and biophysics (atoms and molecules—cellular structures—
biological systems). Although these domains differ in their nature and mechanisms, they
share the idea that complex forms emerge from the organization and interaction of simpler
constituents.

5. Conclusions

Lucretius proposed that nature operates according to laws, that natural phenomena arise
from natural causes, that invisible structures underlie visible reality, that matter consists
of fundamental constituents, and that the universe can be understood through reason and
inquiry. These principles remain central to science today. The research question—How do
simple elements combine to generate complex meaning and structure? —operates on
several levels within the project.

In Lucretius' philosophy, invisible primary constituents (semina rerum, corpora prima)
combine to form the visible world. In language, individual letters combine to create words
and poetic meaning. In music, individual notes form melodies and harmonic structures. In
digital visual media, symbols and images generate complex interpretations. The poem
therefore functions not only as an adaptation of Lucretian atomism but also as a
demonstration of the same generative principle across science, art, and culture: complex
structures emerge through the combination and organization of simpler elements.

The present study focuses primarily on Book I of De Rerum Natura. Future research may
extend this approach to Book II, exploring how the same research question can be
investigated through the SMS and SMH methodologies within a STEAM framework.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract:

Diego de Castro was a statistician, lawyer, diplomat and professor, born in Piran. He
was renowned for his deep knowledge of the problematic of the Trieste border, about
which he wrote extensive works. A primary school in Italian language “Vincenzo e Di-
ego de Castro” in Piran is named after him. As a diplomat and scholar, he stated in one
of his final writings that music is the only art that unites all people.

Keywords: Diego de Castro; Piran; Primary school; Tartini; Music experience.
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1. Who was Diego de Castro
1.1. De Castro’s birthplace

Diego de Castro (1907-2003) was born in Piran as the last descendant of an old Piranese
family. His birthplace was the Gabrielli family palace, a mid-19th-century building that
today houses the “Sergej Masera” Maritime Museum. According to the website of the
“Sergej Masera” Maritime Museum, the rotunda is a small circular salon of this palace,
because of which the building was once called “La Rotonda”. (Figure 1)

Figure 1. “La Rotonda,” part of the palace where Diego de Castro was born; today a memorial room dedicated to Diego
de Castro in the “Sergej Masera” Museum in Piran.

The building next to the museum is the Italian-language primary school named after him
and after a member of the de Castro family born a century earlier, Vincenzo. The “Vin-
cenzo e Diego de Castro” Primary School is located in the center of Piran and also has
branch schools in Lucija and Secovlje. (Figure 2)

Figure 2. Primary School “Vincenzo e Diego de Castro” in Piran.
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1.2. The surname de Castro

The origin of the surname de Castro is particularly interesting. As stated in a publication
of the “Vincenzo e Diego de Castro” Primary School (Romanello et al., 1998), it is one of
the oldest surnames in Piran (Figure 3). The surname de Castro derives from the Latin
word castrum, a toponym meaning “the fortified base of a Roman legion,” as noted by
Wikipedia. According to the same school publication, in the Middle Ages castrum referred
to any settlement that was not the seat of a bishopric. Piran was such a place, unlike, for
example, Trieste, Novigrad, Pore¢ and Pula, which were considered cities because they
had bishoprics. At the end of the first millennium, de Castro was not yet a surname but
simply meant an inhabitant of a castrum (Romanello et al., 1998).

Figure-3. Coat of arms of the de Castro family in the Municipal Palace in Piran.

1.3. De Castro’s education, work and legacy

As states Rosanna Panelli (Panelli, 2000) on the website “Diego de Castro,” he spent his
childhood in his hometown until the age of nine, where he began attending primary
school. The family later moved to their villa in Savudrija. He completed secondary school
in Trieste and graduated in law from the University of Rome. Soon afterward, he became
an assistant at the Faculty of Law in Rome and also attended a school of statistics. After
completing his studies, he began teaching statistics at various Italian universities until he
became a full professor in Turin. In Turin, he founded the Institute of Statistics, which was
later named after him.

As stated on the aforementioned website (Panelli, 2000), during the Second World War, he
participated in the preparation of a peace plan and spent some time in England. For many
years, he dealt with the issue of Italy’s eastern border and published his reflections on the
subject in the book “The Problem of Trieste” (1952). That same year, he was appointed
Italy’s diplomatic representative in London —where he became a member of the Royal Sta-
tistical Society —and in Washington. As a leading expert on the Trieste question, he later
published five books and numerous articles on the topic. After two years of diplomatic
service, he returned to teaching at the University of Turin and later in Rome. Altogether,
he taught for more than half a century. For his work, he received several recognitions in
Italy and abroad, and after his retirement, the Italian President appointed him Professor
Emeritus.

According to his wishes, de Castro is buried in the family tomb in the Piran cemetery (Fig-
ure 4). In his will, he left his library to Piran, consisting of 4200 books and around 10000
volumes of publications, mostly scientific journals in the field of statistics. The library is
kept at the Italian Community “Giuseppe Tartini” in Piran. (Panelli, 2000).
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Figure 4. tomb at the cemetery
about the Piran cemetery (de

in Piran, where Diego de Castro is buried. In the background, a view of the sea. Diego de Castro wrote
Castro, 2003) that it is the “most beautiful cemetery,” from which one can see the “most beautiful

panorama I have seen on the four continents I have visited.”

Figure 5. Biographies of Di

"Vincenzo e Diego de Castr

2. Diego de Castro and music

2.1. De Castro’s experience with music
As Branka Preden writes in her master’s thesis (Preden, 2015: 30), Diego de Castro played
the violin as a child. Later in his life, however, he did not enjoy attending concerts, as music
“moved him too deeply” (Preden, 2015: 30). As Branka Preden further notes, de Castro
encouraged and financially supported all of his daughters’ cultural interests. According to
Preden (Preden, 2015: 74), he also contributed funds for the restoration of the organ in the
Church of St. George in Piran.
2.2. De Castro’s thoughts abouts music
De Castro wrote beautifully about music. In a letter addressed to the people of Piran
shortly before his death (de Castro, 2003), written in response to an invitation to the open-
ing ceremony of the primary school that would thereafter bear his name, he reflected on
Giuseppe Tartini and on the phenomenon of music in general. As he wrote, the people of
Piran should be proud of their town also because of Tartini’s magnificent music, which
made the town known around the world.

The letter from de Castro to the people of Piran, enlarged to poster size and exhibited at
the Primary School “Vincenzo e Diego de Castro,” (Figure 5) concludes with the author’s

wish that all the people of Piran love one another regardless of their origin (De Castro,
2003).

eo and Vincenzo de Castro and a letter by Diego de Castro (on the right), Primary School

0"
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De Castro stated that “music is the only art that unites all peoples.” (de Castro, 2003). He
further substantiates this idea by explaining that “people, regardless of race, language,
place of residence, or level of cultural understanding, can, through modern audio
technology, listen to music at the same moment throughout the world —from Europe to
Africa, from America to Australia and Asia. Millions, billions of people can, wherever they
may be and at any moment, enjoy Tartini’s music” (de Castro, 2003).

2.2.1. Musical experience in the contemporary anthropology

The experience of music can therefore be accessible at the same moment anywhere in the
world. Among the leading contemporary anthropologists who contributed to modern an-
thropological theory of experience are Victor Turner and Clifford Geertz (Throop, 2003).
The perception and phenomenology of musical experience were examined in detail by
Harris Berger (Berger, 2013), who explored how meaning can be found and created in mu-
sic, and how situation and the broader cultural context influence the meaning people find
in culture. Among other findings, Berger concluded that the formation of experience is not
strictly a personal matter —although individuals exercise partial control over it, culture
plays a crucial role. As further emphasises Berger (Berger, 2013), social context is also cru-
cial: our ability to follow a particular dimension of musical structure largely depends on
our previous experiences with music and on our formal and informal musical education.

3. Conclusions

A statistician, lawyer, diplomat, professor and author of numerous books and articles,
Diego de Castro remains present in the memories of many residents of Piran, especially
older members of the Italian community. In his hometown of Piran, an Italian-language
primary school is named after him, allowing new generations to become acquainted with
him. The Primary School “Vincenzo e Diego de Castro” is also attended by children of
foreign immigrants, including several Russians and Ukrainians. Diego de Castro in his
letter written for the school’s opening conveyed the message that all residents of his native
town should love one another regardless of their origin. He encouraged the people of Piran
to be proud of their town, in which the great musician Giuseppe Tartini was born. Of all
the arts, de Castro stated, it is music that unites different people across the globe, since
today it is possible to broadcast and hear music simultaneously anywhere in the world.

1. Berger HM. Stance: Ideas about Emotion, Style, and Meaning for the Study of Expressive Culture. Association
Mélanie Seteun. Open Edition Journal. 2013; 10: 301-303. DOI: 10.4000/volume.3583
2. »Castra«. Wikipedia. Internet source: https://en.wikipedia.org/wiki/Castra (access: 5. 2. 2026).

@

De Castro, D. 2003. »Cari concittadini di Pirano«. Letter. Scuola elementare »Vincenzo e Diego de Castro«.

4. Panelli R. 2000. Diego de Castro. Biografia. Internet source: http://www.diegodecastro.it/biografia. htm (Access: 5. 2.

2026).

5. »Pomorski muzej »Sergej MasSera«. Internet source: https://pomorskimuzej.si/sl/razstave/stalne/la-rotonda (access: 7. 2.

2026).

6. Preden B. Diego de Castro: vsestranski piranski ucenjak. Koper, 2015. https:/repozitorij.upr.si/Doku-

ment.php?id=14099&lang=slv (access: 7. 2. 2026).
7. Romanello M, et al. (Scuola elementare »Vincenzo de Castro« Pirano). 12 March 1998. Dedicato a Diego de Cas-

tro. Piran, 1998.

8. Throop JC. 2003. Articulating experience. Anthropological Theory. 2003; 3: 219-241.
DOI:10.1177/1463499603003002006


https://en.wikipedia.org/wiki/Castra
http://www.diegodecastro.it/biografia.htm
https://pomorskimuzej.si/sl/razstave/stalne/la-rotonda
https://repozitorij.upr.si/Dokument.php?id=14099&lang=slv
https://repozitorij.upr.si/Dokument.php?id=14099&lang=slv




Proceedings of 14th Socratic Lectures 2026

14°2026
SOCRATIC
LECTURES

UNIVERSITY | Faculty of
OF LJUBLJAMA | Health Sciences

68

Research

From TES (Techne, Episteme, Sophia) to STEAM: A Note

Papanikos Gregory T *

1. University of Tennessee, Knoxville, USA

*

Citation: Papanikos GT. From TES
(Techne, Episteme, Sophia) to STEAM: A
Note. Proceedings of Socratic Lectures.
2026, 14, 68-71.
https://doi.org/10.55295/PSL.14.2026.IV9

Publisher’s Note: UL ZF stays neutral
with regard to jurisdictional claims in
published maps and institutional affili-

ations.

Copyright: © 2026 by the authors.
Submitted for possible open access
publication under the terms and
conditions of the Creative Commons
Attribution (CC BY)
(https://creativecommons.org/licenses/
by/4.0/).

license

Correspondence: Gregory Papanikos; gpapanik@tennessee.edu

Abstract:

This paper argues that contemporary STEAM education (Science, Technology, Engi-
neering, Arts, Mathematics), while widely studied in pedagogical and policy terms,
lacks a deeper epistemic foundation. It proposes the ancient Greek framework of
Techne, Episteme, and Sophia (TES), drawn from Plato and Aristotle, as a philosophical
structure for understanding STEAM. The author reconstructs TES as a dual-axis model:
a vertical axis of cognitive depth (from practical skill, to theoretical knowledge, to re-
flective wisdom) intersecting with the horizontal axis of STEAM disciplines. This model
suggests that all STEAM fields operate simultaneously across all three levels, yet mod-
ern education tends to prioritize techne and episteme while neglecting sophia—wisdom
concerning the good of the whole. Through examples in medicine, architecture, and ar-
tificial intelligence, the paper shows how TES helps address ethical and governance
questions that purely technical frameworks cannot resolve. It also revisits educational
ideas in Plato and Aristotle to compare approaches to curriculum and formation. The
paper concludes that TES is a useful analytical tool for rethinking education’s purpose
and structure, and proposes extending it to a four-part framework —Techne, Episteme,
Phroneésis, and Sophia (TEPS)—as a direction for future research.

Keywords: Techne; Episteme; Sophia; STEAM,; Plato; Aristotle
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1. Introduction

This paper presents a brief of overview of a recent larger study of Papanikos (2026) which
examines how ancient Greek philosophy can help explain and strengthen modern educa-
tional models, especially STEAM, which stands for Science, Technology, Engineering,
Arts, and Mathematics. STEAM has become an influential framework because it promotes
interdisciplinary learning, creativity, innovation, and problem-solving. However, this
study argues that modern educational systems often focus mainly on technical ability and
measurable outcomes while paying less attention to the deeper purpose of knowledge and
the ethical responsibilities that come with it. For this reason, the study turns to the ancient
Greek framework of TES: Techne, Episteme, and Sophia.

Rather than presenting TES and STEAM as opposing systems, the study suggests that they
should be understood as complementary. STEAM identifies important academic and pro-
fessional disciplines, while TES explains different forms or levels of knowledge that can
exist within any discipline. Through this combination, education can move beyond train-
ing students only to perform tasks and instead help them become thoughtful, responsible,
and wise contributors to society.

2. The Meaning of TES

The first concept in the framework is techne. In ancient Greek thought, techne refers to
practical skill, craft, or the ability to make and do things effectively. It is knowledge ex-
pressed through action and experience. In the modern world, techne can be seen in engi-
neering design, coding, laboratory techniques, medical procedures, architecture, and artis-
tic production. It answers the question of how something is done.

The second concept is episteme, meaning theoretical or scientific knowledge. Episteme is
concerned with explanation, reasoning, and truth that can be demonstrated or justified.
Mathematics, scientific laws, economic theories, and philosophical arguments all belong
to this category. While techne focuses on practice, episteme focuses on understanding why
things work and what principles govern them.

The third and highest concept is sophia, usually translated as wisdom. Sophia goes beyond
skill and beyond information. It involves sound judgment, reflection on values, awareness
of consequences, and orientation toward the common good. Wisdom asks not only
whether something can be done, but whether it should be done. It connects knowledge
with ethics and human flourishing.

According to this study, one of the greatest weaknesses of many modern systems is that
they emphasize techne and episteme but neglect sophia. Students may graduate with
strong technical skills and specialized knowledge, yet still lack the ability to use those abil-
ities responsibly.

3. TES and STEAM as Complementary Models

A central argument of the paper is that TES and STEAM operate on different dimensions.
STEAM describes fields of study, whereas TES describes forms of knowing. When com-
bined, they create a richer educational model in which each discipline can contain skill,
theory, and wisdom (Table 1).

In science, students need practical research methods and laboratory competence, which
belong to techne. They also need theories, evidence, and logical explanation, which belong
to episteme. Yet science also raises questions about environmental responsibility, human
experimentation, and the social use of discoveries. These concerns require sophia.

The same pattern appears in engineering. Engineers must know how to build systems and
solve technical problems, but they must also understand mathematics, materials, and
physical principles. Beyond this, they need wisdom to consider safety, sustainability, ac-
cessibility, and the long-term effects of their designs on society.

The arts provide another example. Artistic creation requires technique and discipline, but
it also includes theory, history, and criticism. At the highest level, art invites reflection on
beauty, meaning, identity, and the human condition. In this sense, the arts naturally con-
nect all three dimensions of TES.
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Table 1. TES-STEAM Matrix (Analytical Projection).
Science Technology Engineering Arts Mathematics
Techne Experimental Tool-building, coding, Design, fabrication, Craft, performance, Symbolic computa-
practice and in- and system implemen- and construction and material pro- tion, algorithmic tech-
strumentation tation practices duction nique, and formal
proof
Episteme Theoretical mod- System architecture, de- Formal design the- Art theory, aesthet- Abstract  structures,
elling of natural sign principles, and ory, optimization, ics, and critical in- formal systems, and
laws and causal technical knowledge and structural anal-  terpretation logical foundations
explanation ysis
Sophia Discernment of Responsible innovation Design for the Cultivation of Reflection on the na-
what scientific and the governance of Good and the hu- meaning, beauty, ture of truth, infinity,

knowledge means
for the good as a
whole

technological power for
the good as a whole

man consequences
of built systems

and shared human
understanding

and the limits of for-
mal reasoning

This model shows that no discipline should be reduced to technical training alone. Every
field benefits when practice, theory, and wisdom are developed together.

4.  Applications in Professional Life

The relevance of the TES framework becomes even clearer in professional contexts such as
medicine, architecture, and artificial intelligence.

In medicine, doctors and nurses need practical competence in diagnosis, treatment, and
procedures. They also depend on scientific knowledge of anatomy, disease, and
pharmacology. However, healthcare constantly involves ethical choices: fairness in access
to treatment, respect for patient autonomy, end-of-life decisions, and compassionate care.
Technical success without wisdom would be insufficient.

Architecture also reflects the three dimensions. Architects require practical design skills
and knowledge of construction methods. They must understand engineering principles,
materials, and spatial planning. Yet buildings also shape communities, influence daily life,
and express cultural values. A structure may be efficient and safe, but if it ignores human
needs or destroys the surrounding environment, it lacks wisdom.

Artificial intelligence may be the most urgent modern example. Al depends on
programming expertise and advanced scientific knowledge, but its development also
raises serious concerns about privacy, bias, accountability, employment, and the future
relationship between humans and machines. This study emphasizes that responsible Al
cannot be achieved through technical progress alone. It also requires ethical reflection and
wise governance.

5. Plato, Aristotle, and the Purpose of Education

The paper also draws on the educational ideas of Plato and Aristotle. Plato viewed
education as a journey from opinion toward truth and ultimately toward the Good. In his
ideal system, subjects such as mathematics and dialectic trained the mind for higher
understanding. Education was not simply preparation for work, but preparation for wise
leadership and just citizenship.

Aristotle offered a more practical and empirical perspective. He accepted the importance
of skill, scientific knowledge, and wisdom, but he also emphasized phronesis, or practical
wisdom. Phronesis is the ability to make good decisions in concrete situations where rules
alone are not enough. This idea is especially valuable in modern professions, where
individuals must respond to uncertainty, complexity, and competing values.

For this reason, the study suggests expanding TES into TEPS: Techne, Episteme, Phronesis,
and Sophia. Such a model recognizes that education should not only teach knowledge and
ideals, but also cultivate judgment in real-life situations.
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6. Implications for Modern Education

The study offers important lessons for schools and universities today. First, wisdom
should not be isolated in a single ethics course. Instead, ethical reflection and social
responsibility should be integrated into every discipline. Second, curricula should balance
practical training with theoretical depth, so that students understand both how to act and
why they act. Third, professional education should include mentorship, case studies, and
reflective practice in order to develop judgment. Finally, education should prepare
learners not only for employment, but also for citizenship, cooperation, and responsible
participation in a rapidly changing world.

7. Conclusions

This paper demonstrates that ancient Greek thought remains highly relevant to
contemporary education. STEAM provides an important map of modern disciplines, but
TES offers a deeper understanding of what it means to know. Skill and scientific
knowledge are essential, yet they are incomplete without wisdom. In an age shaped by
technological change and global challenges, societies need citizens and professionals who
can think critically, act competently, and judge wisely. The integration of TES and STEAM
therefore offers a stronger vision of education for the future.

Papanikos GT. From TES (Techne, Episteme, Sophia) to STEAM: Bridging Ancient and Modern Conceptions of Knowledge.
Available at:  https://www.researchgate.net/publication/403757189_From_TES_Techne_Episteme_So-
phia_to_STEAM_Bridging_Ancient_and_Modern_Conceptions_of_Knowledge
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Abstract:

Within the framework of the Women Science Teachers initiative, the Sky Patterns: Hip-
parchus’ Stars Bridge Between Iznik and Salerno STEAM hackathon was implemented
between September and November 2025. The project integrates the legacy of ancient
astronomy with contemporary STEAM (Science, Technology, Engineering, Art, and
Mathematics) education. Inspired by Hipparchus of Nicaea (c. 190-120 BCE), often re-
garded as the father of scientific astronomy, the project aimed to foster data literacy,
inquiry-based learning, collaborative problem-solving, and cross-cultural interaction.
The hackathon involved twenty one students aged 11-17 from Tiirkiye (Istanbul,
Kocaeli) and Italy (Salerno). Participants explored astronomical patterns while exam-
ining the historical and aesthetic connections between Iznik tiles and Italian ceramic
traditions. Following training in project management, art history, augmented reality
(AR), virtual reality (VR), artificial intelligence (Al), 3D modeling, and coding, stu-
dents developed original interdisciplinary projects.

Additionally, students from three schools —Besiktas Anatolian High School (Istanbul),
De Sanctis High School (Salerno), and Yeni Levent Anatolian High School (Istanbul) —
contributed to the organization of the hackathon and supported peer learning pro-
cesses.

A mixed-methods research design was employed, including pre- and post-assess-
ments, student product evaluation rubrics, and semi-structured interviews. The find-
ings indicate that integrating historical scientific heritage with digital technologies
contributes to enhancing students’ critical thinking, creativity, interdisciplinary under-
standing, and digital production skills.

Keywords: STEAM education; Hackathon pedagogy; astronomy education; Hippar-
chus; 1znik tiles-Italian ceramics; interdisciplinary learning
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1. Introduction

[znik is a multi-layered archaeological settlement that has hosted different civilizations
since prehistoric times and has been included in the UNESCO World Heritage Tentative
List since 2014. Owing to its rich collection of archaeological remains, monumental
structures, and cultural heritage assets, the city represents an important center for cultural
and religious tourism (Kapuci & Cengiz, 2023). Consequently, iznik provides a rich context
for interdisciplinary STEAM activities that connect science, technology, engineering, art,
mathematics, and cultural heritage.

Nicaea (modern-day Iznik) occupies a significant place in the history of astronomy as the
birthplace of Hipparchus. Astronomy and mathematics have historically played a
fundamental role in shaping scientific thought and human understanding of the universe.
Hipparchus of Nicaea, who lived in the second century BC, is widely recognized as one of
the pioneers of scientific astronomy due to his systematic star catalogues and his use of
trigonometric calculations. His approach can be considered an early form of data
organization and pattern recognition, which are essential components of modern scientific
analysis (Dreyer, 1953).

Recent research based on multispectral imaging has revealed new evidence of Hipparchus’
lost star catalogue, demonstrating that his observations achieved an accuracy within one
degree and were recorded using an advanced equatorial coordinate system, centuries
before later astronomical catalogues (Gysembergh et al., 2022).

Beyond its scientific significance, Iznik is also renowned for its ceramic heritage, which
represents one of the most significant artistic achievements of the Ottoman Empire.
Through cultural and commercial exchanges between the Ottoman Empire and Europe,
Iznik ceramics influenced Italian maiolica production, particularly through decorative
motifs and ceramic forms such as tondino dishes. These interactions demonstrate the
important role of Iznik as a centre of artistic and cultural exchange between Anatolia and
Europe (Zidan, 2019).

Building upon this historical foundation, the project titled Sky Patterns: Hipparchus’ Stars
Bridge Between Iznik and Salerno was developed to establish a connection between
ancient scientific knowledge and contemporary digital technologies. The project aims not
only to integrate astronomy with modern educational tools but also to provide a holistic
examination of a city through scientific, artistic, and technological perspectives. The
cultural and scientific relationship established between Iznik and Salerno contributes to
the international dimension of the study and highlights the importance of interdisciplinary
and cross-cultural learning environments (Graham, 2013).

Furthermore, the integration of artificial intelligence, augmented reality, virtual reality,
and three-dimensional modeling tools into the educational process has created a dynamic
and interactive learning environment. This interdisciplinary approach reflects the
transition from STEM to STEAM education by incorporating artistic elements. STEM
Education is an approach to learning that uses Science, Technology, Engineering and Math
as access points for guiding student inquiry, dialogue, and critical thinking, and STEAM
builds on this by integrating the Arts, science and culture into educational process (Kralj-
Igli¢ & Istileulova, 2025).

2. Material and Methods

The project was implemented between September and November 2025 within the frame-
work of the Women Science Teachers initiative and involved twenty-one students aged
11-17 from Tiirkiye (Istanbul and Kocaeli) and Italy (Salerno). The implementation was
designed as a STEAM-oriented hackathon integrating scientific inquiry, digital produc-
tion, cultural heritage, and collaborative problem-solving. Participants represented three
schools (Table 1).
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Table 1. Participating schools and student distribution.

School Country Level Grade(s) Female  Male Total

IC Moscati-Fonseca Middle School Italy Middle School 8 4 4 8

Etiler Anatolian High School Tirkiye  High School 10-11 4 - 4

Kartepe Ertugrul Gazi Anatolian High School Tirkiye  High School 9-10 6 3 9

The pedagogical design was based on inquiry-based STEAM education. As noted by Abdi
(2014), inquiry-based science education engages students in the activities and thinking pro-
cesses used by scientists to generate new knowledge. Likewise, Land (2013) emphasised
that innovation emerges through the integration of technology with creative thinking and
design. These principles formed the conceptual basis of the Sky Patterns project, which
connected astronomy, cultural heritage, digital technologies, and artistic expression within
a single interdisciplinary learning environment.

The project aimed to establish connections between the astronomical legacy of Hip-par-
chus of Nicaea and the cultural heritage of Iznik and Salerno through collaborative
STEAM-based learning experiences.The learning programme began with preparatory ses-
sions delivered by university academics, museum experts, participating teachers, and pro-
ject mentors from Tiirkiye and Italy.

The programme included project management, the astronomical contributions of Hip-par-
chus, cultural heritage, Iznik tiles, Italian ceramic traditions, and emerging digital technol-
ogies. Digital technology training covered artificial intelligence (Al), augmented reality
(AR), virtual reality (VR), extended reality (XR), coding, and three-dimensional (3D) mod-
elling, with contributions from the University of Salerno, Bursa Uludag Uni-versity, and
the STEAM Coordination Unit of the Istanbul Provincial Directorate of Na-tional Educa-
tion. Museum specialists introduced the artistic and historical characteris-tics of Iznik tiles
and Italian ceramics, enabling students to compare the two cultural traditions. Training
sessions were delivered in English, Turkish, and Italian to facilitate international collabo-
ration.

Following the preparatory phase, students worked collaboratively in interdisciplinary
teams to develop projects exploring the scientific, technological, artistic, and cultural di-
mensions of Iznik. Throughout the project, they investigated astronomical concepts, cul-
tural heritage, artistic patterns, and digital applications while designing their own inter-
disciplinary products. A peer-learning and mentoring model was integrated into the im-
plementation, with four mentor students supporting teamwork, facilitating dis-cussions,
assisting in the use of digital technologies, and promoting communication among partici-
pants. Participating teachers provided continuous pedagogical guidance throughout the
project.

The completed projects were presented during an international online dissemination event
attended by students, teachers, academics, mentors, and invited experts from the partici-
pating countries.

Data were collected at the end of the hackathon using a mixed-methods approach. Quan-
titative instruments included a 28-item STEAM Interdisciplinary Awareness Scale, a Digi-
tal Technology Competency Test comprising ten multiple-choice questions and five per-
formance tasks, a 20-item Hackathon Process Experience Scale, and an ana-lytic product
evaluation rubric assessing scientific accuracy, interdisciplinary integra-tion, digital com-
petence, aesthetic quality, and innovation. Qualitative data were ob-tained through semi-
structured interviews exploring students' perceptions of STEAM integration, digital tech-
nologies, cultural heritage, teamwork, and project outcomes.

Quantitative data were analysed using descriptive statistics, while qualitative interview
responses were examined thematically to identify common patterns related to student en-
gagement, interdisciplinary understanding, digital competence, cultural heritage aware-
ness, and learning experiences.
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Participation was voluntary. Students and their families were informed about the edu-
cational objectives of the project, and informed consent was obtained for participation,
data collection, and dissemination of educational outputs.

Within the framework of the project, mentor students conducted a comprehensive
STEAM-based analysis of the city of Iznik, transforming it into a multidimensional learn-
ing environment (Figure 1A).

s

- 3 s
IZNIK & SCIENCE IZNIK & TECHNOLOGY&ENGINEERING
(ASTRONOMY) (Underwater Archacology)

SCIENCE
Astronomy
TECHNOLOGY &
MATH
Trigonometry STEAM in NICAEA (IZNIK) ENCGINEERING
Underwater Archeology
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Integration of STEAM disciplines through the cultural heritage of Nicaea (iznik)
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Figure 1. A: Conceptual STEAM model of Nicaea (Iznik); B: Scientific heritage in Iznik: The legacy of Hipparchus; C:
Engineering in Iznik: St Neophytos Basilica; D: Art in Iznik: Ceramic heritage; E: Mathematics in Iznik: Trigonometry;
F,G: student presentations on stellar distance measurement through parallax and the comparison of iznik and Italian
ceramic traditions, highlighting integration of astronomy, mathematics, cultural heritage and design within a STEAM
learning environment; H,I: exploring color symbolism and digital pattern design in Italian and iznik art; J,K: illustration
of integration of mathematics, digital technologies and visual communications within the STEAM framework. Panels
B-K were frame-grabbed from the online presentations.

From a scientific standpoint, the study was grounded in the astronomical legacy of Hip-
parchus, including his work on star catalogues, celestial navigation, and observational as-
tronomy (Figure 1B). In the domains of technology and engineering, students explored
advanced digital applications such as AR, VR, and 3D modeling, exemplified through the
reconstruction of the Basilica of St. Neophytos, alongside investigations into underwater
technologies, Al-assisted surveying processes, geomatics engineering, geology, seismol-
ogy, and sonar systems (Figure 1C). From an artistic perspective, the rich aesthetic tradi-
tion of Iznik tiles was analysed and comparatively examined alongside Italian ceramics,
focusing on geometric patterns, symmetry, composition, colour palettes, and symbolic
meanings (Figures 1D). In the mathematical dimension, students applied concepts of trig-
onometry, geometry, astronomical calculations, and ratio-based pattern analysis to inter-
pret both scientific and artistic structures (Figure 1E).

This interdisciplinary approach enabled students to perceive Iznik not only as a historical
and cultural site, but also as a dynamic intersection of science, mathematics, technology,
and art. Furthermore, the integration of artificial intelligence, augmented reality, virtual
reality, and three-dimensional modeling tools into the educational process has created a
dynamic and interactive learning environment. As Bequette and Bequette (2012) noted,
STEAM education integrates science, technology, engineering, arts, and mathematics
while emphasizing creativity, design thinking, and interdisciplinary learning. This inter-
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disciplinary approach reflects the transition from STEM to STEAM education by incorpo-
rating artistic elements into scientific inquiry, thereby enhancing both analytical thinking
and creative production skills.

Figure 1A developed within the project, representing the interdisciplinary integration of
astronomy, underwater archaeology, cultural heritage (Iznik tiles and Italian ceramics),
and trigonometry. The model reflects a holistic approach to place-based.

3.  Results

The educational intervention resulted in a multidimensional STEAM learning environ-
ment that integrated astronomy, cultural heritage, digital technologies, engineering, math-
ematics, and art. The results indicate that this interdisciplinary approach enhanced stu-
dents' learning outcomes and supported the development of critical thinking, creativity,
and digital competences. This interdisciplinary approach reflects the transition from STEM
to STEAM education by incorporating artistic elements into scientific inquiry, thereby en-
hancing both analytical thinking and creative production skills.

Figure 1 illustrates the educational outcomes of the STEAM intervention. From a scien-
tific perspective, students explored the astronomical legacy of Hipparchus, including his
work on star catalogues, celestial navigation, and observational astronomy (Figure 1B).
Within the technology and engineering components, students applied AR, VR, Al and
three-dimensional (3D) modelling to the reconstruction of the Basilica of St Neophytos and
investigations of underwater archaeology, geomatics engineering, geology, seismology,
and sonar systems (Figure 1C). From an artistic perspective, they compared the aesthetic
traditions of Iznik tiles and Italian ceramics, examining geometric patterns, symmetry,
composition, colour palettes, and symbolic meanings (Figure 1D). Within the mathemati-
cal component, students applied trigonometry, geometry, astronomical calculations, and
proportional pattern analysis to interpret both scientific and artistic structures (Figure 1E).
Figure 1A was developed within the project and presents a conceptual STEAM model in-
tegrating astronomy, underwater archaeology, cultural heritage (Iznik tiles and Italian ce-
ramics), and trigonometry. The model illustrates a holistic place-based learning approach
that connects scientific inquiry with cultural heritage and digital technologies.

This interdisciplinary approach enabled students to perceive Iznik not only as a histor-ical
and cultural site, but also as a dynamic intersection of science, mathematics, tech-nology,
and art. Furthermore, the integration of artificial intelligence, augmented reality, virtual
reality, and three-dimensional modeling tools into the educational process has created a
dynamic and interactive learning environment. Figure 1A developed within the project,
representing the interdisciplinary integration of astronomy, under-water archaeology, cul-
tural heritage (Iznik tiles and Italian ceramics), and trigonometry. The model reflects a ho-
listic approach to place-based.

Students demonstrated notable levels of critical thinking, interdisciplinary connection, and

digital production skills, reflecting the effectiveness of the STEAM-based hackathon
model.

Table 2. Analytical Product Evaluation Rubric Results (Students, n = 21)

Dimension Description Score Percentage
Scientific Accuracy Correct use of astronomy and mathematics concepts ~ 81/105 77.1%
Interdisciplinary Integration Balanced integration of STEAM components 105/105 100%
Digital Technical Competence  Effective use of 3D modeling, AR, and Al tools 105/105 100%
Aesthetic Quality Design quality and visual integrity 77/105 73.3%
Innovation Originality and creativity of project outputs 105/105 100%
Total 473/525 90.1%

Each criterion was scored on a five-point scale ranging from 1 (Beginning) to 5 (Excellent).)

The rubric results indicate that students successfully integrated astronomy, mathematics,
cultural heritage, and digital technologies into their project outputs. Particularly high
scores in interdisciplinary integration, digital competence, and innovation demonstrate the
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effectiveness of the STEAM-based hackathon model in fostering creative and technology-
enhanced learning.

The digital outputs produced by the participants included three-dimensional models, aug-
mented and virtual reality environments, animated visual content, and virtual exhibitions.
These outputs illustrate the ability of students to transform abstract astronomical data into
meaningful visual and cultural representations, thereby bridging the gap between scien-
tific knowledge and creative expression.

All n=21 participants attended a hackathon for the first time, and all students expressed
willingness to participate in similar activities in the future. This finding indicates a highly
positive learning experience and suggests that the STEAM-based hackathon model suc-
cessfully promoted student engagement, motivation, and interest in interdisciplinary
learning.

Table 3. Students' Hackathon Participation Experience (n = 21).

Students First-Time Hackathon Willing to Participate
School
(Female/Male) Participants Again
IC Moscati-Fonseca Middle School 8 (4F, 4M) 8 (100%) 8 (100%)
Etiler Anatolian High School 4 (4F, 0OM) 4 (100%) 4 (100%)
Kartepe Ertugrul Gazi Anatolian
) 9 (6F, 3M) 9 (100%) 9 (100%)
High School
Total 21 21 (100%) 21 (100%)

Qualitative interview findings further supported the quantitative results. Students most
frequently identified the integration of science and art as the strongest connection among
STEAM disciplines. Participants reported that digital tools accelerated their learning pro-
cess and enhanced their engagement with project activities. The historical scientific legacy
of Hipparchus was perceived as inspiring and relevant for future projects. Students high-
lighted collaboration and teamwork as important factors contributing to project success,
while the virtual museum was frequently mentioned as the project output of which they
were most proud. Furthermore, all interviewed students expressed their willingness to
participate in similar international STEAM projects in the future.

The implementation conducted at IC Moscati — Fonseca Middle School in Salerno focused
on integrating cultural heritage with digital production through both manual and compu-
tational approaches. The exploration of Hipparchus’ star catalogue enabled students to
link astronomical knowledge with coordinate systems and spatial representations. (Fig-
ures 6). Furthermore, the development of Python-based digital tiles intended for execution
in the Astro Pi environment demonstrated the integration of coding, astronomy, and artis-
tic design within a unified STEAM framework. Students developed three-dimensional
models of znik and Salerno ceramics using block-based coding and created digital content
combining ceramic traditions with elements of local culture.

In addition, they utilized the Europeana digital archive to design animated visual content,
thereby connecting historical artifacts with contemporary digital storytelling (Figure 7).
The implementation at Kartepe Ertugrul Gazi Anatolian High School emphasized the in-
tegration of mathematical reasoning, astronomy, and artificial intelligence. Inspired by
Hipparchus’ trigonometric methods, students constructed geometric models and visual-
ized celestial relationships through angles and spatial measurements. Artificial intelli-
gence tools were employed to analyze facial structures and generate personalized Iznik
tile patterns, illustrating the intersection of data analysis, digital art, and cultural heritage
(Figures 8-9). Additionally, the recreation of Eratosthenes’ experiment through a narrative-
based approach enabled students to understand complex scientific concepts such as the
calculation of the Earth’s circumference in an accessible and engaging manner.

Students from Etiler Anatolian High School applied concepts of trigonometry and geome-
try to explore the relationships between mathematical structures, artistic design, and dig-
ital technologies. Through the use of artificial intelligence-supported modeling tools, they
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investigated how geometric principles can be transformed into visual and three-dimen-
sional representations. The resulting digital artefacts were presented within a virtual exhi-
bition environment, providing opportunities to examine the integration of mathematics,
design, and digital communication within a STEAM-based learning framework (Figures
1J,K).

4. Discussion

As Bequette and Bequette (2012) noted, STEAM education integrates science, technology,
engineering, arts, and mathematics while emphasizing creativity, design thinking, and in-
terdisciplinary learning. The findings indicate that the integration of cultural heritage, as-
tronomy, and digital technologies within a STEAM-based hackathon provides an effective
interdisciplinary learning environment. The high overall rubric score (90.1%), together
with the maximum scores obtained for interdisciplinary integration, digital competence,
and innovation, demonstrates that students successfully combined scientific, artistic, and
technological knowledge in their project outputs.

These findings are consistent with previous studies emphasizing the value of STEAM ed-
ucation in fostering creativity, interdisciplinary thinking, and problem-solving skills (Be-
quette & Bequette, 2012). Similarly, the inquiry-based structure of the hackathon sup-
ported active learning and knowledge construction, in line with the principles described
by Abdi (2014). The effective use of Al, AR, VR, and 3D modelling tools also supports
Land’s (2013) view that innovation emerges through the integration of technology and cre-
ative thinking.

An additional indicator of success was student engagement. All participants were first-
time hackathon attendees, and 100% expressed willingness to participate in similar activi-
ties again, suggesting a highly positive learning experience. Furthermore, the collaboration
between students from Tiirkiye and Italy promoted intercultural learning and strength-
ened the connection between scientific and cultural heritage education.

However, the study was limited by its relatively small sample size, the use of descriptive
statistics only, and the absence of inferential statistical analyses and comprehensive quan-
titative comparisons. These limitations restrict the generalizability of the findings. Future
studies should involve larger participant groups, employ pre- and post-assessments, and
incorporate more rigorous statistical analyses to further validate the effectiveness of
STEAM-based hackathon models.

5.  Conclusions

The Sky Patterns: Hipparchus’ Stars Bridge Between Iznik and Salerno project presents an
innovative and scalable educational model that integrates astronomy, cultural heritage,
and advanced digital technologies within a STEAM framework. The findings demonstrate
that artificial intelligence-supported learning environments can significantly enhance stu-
dent engagement, creativity, and interdisciplinary understanding.

The project highlights the potential of cultural heritage as a powerful educational resource,
capable of connecting historical knowledge with contemporary technological practices.
The international collaboration between Iznik and Salerno further emphasizes the im-
portance of cross-cultural learning and global educational exchange.

Furthermore, the project contributed to the promotion of gender equality in STEAM edu-
cation. By ensuring balanced participation of girls and boys, the hackathon created an in-
clusive learning environment where female students could actively contribute to scientific
and technological activities. In particular, the online format enabled girls from different
socio-economic and geographical backgrounds to connect with international peers and
collaborate on shared project outputs. These opportunities supported not only interdisci-
plinary learning but also the empowerment of girls as active participants in science, tech-
nology, and innovation.

5. Conclusions

The Sky Patterns: Hipparchus’ Stars Bridge Between Iznik and Salerno project presents an
innovative and scalable educational model that integrates astronomy, cultural heritage,
and advanced digital technologies within a STEAM framework. The findings demonstrate
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that artificial intelligence-supported learning environments can significantly enhance
student engagement, creativity, and interdisciplinary understanding.

The project highlights the potential of cultural heritage as a powerful educational resource,
capable of connecting historical knowledge with contemporary technological practices.
The international collaboration between Iznik and Salerno further emphasizes the
importance of cross-cultural learning and global educational exchange.

Furthermore, the project contributed to the promotion of gender equality in STEAM
education. By ensuring balanced participation of girls and boys, the hackathon created an
inclusive learning environment where female students could actively contribute to
scientific and technological activities. In particular, the online format enabled girls from
different socio-economic and geographical backgrounds to connect with international
peers and collaborate on shared project outputs. These opportunities supported not only
interdisciplinary learning but also the empowerment of girls as active participants in
science, technology, and innovation.

Acknowledgemens: Project website:
https://sites.google.com/view/sky-patterns-hipparchus-stars-/home
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Abstract:

Population ageing has become one of the defining global transformations of the twenty-
first century, influencing healthcare, education, labour markets, technological innova-
tion, and economic development. According to recent demographic projections, the
global population aged 65 years and over is expected to nearly double, increasing from
approximately 703 million in 2023 to 1.5 billion by 2050. These demographic trends have
accelerated the development of the Silver Economy, creating new challenges and oppor-
tunities for sustainable economic development.

This paper examines the relationship between healthy ageing, the Silver Economy, life-
long learning, and changing labour-market dynamics. It argues that healthy ageing ex-
tends beyond healthcare to encompass cognitive well-being, digital inclusion, social
participation, and continuous competence development. Furthermore, the paper pro-
poses a lifelong learning competence framework that integrates the knowledge, skills,
and capabilities required to support healthy ageing, longevity, employability, and active
participation in the Silver Economy.

Drawing on selected examples from Asian countries, the paper examines how Asian
policy approaches promote healthy ageing, lifelong learning, and the Silver Economy.
Particular attention is given to the implications of digitalisation, artificial intelligence,
demographic change, and economic uncertainty for lifelong learning and workforce
participation. The paper also discusses interdisciplinary educational approaches, in-
cluding experiential learning, design thinking, and narrative-based STEAM learning, as
examples of fostering digital, creative, and social competences across the life course. It
concludes that investing in lifelong learning is a strategic investment in human capital
that promotes healthy ageing, supports longevity, strengthens the Silver Economy, en
hances intergenerational knowledge transfer, and contributes to resilient, inclusive, and
sustainable labour markets.

Keywords: Demographic change; Healthy ageing; Labour market; Lifelong learning
competences, STEAM, Silver economy
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Population (billions)

1. Introduction

1.1 Population Ageing Trends and Silver Economy

The world is approaching a demographic turning point as the global population aged 65
years and over is projected to nearly double by 2050, increasing from 703 million in 2023
to 1.5 billion. At the same time, the population aged 80 years and over is expected to exceed
300 million by 2030, more than doubling from 143 million in 2020 (Worldmetrics, 2026).
Population ageing has become one of the defining demographic transformations of the
twenty-first century. During the past five decades, average life expectancy in Europe has
increased by approximately 15-20 years, while persistently declining fertility rates have
fundamentally reshaped the continent's age structure. According to demographic projec-
tions, individuals aged 65 years and over are expected to represent nearly 40% of the Eu-
ropean population by 2080. These demographic changes have profound economic impli-
cations. As populations age, governments, businesses, and labour markets must adapt to
changing patterns of consumption, employment, healthcare, innovation, and social partic-
ipation. Statistics of world population by broad age groups, 1950-2100 (United Nations
population estimates, 2024) demonstrates the same trends (see Figure 1). Purple line (65+
years) on Figure 1 is illustrating the global trend of population ageing. Regarding the share
of older people (65+) in the total EU population, Table 1 (below) demonstrates that Italy
(24.7%), Portugal (24.3%) and Bulgaria (24.0%) had the highest shares.

World: Population by broad age groups

95% prediction interval

25-64

T

1950

1975

T T T T

2000 2023 2080 2075 2100

Year

® 2024 United Nations, DESA, FPopulation Division. Licensed under Creative Commons license CC B8Y 30 IGO.
United Nations, DESA, Pogulation Division. World Population Prospects 2024. http//pogulation.un.org/wpp

Figure 1. World population by age groups, 1950-2100 (UN, 2024). The UN figure illustrates estimates (1950-2023) and projected
population trends (2024-2100) for four age groups worldwide: (red 0-14 year), green: 15-24), and purple: 65 and over. Light blue line
(25-64 years) represents the working-age population, which remains the largest age group. Purple line (65+ years) shows the fastest
growth among all age groups, illustrating the global trend of population ageing.

This demographic transition has given rise to the concept of the Silver Economy. The ear-
liest precursor to the Silver Economy was the Japanese concept of the Silver Market (Silver
Shijo), which emerged during the 1970s in response to rapid population ageing and re-
ferred primarily to products and services designed for older consumers. Building on this
concept, the European Commission (2018) defined the Silver Economy similarly as "the
sum of all economic activities that serve the needs of people aged 50 and over...”(see 3.
Definition of Silver Economy).

As demographic ageing accelerates, the Silver Economy extends far beyond social policy
and healthcare. It is reshaping labour markets, patterns of consumption, technological in-
novation, and economic growth. Consequently, the concept has evolved from a market-
oriented approach focused primarily on products and services for older consumers to a
broader economic framework that recognises the needs, capacities, and contributions of
older adults.Realising the potential of the Silver Economy depends on enabling older
adults to remain healthy, active, and socially engaged. In this context, the World Health
Organization (WHO, 2020) defines healthy ageing as "the process of developing and main-
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taining the functional ability that enables well-being in older age." The concept of “func-
tional ability” refers to the capabilities that enable people to meet their basic needs, learn,
grow and make decisions, remain mobile, build and maintain relationships, and contribute
to society.

Table 1. The population of the EU member states on January 1, 2025

0-14 years old 15-64 years old 65-years old or over

2015 2024 2025 2015 2024 2025 2015 2024 2025
EUM®) 15.3 14.6 14.4 65.6 63.8 63.6 19.1 21.6 22.0
Belgium 17.0 16.3 16.1 64.9 63.8 63.7 18.1 19.9 20.2
Bulgaria 13.9 14.1 14.0 65.6 62.1 62.0 20.5 23.8 24.0
Czechia 15.2 15.9 15.5 67.0 63.6 63.8 17.8 20.5 20.7
Denmark 17.0 15.7 15.5 64.4 63.6 63.6 18.6 20.7 20.9
Germany 13.2 13.9 13.9 65.8 63.7 63.4 21.0 224 22.7
Estonia(?) 15.9 16.0 15.6 65.3 63.5 63.5 18.8 20.5 20.9
Ireland 214 18.9 18.5 65.7 65.6 65.8 12.9 15.5 15.7
Greece 14.5 13.1 12.8 64.6 63.6 63.5 20.9 23.3 23.7
Spain 15.1 13.2 12.9 66.5 66.4 66.4 18.4 204 20.7
France(!) 18.6 17.0 16.6 63.0 61.5 61.5 18.4 21.5 21.9
Croatia 14.7 14.0 13.8 66.3 63.0 62.9 19.0 23.0 23.3
Italy 13.8 12.2 11.9 64.3 63.5 63.4 219 24.3 24.7
Cyprus 16.2 15.3 15.2 69.3 67.0 66.5 14.5 17.7 18.3
Latvia 15.0 15.6 15.1 65.6 63.1 63.0 19.4 21.3 219
Lithuania 14.5 14.5 14.1 66.9 65.2 65.0 18.6 20.3 20.9
Luxemburg 16.7 15.7 15.7 69.1 69.3 69.1 14.2 15.0 15.2
Hungary 14.5 14.5 14.3 67.7 64.8 64.8 17.8 20.7 20.9
Malta 14.4 12.3 12.1 67.6 69.3 69.5 18.0 18.4 18.4
Netherlands 16.7 15.1 15.0 65.5 64.4 64.2 17.8 20.5 20.8
Autsria 14.3 14.4 14.3 67.2 65.8 65.5 18.5 19.8 20.2
Poland (") 15.0 15.1 14.8 69.6 64.4 64.2 15.4 20.5 21.0
Portugal 14.4 12.8 12.6 65.2 63.1 63.1 20.4 24.1 24.3
Romania(') 15.5 15.9 15.4 67.5 64.1 64.3 17.0 20.0 20.3
Slovenia 14.8 14.7 14.5 67.3 63.5 63.4 17.9 21.8 22.1
Slovakia 15.3 16.0 15.8 70.7 65.6 65.4 14.0 18.4 18.8
Finland 16.4 14.9 14.6 63.7 61.7 61.8 19.9 23.4 23.6
Sweden 17.3 17.1 16.8 63.1 62.3 62.4 19.6 20.6 20.8
Iceland 20.4 18.3 17.9 66.1 66.1 66.2 13.5 15.6 15.9
Lichtenstein 15.1 14.4 14.2 68.9 65.3 65.1 16.0 20.3 20.7
Norway 18.0 16.4 16.1 65.8 64.9 64.9 16.2 18.7 19.0
Switzerland 14.9 15.0 14.8 67.3 65.7 65.7 17.8 19.3 19.5
Montenegro 18.5 18.2 18.0 67.8 65.1 64.8 13.7 16.7 17.2
Moldova 17.9 17.5 : 71.2 65.1 : 10.9 17.4 :
North Macedonia 16.8 16.6 16.4 70.5 65.3 65.0 12.7 18.1 18.6
Georgia 17.4 19.5 19.2 68.7 64.3 64.2 13.9 16.2 16.6
Albania 19.0 : 15.2 68.6 : 63.6 12.4 : 21.2
Serbia 14.4 14.4 14.4 67.1 63.2 62.9 18.5 22.4 22.7
Turkye 24.3 21.4 20.9 67.7 68.4 68.5 8.0 10.2 10.6
Ukraine 15.1 : : 69.3 : : 15.6 :

(1) 2025 provisional/estimated; (?) Break in time series in various years between 2015 and 2025. (:) Not available. Source: Eurostat
(online data code: demo_pjanid). Population is estimated as 450.6 million people (Eurostat, 2025). People of working age (15 to 64
years) is 63.6% of the population. Older people (aged 65 years and over) had a 22.0% share. In 2025, compared with 2024, the share
of older people increased in 26 EU countries, and only Malta had a constant share.

The objective of this paper is to examine how demographic ageing interacts with techno-
logical transformation and changing labour-market dynamics, and to demonstrate that the
Silver Economy should be recognised as an important driver of sustainable economic de-
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velopment. The paper argues that lifelong learning is a key enabler of healthy ageing, sup-
porting the development of lifelong learning competences and future skills that enable
older adults to remain economically active, socially engaged, and adaptable throughout
longer working lives. It further demonstrates that continuous learning and intergenera-
tional knowledge exchange are essential for strengthening labour-market resilience, fos-
tering innovation, and promoting inclusive and sustainable economic growth.

2. Reconceptualising the Silver Economy

The European Commission (2018) defines the Silver Economy as "the sum of all economic
activity that serves the needs of people aged 50 and over, including the products and ser-
vices they purchase directly and the further economic activity this spending generates."
The report further states that this definition is "consistent with an earlier definition devel-
oped by Oxford Economics. "This conceptualisation primarily adopts a demand-side per-
spective, emphasising the needs, consumption patterns, and purchasing power of older
adults.

While this definition has provided an important foundation for understanding the eco-
nomic implications of population ageing, it places comparatively less emphasis on the pro-
ductive capacities, accumulated knowledge, and continuing contributions of older adults
to economic and social development. Furthermore, the age threshold of 50 years reflects
primarily a policy and market-segmentation approach rather than the concept of func-
tional ageing, which emphasises individuals' capabilities, health status, and capacity to
participate actively in economic and social life. In contemporary longevity societies, chron-
ological age is becoming an increasingly limited indicator of an individual's productive
capacity, employability, learning potential, creativity, and social participation.

Thus, the present study reconceptualises the Silver Economy as an
inclusive economic, social, and learning ecosystem that recognises and supports the capa-
bilities, experience, and contributions of individuals throughout longer and healthier lives.
Rather than being defined by chronological age, the Silver Economy should be understood
as a framework that enables individuals to remain healthy, productive, employable, and
socially engaged across the life course.

From this perspective, the Silver Economy should not be understood solely as a response
to the growing needs of an ageing population. Equally important is recognising older
adults as a strategic source of human capital whose accumulated knowledge, professional
expertise, institutional memory, and lifelong learning represent valuable economic assets.
Through decades of professional practice, older adults acquire tacit knowledge, profes-
sional judgement, leadership capacity, problem-solving abilities, and mentoring skills that
are difficult to replace or replicate. These assets represent a form of accumulated human
capital that becomes increasingly valuable in knowledge-intensive and innovation-driven
economies. They contribute significantly to organisational resilience, innovation, intergen-
erational knowledge transfer, and sustainable economic development. Rather than defin-
ing individuals primarily by chronological age, the Silver Economy should recognise and
utilise their capabilities, experience, and continuing potential to create economic and social
value throughout longer and healthier lives.

One of the greatest challenges facing ageing societies is not population ageing itself, but
the loss of accumulated human capital resulting from the early or mandatory withdrawal
of experienced professionals from active employment. In many countries, retirement pol-
icies and labour-market practices lead to the departure of highly qualified professionals
whose tacit knowledge, professional judgement, leadership, and mentoring capacity can-
not easily be replaced. At the same time, younger generations contribute complementary
strengths, including digital fluency, openness to technological innovation, and new per-
spectives. Sustainable labour markets therefore require mechanisms that facilitate inter-
generational knowledge transfer, enabling the complementary strengths of different gen-
erations to be integrated rather than substituted. Such an approach not only preserves or-
ganisational knowledge but also strengthens innovation, resilience, and long-term eco-
nomic competitiveness.

Over the past decade, the concept of (the) Silver Economy has evolved considerably be-
yond its original consumer-oriented perspective. Contemporary research increasingly rec-
ognises older adults not only as consumers but also as producers, innovators, entrepre-
neurs, mentors, volunteers, and active contributors to economic and social development.
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This broader understanding reflects a paradigm shift from viewing population ageing pri-
marily as a demographic challenge towards recognising longevity as a strategic resource
for innovation, human capital development, and sustainable economic growth.
Accordingly, this paper conceptualises the Silver Economy as an inclusive economic, so-
cial, and learning ecosystem that enables individuals to remain healthy, productive, em-
ployable, and socially engaged throughout longer lives. It recognises older adults not only
as consumers but also as creators of economic and social value through their knowledge,
experience, innovation, entrepreneurship, lifelong learning, and intergenerational
knowledge transfer. Within this framework, lifelong learning competences constitute the
enabling mechanism through which future skills are continuously developed, supporting
healthy longevity, lifelong employability, labour-market resilience, active participation,
and sustainable economic development. Thus, the Silver Economy should not be under-
stood merely as an economy serving older people; rather, it is an economy that values
longevity, lifelong learning, accumulated human capital, and intergenerational knowledge
exchange as strategic drivers of innovation, resilient labour markets, inclusive economic
growth, and sustainable development.

3.  Healthy Ageing Policy Strategies in Selected Asian Countries

Compared with the EU, several Asian countries have adopted more explicit national strat-
egies linking population ageing with digital innovation, preventive healthcare, active age-
ing, and longevity. Table 2 therefore presents selected Asian strategies that illustrate how
ageing is being framed as a national policy priority across health, technology, and social
participation. According to the United Nations World Population Prospects 2024, Hong
Kong and its neighbouring economies in the East Asia region are ageing rapidly, with
South Korea heading towards being one of the world’s oldest economies. South Korea’s
population aged 65 and above is projected to be nearly 40% by 2050, according to the
United Nations, compared to just over 20% in 2025. By then, Hong Kong (46.4%), South
Korea (39.7%), Taiwan (38.7%) and Japan (37.5%) will be the top four economies globally
with the oldest populations.

Table 2. Selected national strategies on healthy ageing and longevity in Asia

Country National strategy (source) Main objective

Japan Society 5.0 (Society 5.0 (Cabinet Office, Promotes a human-centred digital society using Al, IoT, robotics
Government of Japan; 2016; 6th STI Basic Plan, & digital innovation to address societal challenges: population
2021, Integrated Innovation Strategy 2025) ageing and improve quality of life

Singapore Action Plan for Successful Ageing (Ministry of = Promote active ageing, lifelong learning, employment, health &
Health, Singapore, 2024) community participation throughout later life.

South Korea Fourth Basic Plan for an Aging Society and Promotes healthy and active ageing through integrated
Population (2021-2025), Presidential Committee health&long-term care, employment, pension reform, dementia
on Aging Society and Population Policy. (2020). care, community support, and the development of Age-Tech, Al

robotics and digital health& the Silver Economy.

Vietnam National Strategy for the Elderly to 2035, a Promotes healthy, active, and dignified ageing through
Vision to 2045 (Prime Minister's Decision: preventive healthcare, family and community support, social
383/Qb-TTg, 2025) participation & age-friendly environments.

4.  Megatrends and Life-long learning competences

The megatrends presented in Table 3 are adapted from the World Economic Forum's Fu-
ture of Jobs Report 2025, which identifies technological change, geoeconomic fragmenta-
tion, economic uncertainty, demographic shifts, and the green transition as the principal
drivers of labour-market transformation. To align with the focus of this paper, the techno-
logical change dimension is specified as digitalisation and artificial intelligence, while de-
mographic shifts are examined through the lens of population ageing and the development
of the Silver Economy.
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Table 3. Five megatrends shaping the labour market by 2030 and lifelong learning competencies for the silver economy.

Megatrend Main impact on the labour market Lifelong learning competencies for the silver economy

Technological change (Digi- Automation, digital transfor- Digital literacy, Al literacy, data management, cybersecurity

talisation & Artificial Intelli- mation, emergence of new occu-  awareness, continuous ICT upskilling, adaptation to emerging

gence) pations, reskilling technologies, STEAM competences fostering creativity

Economic uncertainty

Productivity optimisation, organi- Adaptability, resilience, financial literacy, entrepreneurial
sational restructuring, changing  thinking, problem-solving, project management, STEAM-
employment patterns based innovation, and design thinking,

Green transition

Growing demand for greenjobs  Green skills, environmental awareness, sustainable resource

and sustainable production management, circular economy competencies, energy effi-
ciency, STEAM competences supporting sustainability, eco-
innovation, and systems thinking.

Demographic shifts
(ageing)

Labour shortages, longer working Lifelong learning, health literacy, mentoring, intergenera-

lives, increased demand for health tional knowledge transfer, leadership, communication, age-

and care services, active ageing friendly digital skills, lifelong learning, and intergenerational
learning across the life course

Geoeconomic fragmenta-
tion

Supply-chain restructuring, strate- Cross-cultural communication, language skills, international

gic autonomy, changing global collaboration, systems thinking, risk management, supply-

trade patterns chain resilience, STEAM competences supporting innovation,
adaptability, and global problem-solving.

Taken together, these megatrends suggest that future labour-market resilience will depend
not only on technological adaptation but also on lifelong learning competences that sup-
port healthy ageing, workforce participation, and the development of the Silver Economy.
Table 3 illustrates that the five megatrends identified by the World Economic Forum have
important implications for lifelong learning and workforce development. Digitalisation
and artificial intelligence are transforming occupations and increasing demand for ad-
vanced digital competences, while the green transition is creating new employment op-
portunities requiring sustainability-related knowledge and skills. At the same time, demo-
graphic ageing and labour shortages highlight the importance of health literacy, intergen-
erational knowledge transfer, age-inclusive employment policies, and continuous compe-
tence development. These developments reinforce the need for a lifelong learning compe-
tence framework that supports healthy ageing, employability, and active participation in
the Silver Economy.

5. Conclusions

Population ageing is transforming demographic structures, economic activity, and labour
markets worldwide. Rather than representing a burden on public finances, older adults
constitute an increasingly valuable source of human capital, experience, innovation, and
purchasing power.

Healthy ageing should therefore be regarded not merely as a health objective but as the
fundamental precondition for developing the Silver Economy. By maintaining functional
ability, employability, and social participation throughout longer lives, healthy ageing
enables older adults to continue contributing to economic growth, innovation, and
sustainable development. Achieving these outcomes, however, depends on continuous
lifelong learning that equips individuals with the knowledge, skills, and competences
required to adapt to technological change, extend working lives, and participate actively
in the Silver Economy. Interdisciplinary educational approaches, including STEAM,
experiential learning, and design thinking, provide important mechanisms for developing
these competences across the life course.

The development of the Silver Economy coincides with profound technological changes
driven by artificial intelligence, automation, and digitalisation. Together, these trends are
reshaping employment patterns and creating demand for new competencies, flexible
working arrangements, and continuous workforce upskilling.

Future labour-market resilience will depend on policies that promote active ageing, retain
experienced workers, facilitate intergenerational knowledge transfer, and support
continuous skills development. Recognising the economic potential of older adults will



10.

11.

14°2026 |
UNIVERSITY | Faculty of EEOC?TR[JAR-FEIg \ 4 ‘
Proceedings of 14th Socratic Lectures 2026 OF LJUBL]ANA | Health Sciences | |

88

therefore be essential for achieving sustainable growth, social inclusion, and long-term
competitiveness in ageing societies.

This paper proposes a lifelong learning competence framework for developing the future
knowledge, skills, and competences required in the Silver Economy.

The framework integrates cognitive, digital, health-related, creative, cultural, and
intergenerational competences that enable individuals to remain healthy, employable,
resilient, and socially engaged throughout longer lives and extended working careers. It
argues that the future resilience of labour markets will depend not only on digital and AI-
related skills but also on continuous lifelong learning that supports healthy ageing,
employability, creativity, cultural participation, and intergenerational knowledge
exchange.

Thus, this paper makes two principal contributions. First, it reconceptualises the Silver
Economy as an inclusive economic, social, and learning ecosystem that recognises older
adults not merely as consumers but as active contributors to human capital, innovation,
entrepreneurship, and sustainable economic development. Second, it proposes a lifelong
learning competence framework for developing the future knowledge, skills, and
competences required in the Silver Economy. The framework integrates cognitive, digital,
health-related, creative, cultural, and intergenerational competences that enable
individuals to remain healthy, employable, resilient, and socially engaged throughout
longer lives and extended working careers.
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Abstract:

This paper focuses on exploring the creation of contemporary painting based on an or-
dinary object, namely the human back (the rear part of the body). Rethinking the ordi-
nary object in the creation of contemporary painting amid global geopolitical currents
filled with tensions, and even open warfare, has become highly relevant. The ordinary
object explored in this creative practice is grounded in the credo of Arts-Based Re-
search (ABR), as proclaimed by Leavy (2015). The credo of research-based creation pri-
oritizes the exploration and discovery of the ordinary object —the human back—pre-
cisely to reflectively present various social themes. The depiction of the "human back,"
or what is called Riickenfigur, is not only open to representing social themes but also
visually challenges the diametrical view between the "front" and the "back." The face,
chest, and so on are regarded as the front part of the body, while the back, hips, and
so on are referred to as the rear. In the exploration of this ordinary ob-ject, however,
the rear part of the human body is instead positioned as the front, because it becomes
the sole subject matter of the painting, thereby dissolving the distinc-tion between the
"front" and the "back." This depiction of the ordinary object—the "back"—is ingen-
iously explored through drawings using Chinese ink and ballpoint pen, thus pos-
sessing artistic strength that supports the originality of this choice in re-evaluating the
ordinary object in the creation of contemporary painting.

Keywords: Contemporary Painting, Ordinary Object, human back theme, Art-Based
Research
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1. Introduction

1.1. Creative challenges

Contemporary painting always offers a countercurrent to the tendency toward the prag-
matist orientation of everyday life. When the world faces conflicts, even open warfare as
it has recently, the creativity of artists is challenged to enter into new possibilities and
propositions, in order to read the current situation reflectively.

The creative challenge in reading the situation reflectively is so that the contemporary
paintings created subsequently remain relevant and possess historical significance. When
artistic exploration is eroded amid such upheavals, the possibility is precisely that art be-
comes merely banal and jargonistic. The history of modern art in the 1940s, for example,
in the midst of the turmoil of World War I, saw painters in America, some of whom were
migrant painters from Europe, give birth to the school of Abstract Expressionism, which
visually did not depict the war, but rather unleashed pure emotion, which subsequently
shook the world's consciousness regarding the meaning of freedom.

Considering these creative issues, over the past two years the author has undertaken ex-
cavation and exploration by rethinking the ordinary object as a thematic choice. The deci-
sion to rethink the ordinary object aims to discover an authentic visual language that is
reflectively relevant in reading the current social situation.

The selection of a specific ordinary object continued through experimentation and by eval-
uating the subject matter of previous paintings that the author had explored over nearly
thirty years. From 2017 to 2022, exploration and creative research were conducted to rein-
terpret an ancient artifact in Bali, namely the Yeh Pulu relief. This creative re-search sought
to discover an artistic concept as well as a method of creation, in which the relief was re-
read through, among other approaches, the methods of recasting and reframing. The ar-
tistic relief was not merely repainted; rather, the relief object was presented in a new way
by composing it alongside other relevant objects, such as vari-ous iconic destinations
around the world, for example, placing the figurative forms of the Yeh Pulu relief in front
of the Sydney Opera House in Sydney, Australia.

In the creative research of rethinking the ordinary object, the author explored the "human
back." The subject matter of the "back" (Riickenfigur) is used to speak about anything, in-
cluding reflections on the current social situation. The artistic technique continues to com-
bine the line-drawing technique that the author developed in 2006 with a formulation of
abstraction in the background. The exploration of the theme of the ordi-nary object contin-
ues, with the development of the artistic findings achieved over the past two years.

1.2. Problems and Creative Propositions

The problem that arises in building the relevance and significance of contemporary paint-
ing by re-evaluating the ordinary object is the selection of an ordinary object that is partic-
ular and distinctive, while at the same time offering a reflection on contempo-rary social
conditions. The exploration conducted over the past two years has succeed-ed in formu-
lating the ordinary object, in the form of the "back" (Riickenfigur), as an au-thentic thematic
and artistic representation.

2.  Material and Methods

2.1. Artistic Medium

The exploration of contemporary painting based on rethinking the ordinary object re-
quires the support of an artistic medium that is both unique and distinctive. In the ex-
ploration of the subject matter of the "back" in painting, the work is constructed through
the formulation of Chinese ink drawing and ballpoint pen drawing, together with the ex-
pressiveness of acrylic color strokes. The drawing technique consists of re-peated circular
line scribbles, layered from thin to thick, which then form the figurative image of the hu-
man back, proportionally chosen with a stout body character. The com-bination of the sub-
ject matter of the "back" (Riickenfigur) with line drawing (drawing) is referred to as the
reciprocal credo of drawing—fat-back imagery as a contemporary vis-ual language
(Adnyana, in Bayu Segara, 2025)

2.2. Creative Method

The creative method of contemporary painting with the subject matter of the "back"
(Riickenfigur) is based on the creative credo of Arts-Based Research (ABR), as pro-claimed
by Leavy (2015). The research was conducted based on the exploration of con-temporary
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painting carried out in three stages, namely thematic study, artistic explora-tion, and the
realization of the artwork. The thematic study began with an awareness of building the
significance of the ordinary object in reading the broader social situation, which then led
to the selection of the object matter of the "back" (Riickenfigur) in the form of a stout fig-
urative image. In the next stage, the exploration of the object of the "back"” was painted
using line drawing (drawing) techniques and color abstraction in the background, so that
artistically there is both continuity and renewal from the previous-ly created "Yeh Pulu"
series. The realization stage of the artwork constitutes a creative effort to form a unique
visual expression while at the same time inviting thematic sen-sation, as it speaks reflec-
tively about the current situation.

3.  Results and Discussion

The results of the creative research in contemporary painting based on the exploration of
the ordinary object, namely the "back" (Riickenfigur), encompass three aspects: the discov-
ery of a specific thematic subject in the artworks; the reciprocal visual configura-tion of
drawing-back imagery; and reflective aesthetics, which indicate the visual sig-nificance of
contemporary painting in reading the social situation reflectively.

Contemporary painting based on rethinking the ordinary object in responding to creative
challenges amid a broader social situation beset by conflict, and even war, has become
highly relevant. The ordinary object is explored as far as possible in order to remain rele-
vant and to creatively respond to the need for social representation in the practice of paint-
ing. Based on the creative credo of Arts-Based Research (ABR), the author carried out three
stages of creation, namely thematic study, artistic exploration, and the realization of the
artwork.

These three stages were undertaken simultaneously with the author's creative autonomy,
drawing upon more than 30 years of experience in painting. The stage of formulating the
theme was not only complemented by literary readings, recognizing that the subject of the
artwork constitutes the fundamental character and identity of the artist, but also involved
exploring possibilities for its development. The choice fell upon the visual object of the
"back" (Riickenfigur). The subsequent stage involved artistic experimentation as the basis
for representing the theme of the "back." The chosen approach was to formulate a drawing
technique for depicting the subject matter and color abstraction as the background. The
combination of drawing and abstraction is also compelling because it generates contrast
while at the same time creating a dialogical fusion, as it is dynamically animated by the
figurative image of a stout back. The relationship between drawing and the "stout back"
occurs in a dynamic reciprocal manner. The depiction of a figure from behind represents
a desire to reveal and conceal it at the same time. This is a sign of consciousness (Couteau,
2026).

The process of realizing paintings with the subject matter of the "back" (Riickenfigur) con-
tinues to stimulate the author's enthusiasm and passion in the effort to form a new config-
uration. For example, the artwork entitled Peace and Reason (Figure 1), measuring 180 x
180 cm, executed in ink and acrylic on canvas, 2026, depicts the figurative image of a stout
back, with the arms crossed behind the back holding a rifle, while the right hand is raised
with the fingers signaling the code for peace, namely the index and middle fingers forming
the "peace" symbol. Viewed from the position of the depicted back, both the hand holding
the rifle and the hand making the "peace" gesture appear in front (clearly visible). If one
follows the conventional logic that the face, chest, and so forth constitute the front of the
body, then the rifle held in the left hand would not be visible at all because it would be
concealed by the body. The depiction of Peace and Reason in this painting is highly satiri-
cal and invites social reflection on the intersection of "Peace and Reason."
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Figure 1. Contemporary painting by the author, entitled "Peace and Reason", size 180x180 cm, ink and acrylics on can-

vas, 2026.

In the artwork entitled Balloon Boy (Figure 2), measuring 180 x 180 cm, executed in ink
and acrylic on canvas, 2026, the figurative image of a stout back is depicted, with the left
hand clenched in a fist crossing behind the back, and the right hand holding two balloons.
The stout body appears to be floating through the air. A dragon tattoo is inscribed on the
right side of the back. In a cynical and ironic reading, the stout, tattooed body, seemingly
strong and invincible, is in fact easily carried away by the balloons. The balloons may serve
as an anecdotal code related to gossip, empty talk, or discourse in the social sphere.

Figure 2. Contemporary painting by the author, entitled "Balloon Boy", size 180x180 c¢m, ink and acrylics on canvas,

2026.

Over the past three years, experimentation with the subject of the "back" (Riickenfigur) in
a stout figurative form has produced more than a dozen authentic contemporary paintings.
This series of works, entitled Panggung Punggung ("Back Stage"), has been exhibited in
various reputable international events, including Art Moment Jakarta and Art Jakarta in
2025. The contemporary painting series Panggung Punggung was also exhibited at the
Bali-Global Art Map Exhibition (B-GAME), as part of the Bali-Global Axis of Arts and De-
sign (B-GAAD) II, 2025, at the Agung Rai Museum of Art and Komaneka Art Gallery,
Ubud. The work Peace and Reason was exhibited at Art Moment Jakarta on 5-7 June 2026,
while Balloon Boy was exhibited at Yogya Gallery, Yogyakarta, in late May 2026. The
painting of “back” series also chosen be as ilustration of short story titled “Maling Buku”,
in english “book thief” writen by Eko Darmoko, was publised on 11 April, 2026 at Kompas
news paper.
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Thematically and artistically, this contemporary painting with the subject matter of the
"back" can serve as a creative vehicle for connecting aesthetics with the current social situ-
ation in a reflective manner. Thematically, this contemporary painting also remains open
to further exploration so that it may become increasingly relevant and possess greater his-
torical significance.

5.  Conclusions

This creation research, based on the credo of Arts-Based Research (ABR), has succeeded in
identifying the urgency of the ordinary object in connecting the relevance of artistic crea-
tivity with broader social issues. This research has also succeeded in formulating the fig-
urative image of the "back" (Riickenfigur) as a vehicle for artistic creative exploration based
on drawing and color abstraction. The relationship between drawing and the imagery of
the stout back is dynamically reciprocal, because artistically the drawing constrains the
object, while abstraction liberates it, creating a dynamic visual order further connected by
the choice of the stout back, which conveys a humorous impression.

The relevance of the discovered subject matter of the "back" (Riickenfigur) lies in its ability
to reveal and represent broader social issues in both a satirical and reflective manner. This
relevance demonstrates that artworks read the spirit of the times reflectively, rather than
in a jargonistic manner, as is often the case with political discourse.
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Abstract:

This paper presents a longitudinal educational research experience developed be-
tween 2020 and 2025 through four international eTwinning projects implemented an-
nually with preschool children aged 4-6 years at Kindergarten with Extended Program
Vinerea, Romania. The projects - Coding STEAM and Stories, STEM Research in Kinder-
garten, Kindergarten from Home, and STEM with Pete is Really Great - were carried out
in collaboration with educational institutions from Romania, Greece, Turkey, Lithua-
nia, and Poland within the eTwinning community, part of the Erasmus+ framework.
Each project received both the National Quality Label and the European Quality Label,
demonstrating educational quality, innovation, and international impact. The study
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1. Introduction

1.1. Introduction and Pedagogical Foundation

The rapid transformation of contemporary education requires innovative pedagogical ap-
proaches capable of preparing children for the technological and interdisciplinary chal-
lenges of the twenty-first century. STEM education (Science, Technology, Engineering, and
Mathematics) has gained increasing importance in early childhood education because it
promotes curiosity, creativity, communication, critical thinking, and problem-solving
through experiential and inquiry-based learning (Bybee, 2013). Research has also demon-
strated that age-appropriate STEM activities can support the development of computa-
tional thinking and scientific reasoning from the preschool years (Papadakis, 2021).
Beginning in 2020, Kindergarten with Extended Programme Vinerea (Romania) imple-
mented a series of annual international eTwinning projects focused on STEM education
for preschool children aged 4-6 years. These projects were developed within the eTwin-
ning framework, a European initiative supporting collaboration among educational insti-
tutions, and contributed to the broader objectives of the Erasmus+ programme related to
innovation, digital education, inclusion, and intercultural cooperation (European Commis-
sion, 2023).

The projects involved educational institutions from Romania, Greece, Turkey, Lithuania,
and Poland and promoted collaboration among teachers, children, and families through
digital communication and joint educational activities. Four projects were implemented
during the study period: STEM, Coding STEAM and Stories, STEM Research in Kinder-
garten, Kindergarten from Home, and STEM with PETE is Really Great. Each project ad-
dressed specific educational objectives while sharing a common focus on STEM-based
learning.

The projects aimed to promote STEM education through inquiry-based and experiment-
based learning, encouraging children to observe, explore, formulate questions, and dis-
cover scientific concepts through hands-on activities adapted to their developmental level.
Another objective was to strengthen cooperation between kindergarten and families by
actively involving parents in educational activities, including the continuation of class-
room experiments and STEM tasks at home.

In addition, the projects integrated storytelling into STEM education by connecting narra-
tives with experiments, engineering challenges, coding activities, and creative problem-
solving tasks. This approach was intended to increase children's motivation and engage-
ment while supporting the development of creativity, communication skills, collaboration,
computational thinking, and critical thinking. Through international collaboration and the
use of digital tools, the projects also sought to foster intercultural awareness and digital
competences among both children and teachers.

This paper presents the pedagogical implementation of these international STEM projects
and examines their contribution to children's learning experiences, family participation,
and international educational collaboration in early childhood education.

2. Research Design and Methods

This study employed a qualitative research design based on longitudinal pedagogical ob-

servation conducted throughout the implementation of four annual international eTwin-

ning STEM projects between 2020 and 2025. The educational activities were documented

through continuous classroom observations, children's learning products, teachers' reflec-

tive notes, and records of family participation. The collected evidence was analysed qual-

itatively to identify patterns related to children's engagement, creativity, collaboration,

communication, problem-solving, and early computational thinking.

The educational intervention was supported by a wide range of materials and digital re-

sources that facilitated inquiry-based learning, experimentation, coding activities, story-

telling, engineering challenges, and collaborative learning.

The materials included:

e STEM experiment kits adapted for preschool education;

e recyclable materials for engineering and construction activities;

e sensory materials for scientific observation and exploration;

e magnets, water containers, measuring cups, pipettes, balloons, plants, seeds, ice, col-
ours, and other natural materials used in experiments;

e simple robotics and coding resources suitable for early childhood education;
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e digital platforms and collaborative tools, including Padlet, Canva, Wordwall, Learn-
ingApps, and TwinSpace;

e tablets, interactive whiteboards, digital presentations, and online collaborative activi-

ties;

storytelling resources and thematic educational games;

complete sets of Pete the Cat books used in the project STEM with PETE is Really Great

story cards, sequencing cards, emotion cards, and other visual supports;

worksheets, posters, lapbooks, and collaborative classroom displays;

art and craft materials, including markers, coloured paper, glue, cardboard, paint, and

modelling materials;

home-made experimental materials prepared by children together with their families;

e educational videos, digital quizzes, and collaborative online presentations.

These resources supported active, hands-on learning and enabled the integration of STEM
concepts with creativity, digital technologies, and family participation throughout the ed-
ucational process.

The project implemented an interdisciplinary STEM/STEAM approach by integrating chil-
dren's literature with inquiry-based and hands-on learning activities. Using Pete the Cat
as a narrative context, learners engaged in a variety of educational tasks, including scien-
tific experiments, problem-solving activities, introductory coding, engineering design
challenges, creative arts activities, and collaborative learning experiences. This pedagogi-
cal framework was designed to connect storytelling with authentic learning situations,
thereby supporting the development of conceptual understanding across multiple STEAM
disciplines (Figure 1).

Figure 1. STEM with PETE is Really Great project. Examples of educational activities integrating the Pete the Cat stories
are centered on the character Pete, a blue cat, with inquiry-based STEM/STEAM learning, including scientific experi-
ments, coding, engineering design, and collaborative problem-solving. These books are used in preschool and early
primary education because they combine simple narratives with themes of resilience, problem-solving, emotions, crea-
tivity, friendship, and learning.

3.  Results

The implementation of the four international eTwinning STEM projects generated comple-
mentary learning experiences across different areas of preschool education. The project
Coding STEAM and Stories engaged children in coding games, interactive narratives, and
collaborative problem-solving activities that incorporated computational thinking, se-
quencing, creativity, and digital storytelling. Children constructed logical sequences, fol-
lowed coding paths, and expressed ideas through stories linked to STEM challenges.
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STEM Research in Kindergarten introduced inquiry-based learning through hands-on ex-
periments involving water, magnets, plants, colours, measurement, and natural phenom-
ena. Children participated in activities involving observation, prediction, experimentation,
and logical reasoning while exploring scientific concepts appropriate for early childhood
education.
During the COVID-19 pandemic, Kindergarten from Home adapted STEM education to
online and home-learning environments. Parents participated as educational partners by
conducting experiments and STEM activities together with their children, thereby main-
taining continuity of learning and strengthening collaboration between families and teach-
ers.
The project STEM with Pete is Really Great (Figure 1) integrated the children's book series
Pete the Cat with engineering, coding, mathematics, and collaborative problem-solving
activities. Using stories as a narrative context, children participated in scientific experi-
ments, introductory coding activities, engineering design challenges, creative arts activi-
ties, and collaborative learning experiences. The project was awarded both the National
Quality Label and the European Quality Label within the eTwinning programme.
Across all four projects, qualitative pedagogical observations conducted by participating
teachers indicated high levels of children's engagement, communication, collaboration,
creativity, curiosity, critical thinking, and early computational thinking. International co-
operation among partner institutions from Romania, Greece, Turkey, Lithuania, and Po-
land also promoted intercultural awareness, digital competences, and professional collab-
oration among educators.

4, Discussion

The findings suggest that interdisciplinary STEM education can be effectively imple-
mented in preschool settings through the integration of inquiry-based learning, storytell-
ing, coding, engineering design, and collaborative activities. These observations are con-
sistent with previous studies reporting that integrated STEM approaches support chil-
dren's creativity, problem-solving abilities, and scientific thinking (Bybee, 2013; Margot &
Kettler, 2019).

The findings suggest that computational thinking can be introduced successfully at the
preschool level through developmentally appropriate, play-based experiences. This find-
ing supports previous research showing that coding activities enhance young children's
logical reasoning and problem-solving skills (Papadakis, 2021).

Storytelling emerged as an important pedagogical strategy by providing meaningful con-
texts for scientific exploration and engineering challenges. Integrating literature into STEM
activities increased children's motivation and emotional engagement while facilitating
connections between scientific concepts and everyday experiences.

Another important outcome was the active involvement of families, particularly during
the COVID-19 pandemic. Home-based STEM activities strengthened communication be-
tween teachers and parents and extended children's learning beyond the classroom. At the
same time, international collaboration through eTwinning encouraged the exchange of
teaching practices and educational resources among partner institutions, contributing to
teachers' professional development and the implementation of innovative educational ap-
proaches.

Although the study is based on qualitative pedagogical observations rather than standard-
ised assessment instruments, the findings indicate that international STEM projects can
provide meaningful learning experiences and promote innovation in early childhood ed-
ucation.

The study has several limitations. It is based on qualitative pedagogical observations con-
ducted in a single preschool setting and does not include standardized measures of chil-
dren's learning outcomes or a comparison group. Consequently, the findings should be
interpreted as evidence of educational practice rather than causal proof of effectiveness.
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5. Conclusions

The implementation of four international eTwinning STEM projects between 2020 and
2025 demonstrates the educational value of interdisciplinary STEM learning in preschool
education. The projects supported the development of children's creativity, communica-
tion, collaboration, curiosity, critical thinking, and early computational thinking while
strengthening family involvement and international educational cooperation.

The study also highlights the benefits of combining inquiry-based learning, storytelling,
coding, engineering design, and digital collaboration to create engaging learning experi-
ences for young children. International eTwinning partnerships facilitated professional ex-
change among teachers and contributed to the dissemination of innovative educational
practices across participating countries.

Future studies should complement qualitative pedagogical observations with systematic
assessment methods and quantitative measures to provide stronger evidence of the edu-
cational impact of STEM-based international collaboration in early childhood education.
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Abstract: In recent decades, the growing prevalence of psychological stress, social
fragmentation, and identity-related challenges has intensified the need for integrative
approaches to wellbeing. This is particularly evident among individuals with migra-
tion experiences, for whom processes of adaptation often involve emotional instability
and disruption of social belonging. The Air Art Retreats initiative presents an interdis-
ciplinary model that combines artistic practice, psychological insight, and educational
methodology within natural environments. This article situates the initiative within
existing research in art therapy, environmental psychology, and experiential learning.
It argues that creative engagement in nature fosters emotional regulation, cognitive
activation, and social cohesion, while also supporting identity reconstruction. Through
a synthesis of theory and practice, the article demonstrates how artistic processes can
function as transformative tools for individual and collective wellbeing.
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1. Introduction

The relationship between creativity and human wellbeing has increasingly become a sub-
ject of scholarly attention across multiple disciplines, including psychology, neuroscience,
education, and public health. Contemporary research consistently demonstrates that en-
gagement in artistic activities contributes to emotional regulation, stress reduction, and
overall improvements in mental health (Fancourt & Finn, 2019). These findings are partic-
ularly relevant in the context of modern societies, where individuals are frequently ex-
posed to chronic stressors, digital overstimulation, and reduced opportunities for mean-
ingful social interaction.

Within this broader context, the Air Art Retreats initiative emerges as a practice-based re-
sponse to these challenges. Rather than approaching wellbeing through a single discipli-
nary lens, the initiative integrates artistic creation, psychological reflection, and educa-
tional engagement into a unified experiential format. Participants are invited to engage in
plein air painting within natural settings, where attention to light, colour, and spatial com-
position becomes a means of reconnecting with the present moment.

The emphasis on present-moment awareness aligns with mindfulness-based frameworks,
which highlight the role of attention and perception in stabilizing psychological states
(Kabat-Zinn, 1990). However, unlike traditional mindfulness practices that often rely on
meditation, Air Art Retreats employ artistic practice as the primary medium through
which awareness is cultivated. This distinction is significant since it allows participants to
access reflective states indirectly through action rather than introspection alone.

2.  Theoretical foundations: nature, creativity, and human cognition

The effectiveness of plein air artistic practice can be understood through several comple-
mentary theoretical frameworks. One of the most influential is the Attention Restoration
Theory, which proposes that exposure to natural environments restores cognitive capaci-
ties that are depleted through sustained directed attention (Kaplan & Kaplan, 1989). Ur-
ban environments demand constant cognitive control, whereas natural settings provide
what Kaplan describes as “soft fascination,” allowing the mind to recover without effort.
Simultaneously, the concept of flow developed by Mihaly Csikszentmihalyi offers insight
into the psychological mechanisms underlying deep creative engagement. Flow is charac-
terized by intense concentration, a sense of control, and intrinsic motivation (Csikszent-
mihalyi, 1990). Artistic practice, particularly in immersive environments, provides optimal
conditions for entering this state.

From a neuroscientific perspective, creative activities have been shown to engage multiple
brain networks associated with emotion, reward, and self-referential processing. Studies
indicate that sustained artistic engagement can lead to measurable changes in brain struc-
ture and function, supporting the idea of neuroplasticity (Bolwerk et al., 2014). These find-
ings suggest that creativity is not merely expressive but also transformative at a biological
level.

2. Migration, identity, and the need for creative interventions

Migration represents a complex psychological and social process that extends far beyond
physical relocation. Individuals undergoing migration frequently experience disruptions
in identity, loss of social networks, and heightened levels of uncertainty. Research in cross-
cultural psychology has consistently identified these factors as significant contributors to
stress and reduced wellbeing (Bhugra, 2004).

The process of acculturation requires individuals to negotiate between multiple cultural
frameworks, often leading to internal conflict and fragmentation of identity (Berry, 2005).
Traditional verbal forms of support may not always be sufficient to address these chal-
lenges, particularly when emotional experiences are difficult to articulate.

In this context, creative practices offer an alternative mode of expression. As noted by
Cathy Malchiodi, artistic processes enable individuals to externalize internal experiences
through symbolic representation, facilitating emotional processing and integration (Mal-
chiodi, 2012). This non-verbal dimension is especially valuable in intercultural settings,
where language barriers and cultural differences may limit conventional communication.
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The Air Art Retreats initiative initially focused on immigrant women, recognizing both the
vulnerability and resilience of this group. By providing a supportive environment for cre-
ative expression, the retreats create conditions in which participants can explore and re-
construct their sense of self.

4.  Art education and the development of perception

Artistic practice within the Air Art Retreats is not conceived as mere spontaneous self-
expression, but as a cultivated perceptual discipline grounded in the traditions of art edu-
cation. At its core lies the idea that learning to see is neither passive nor immediate, rather,
it is a trained, culturally mediated, and cognitively complex process. The act of painting
outdoors becomes an exercise in perceptual refinement, where attention is gradually reor-
iented from habitual recognition toward nuanced observation (Figure 1).

Figure 1. Participant engaged in plein air painting. Direct observation of the landscape encourages focused attention,
perceptual refinement, and the development of visual awareness.

Exposure to historical artistic movements plays a crucial role in this transformation. Move-
ments such as Impressionism, for instance, fundamentally challenged the primacy of rep-
resentation by shifting the artistic focus toward the fleeting qualities of light, atmosphere,
and sensory experience. In this context, perception is no longer understood as the accurate
depiction of objects, but as an active and interpretive engagement with reality. The work
of Claude Monet exemplifies this shift, demonstrating how vision can be reconfigured into
a dynamic process shaped by time, environment, and subjective presence. From an educa-
tional perspective, this approach aligns with the view that the arts cultivate distinctive
modes of thinking. Eisner (2002) argues that artistic engagement develops cognitive capac-
ities that extend beyond the scope of conventional academic disciplines. These include the
ability to attend to subtle variations, to remain open in situations of uncertainty, and to
construct meaning in the absence of fixed solutions. Such forms of thinking are particularly
relevant in contemporary contexts characterized by complexity and ambiguity (Eisner,
2002).

Perception in this framework is not treated as an isolated visual skill but as an embodied
and relational process. Participants do not simply observe the landscape; they inhabit it
through sensory, emotional, and material interaction. The brushstroke becomes both a
mark and a form of inquiry, translating perception into action. This resonates with broader
theories of embodied cognition, which suggest that thinking emerges through engagement
with the physical world rather than abstract reasoning alone. Within the retreats, art his-
torical knowledge is introduced not as a rigid canon but as a living resource that partici-
pants can actively engage with. References to artistic traditions serve as points of orienta-
tion rather than prescriptions, enabling individuals to situate their own practice within a
continuum of cultural production. This dialogical relationship between past and present
enriches the creative process, fostering both a sense of belonging and a capacity for inno-
vation. The integration of art education into the retreat structure transforms painting from
a technical activity into a mode of inquiry. It invites participants to reconsider how they
see, how they interpret, and how they relate to the world around them. In doing so, it
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expands the scope of artistic practice from the production of images to the cultivation of
perception itself.

5.  The psychological dimension of creative practice

The psychological framework underpinning the Air Art Retreats extends far beyond the
general notion of wellbeing, engaging instead with more nuanced processes of emotional
regulation, self-awareness, and identity integration. Within this context, creative practice
functions not simply as a mode of expression, but as a structured yet open-ended psycho-
logical space in which individuals can encounter, process, and reconfigure their internal
experiences within a safe environment. Unlike direct verbal reflection, which may at times
feel confrontational or limiting, artistic activity allows for an indirect mode of engagement,
where emotions can be explored through metaphor, gesture, and material interaction. This
indirectness is particularly significant in relation to emotional regulation. Contemporary
psychological research suggests that symbolic and non-verbal forms of expression can fa-
cilitate access to affective states that are otherwise difficult to articulate (Malchiodi, 2012).
Through the act of painting, participants externalize internal experiences, transforming
diffuse or overwhelming emotions into visible and tangible forms. This process creates a
critical distance that enables reflection without detachment, allowing individuals to both
experience and observe their emotions simultaneously. In this sense, creative practice op-
erates as a mediating space between inner experience and conscious awareness.

The motivational dynamics of this process can be understood through Self-Determination
Theory, which identifies autonomy, competence, and relatedness as fundamental psycho-
logical needs (Deci & Ryan, 2000). The retreat environment is deliberately structured to
support all three dimensions. Autonomy is fostered through the freedom to choose subject
matter, pace, and style, enabling participants to retain a sense of agency over their creative
process. Competence develops gradually through guided instruction and repeated en-
gagement, allowing individuals to experience mastery and progression. Relatedness
emerges within the shared creative environment, where participants work alongside oth-
ers, witnessing and being witnessed in their process. This collective dimension is particu-
larly important, as it transforms individual creativity into a relational experience, reinforc-
ing a sense of belonging. At the same time the retreats also engage with deeper layers of
cognition and embodiment. The theory of embodied cognition suggests that thinking is
not confined to abstract mental processes but is fundamentally shaped by bodily interac-
tion with the environment (Wilson, 2002). Therefore, painting, in this context, becomes a
form of embodied thinking. The movement of the hand, the resistance of the brush against
the canvas, and the shifting perception of colour and light all contribute to a dynamic feed-
back loop between perception and action. Cognition unfolds through doing, rather than
preceding it.

Furthermore, the temporal dimension of creative practice plays a crucial role in its psycho-
logical impact. The sustained attention required for painting encourages a slowing down
of cognitive processes, counteracting the fragmented attention patterns characteristic of
contemporary digital life. This temporal shift supports deeper forms of concentration and
presence, closely related to the psychological state of flow described by Mihaly Csikszent-
mihalyi. Within this state, self-consciousness diminishes, and individuals become fully im-
mersed in the activity, leading to enhanced intrinsic satisfaction and psychological inte-
gration. (Csikszentmihalyi, 1990).

Importantly, the retreats also create conditions for what may be described as narrative re-
construction. Through repeated engagement in creative activity, participants begin to re-
interpret their experiences and identities, not necessarily through explicit storytelling, but
through evolving visual expressions. This process aligns with broader psychological the-
ories that emphasize the role of meaning-making in wellbeing. Art, in this sense, becomes
a medium through which individuals can reorganize their internal narratives, integrating
past experiences with present perception. In sum, the psychological dimension of creative
practice within Air Art Retreats is multifaceted, encompassing emotional, cognitive, moti-
vational, and relational processes. By combining structure with openness, individual re-
flection with collective experience, and perception with action, the retreats establish a com-
plex psychological ecosystem. Within this ecosystem, creativity is not an isolated skill but
a mode of being one that supports resilience, self-understanding, and the ongoing negoti-
ation of identity.
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6.  Structure and methodology of the retreat

The retreats are conducted in natural environments selected for their aesthetic and sensory
qualities. Participants work outdoors, engaging directly with their surroundings (Figure
2). This direct engagement contrasts with studio-based practices, where observation is of-
ten mediated through photographs or memory.

The methodological approach is intentionally flexible. Some participants prefer structured
instruction, while others gravitate toward intuitive exploration. By accommodating both
approaches, the retreats create an inclusive environment that respects individual differ-
ences in learning styles. This dual approach reflects principles of constructivist learning
theory, which emphasizes active participation in knowledge creation (Vygotsky, 1978;
Kolb, 1984). Learning is not transmitted but constructed through interaction with the en-
vironment and others.

Figure 2. Landscape paintings produced during the Air Art Retreats and presented in an outdoor exhibition setting.
The public display of participants” artworks encourages reflection, social interaction, and a sense of creative achieve-
ment.

7.  Cognitive, emotional, and social outcomes

The outcomes observed in Air Art Retreats align with extensive empirical findings on the
neurobiological benefits of creativity. Beyond general academic success (Catterall, 2009),
specific research on adults demonstrates that visual art production enhances functional
connectivity in the brain’s default mode network, significantly increasing psychological
resilience (Bolwerk et al., 2014). Furthermore, long-term artistic engagement has been
shown to yield measurable improvements in memory and attention among older adults
(Mahendran et al., 2018). These cognitive gains are amplified by the 'soft fascination' of
natural environments, which facilitates stress recovery and replenishes depleted atten-
tional resources (Ulrich et al., 1991).

Socially, the retreats foster a sense of belonging and community. Group creative activities
have been shown to strengthen social bonds and promote cooperative behaviour (Tarr et
al.,, 2014). For individuals with migration experiences, this sense of belonging is particu-
larly significant, as it counteracts feelings of isolation. Participants frequently report in-
creased self-efficacy, defined by Bandura (Bandura, 1997) as the belief in one’s ability to
achieve desired outcomes. This shift in self-perception is a critical component of resilience
and long-term wellbeing.
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8.  Sustainability and broader impact

In addition to its psychological and educational dimensions, the initiative incorporates
principles of environmental and cultural sustainability. Engagement with local landscapes
encourages appreciation of natural and cultural heritage, aligning with frameworks pro-
moted by UNESCO (UNESCO, 2013).

Sustainable practices, including the use of local materials and environmentally conscious
logistics, reflect broader efforts to integrate ecological awareness into cultural activities
(Sterling, 2001). By promoting offline, nature-based experiences, the retreats also address
the growing impact of digital saturation on mental health.

9.  Conclusions

Air Art Retreats represent a holistic model of creative wellbeing that integrates artistic
practice, psychological insight, and educational methodology. By situating creative activ-
ity within natural environments and social contexts, the initiative offers a powerful frame-
work for addressing contemporary challenges related to stress, identity, and social discon-
nection.

The interdisciplinary nature of the model allows it to function across multiple domains,
including mental health, education, and cultural engagement. As such, it holds significant
potential for further development and research, particularly in exploring the long-term
impact of creative interventions on wellbeing.

Conflicts of Interest: The authors declare no conflict of interest.
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ABSTRACT

Breast reconstruction after mastectomy is an
important part of comprehensive breast cancer care,
improving psychosocial well-being and quality of
life. However, #f may cause movement limitations
and functional impairment, espedally in the upper
limb and, in autologous procedures, at the donor site.
Commeon issues indude reduced shoulder mobility,
musde weakness, pain, and altered movement
pattems. Implant-based reconstruction is often linked
to pectoral tightness, while autologous techniques
may cause additional donor site defidts.
Individualized physiotherapy plays a key role in
function.

improving recovery and

Upper quarter dysfunction is common following all
types of breast reconstruction, manifesting as
shoulder pain, reduced range of motion, musde
weakness, scapular dyskinesis, and compensatory
movement patterns. Chest muscle tightness may
persist for up to six months, Iymphedema for up to
one year, and rotator cuff impairments are frequently
reported in the postoperative period.

Implant-based struction is associated with
pectoralis major tightness, reduced torque musde
strength, and altered shoulder musde activation
pattems  (4). Submuscular implant placement
frequently leads to postoperative pain and musde
spasms, pramoting protective movement behaviours
that further compound shoulder dysfunction and
increase the risk of scar tissue formation (3).

Figure 1. Implant-based reconstruction.

Latissimus dorsi (LAT) flap reconstruction results in
significant and potentially long-lasting deficits in
shoulder adduction, nternal rotation, and extension
strength which may persist for up to 3.5 years
postoperatively (12). Up to 73% of patients report
difficulty with arm-related activities of daily living.
Shoulder instability is also commeonly reported (7).
Residual impairments more prominently affect high-
demand and athletic activiies than routine
functional tasks (1). Functional morbidity tends to
adequately improve over time with appropriate
rehabilitation.

Figure 2. Latissimus dorsi (LAT) flap.

METHODS

A narrative liferature review was conducted to
examine the effects of breast reconstruction on
movement and functional outcomes, and the
implications for physiotherapy. Asticles published
between 2000 and 2025 were inchuded. Peer-
reviewed studies formed the primary evidence base,
providing detailed analyses of surgical techniques,
biomechanical consequences, and  expected
rehabilitation outcomes. Systematic reviews and
meta-analyses were used to identify prevailing
trends i clinical practice and summarize existing
evidence.

RESULTS

Abdominal-based reconstruction nfroduces donor
site morbidity that affects tnmk function. TRAM flap
procedures significantly reduce abdominal and back
extensor strength and are assodated with higher
postoperative pain and greater fumctional impaimment
compared to other techniques (11). The DIEP flap
preserves the rectus abdominis muscle and is
assodated with lower donor-site morbidity; however,
some degree of abdominal weakness may still persist
(6). Both techniques may compromise posture and
core stability.

DIEP Flap

Infanor Epigasiric

i spared anery & vain

Figure 3. Abdominal-based reconstruction (DIEP flap).

Phyald.herapy plays a critical role in recovery acoss
reconstruction types. In the immediate
postoperab.“a period, gentle shoulder extension and
adduction exerdses are encowraged within pain
tolerance, with elevation typically limited to 90°
during the first two weeks (8). Between weeks two
and four, full range of motion is gradually restored
as  wound healing progresses. Progressive
strengthening is introduced at approximately one
month, with retum to sport and higher-load
activities encouraged after three months. A Cochrane
systematic review confirmed that structured
postoperative exercise pmg:ranw are mgm.hcantly
more effective than standard care alone in improv
shoulder mobility in both the short and long term [9}

lEDODnﬂnEJ ‘akin and fat)

CONCLUSION

Breast reconstruction after mastectomy is frequently
assodated with movement and functional
impairments. The extent of dysfunction depends on
the reconstruction technique, emphasizing the need
for targeted rehabilitation Evidence supports
structured, progressive physiotherapy to improve
mobility, strength, and fumction Physiotherapists
must understand the biomechanical effects of
different methods to provide safe, individualized
care.

Following implant-based reconstruction, rehabilitation
focuses on pectoralis major relaxation and re-training,
gradual correction of compensatory movement
patterns, and progressive of the rotator
cuff and scapular stabilizers (10). After LAT flap
reconstruction rehabilitation emphasizes
strengthening of scapular stabilizers, correction of
scapular dyskinesis, activation of latissimus dorsi
rgists, and targeted postural exercises to reduce
the risk of thoracohmumbar scoliosis. For abdominal-
based reconstructions, rehabilitation must additionally
address trunk and core muscle deficits; preoperative
physiotherapy focusing on rectus abdominis strength
may also contribute to improved postoperative
recovery following DIEP flap procedures (2).
Adjunctive therap such as ge therapy and
Pulsed eledromagnehc field therapy may reduce
tive pain, infl ion, and anxiety and
thenﬂ_l'cme facilitate earlier partidpation in active
rehabilitation (5).
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ABSTRACT

Breast cancer is one of the most common
malignancies among women worldwide, and
mammography remains the primary method for
eany detection. Breast compression is a key technical
component that influences image quality, radiation
dose, and patient comfort. Adequate compression
reduces breast thickness, tissue overlap, and motion,
thereby improving image quality. However, it may
also cause discomfort or pain, potentially affecting
partidpation in soreening programmes. This review
summarises the technical aspects of breast
compression and its impact on image quality and
patient-reported comfort. Findings highlight the
importance of achieving a balance between optimal
image qua].'tky and paﬁent—w\tred care, emphasiz:’mg
the citical role of radiographers.

Technical effects of breast compression: Breast
compression plays a key role in optimising
mammographic image quality. It reduces breast
thickness, fissue superimposifion, and motion
artefacts, resulting in dearer and more diagnostically
reliable images {4) Compression improves spatial
resolution and contrast, enhances visibility of fine
details such as microcaldfications, and contributes to
a more uniform image with a higher signal-to-ncise
ratio (1). Additionally, reduced fissue thickness
allows for lower radiation dose and deaeased scatter
radiation (7).

Compression force and dinical variability: The
effectiveness of compression depends on the level of
applied force and resulting breast thickness reduction
(5). In dinical practice, compression is typically
guided by experience and patient feedback rather
than strict protocols (7). Due to the lack of
standardised guidelines, there is considerable
vanability i  applied compression force.
Recommended values generally range between 60 N
and 160 N, with an upper limit of approximately 200
IN. However, compression is often limited by patient
discomfort rather than technical requirements (3).

Patient comfort and influencing factors; Patient
discomfort during mammography is a multifactorial
issue. Key factors include breast density, age,
previous surgical procedures, and individual pain
sensitivity. Mechanical factors, particularly
compression force and duration, are the main
contributors to pain Psychological factors, such as
fear, anxiety, and previous negative experiences,
further influence perceived discomfort (6).

Role of communication and technology: Effective
commumication by radiographers is one of the most
important factors in reducing patient discomfort and
improving overall experience. Clear explanations and
supportive interaction can significantly reduce
amdety and perceived pain (6). Technological
advancements, such as curved compression paddles
that conform better to the natural shape of the breast
and allow a more even distribution of pressure, have
shown potenfial to improve comfort while
maintaining image quality (8).

1 Agins, E C, & DNaylor, 5 (2015). Breast compression techmiques in screening mammography—4 Maltess eval-uation prujed‘ Radlugraplvy '?4[4], 339—3[4 hitps
2 Brauderlmst \’\- ,de G'uot, 1E, Hig\nam,ﬂ C‘narn A, Bolm-Vélez, M. Broeders, M.T, . need

nostics] "1\‘]'1‘ 27

iy
5. Hulland, K &chcpuulos I, Marm, R M Den Heeten, G. ]
mamn’ngaphyscreﬂm\g Breast cancer research, 19(1), 126. hitp

METHODS

A narrative literature review was conducted to
examine the technical aspects of breast compression
in mammography, with a focus on image quality and
patient comfort. Publications from 2004 to 2025 were
included. Peerreviewed studies provided the main
evidence base, addressing compression techniques
image quality parameters, radiation dose
optimisation, and patient-reported outcomes. Review
articles were used to synthesise existing knowledge,
while professional guidelines from international and
European organisations were induded to reflect
current clinical practice. Additional sources, such as
academic textbooks, supported the anatomical and

technical background.

RESULTS

Figure 1. Example of a high-quality
mammogram in the craniocaudal (CC)
projection.

high-quality

Example of a
mammogram in the mediolateral oblique
(MLO) projection.

Figure 2.

REFERENCES

CONCLUSION

Breast compression is a key component of
mammography, improving image quality and
enabling radiation dose optimisation, but it may also
cause pafient discomfort. Achieving an optimal
balance between technical image quality and patient
comfort is essential. Cearer compression guidelines,
improved comfort-enhandng technologies, and
effective radiographer-patient conm'lmxcahon can
help reduce discomfort without comy ising
diagnostic quality. Further research should focus on
defining individualised compression parameters and

improving patient experience to support soreening
adherence.

Image quality: Breast compression significantly
improves mammographic image quality through
several mechanisms (4).

* Reduced geomeftrical blur: decreased breast
thickness brings struchures closer to the detector.

. Inar d spatial resoluti improved visibility

of small structures and microcaldfications.

Reduces radiation dose: thinner tissue requires

lower exposure.

Decreased motion artefacts: stabilisation of the

breast during imaging.

] Improved contrast and uniformity: reduced
scatter radiation enhances image clarity and
signal-to-noise ratio (4).

These effects enable more accurate detection of subtle

lesions and improve overall diagnostic reliability.

However, inaeased compression may also lead to

greater patient discomfort, requiring a balanced

approach (2).

Motion
(RCC)

Figure 3.
craniocaudal

artifact. (a)
mammogram
blurred microcalcifications and dense breast
tissue. (b) On a corrected RCC mammogram,
the microcalcifications appear more distinct
against a fibroglandular background, and
the breast tissue is less dense.

Right
shows

.. & Grimbergen, C. A (2015). b

i.org/10. L].SD 513058-017-0917-3

dization. European

u;_gbe'g,A . & Famwvik, D. (2012). Breast compression in mammography: pressure distribution patterns. Acta Radiclegica, 53(9), 973-
\r Salvia, A A H, lcanine, A, Sciama, A, & Gatta, G. (223). Breast im-aging physics in mammegraphy (part I). Diagnostics, 13(20), 3227,

n Gils, C. H, & Karssemeijer, N. (2017). lflu-ence of breast canpression pressure on the perfamance of populationbased

B, Mendat, C.C, Mslan, D, & Hession-Fimz, L {2017). Patient camifort fram the tedwmologist perspechve fac-tors to consider in marmmographic imaging. Ivternational Journal of Women's Health, 359-

TWELSL 29517

7. Pm.'l.cq, A, & I\‘iclean.D [2004). The application of breast compression in mammegrap
B Smith, A I'Y]Jf] Improving patient comfort in mammegraphy. Hologic: WP-00119 Rev, 1. bt

aphy a rewperspe: tive. Radwgrapl\y 1042), 131-137 http
v bl my/sites/ default'fles Tmnpr:

Mammography. pdf

P3



1472026 = Y
SOCRATIC o #
LECTURES Yoo

P4

FarmEW's is funded by the European Unlon Grant Agreement No. 101131175
Views and opinions expressad are howaver thase of the authors and do not
necessarly reliect (hose of the Ewopsan Unicn. Nailher the Eurcpean Unlon
nar the granting authonily can b hekd respansibie for ham. \We thank ARIS for
grants P2-0132. P2-0232, P3-0288 J3-50063

Effect of heavy metals on extracellular particles
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Outline

Microalgae are of great importance for ecology and industry; however,

the mechanisms of ecosystem resiliency and production of economically
relevant compounds should be better understood. Here, we focus on
adaptive response of microalgae to heavy metals, specifically, manganese
(Mn) and copper (Cu). In line with the abservation on human neuroblastoma
cells in vitro, which expel the metals outside the cell using extracellular
particles (EPs) to resist toxicity, we investigated if this could be applied to
microalgae.

Methods

Chlorella sorokiniana cultures were treated with 1mM MnCl: and CuCl: at

the early stationary phase (20 days old). During 4 days after treatment,
supernatants and pellets abtained by differential centrifugation were cbserved
using Scanning Electron Microscopy (SEM} and Transmission Electron
Microscopy (TEM) with Energy Dispersive Spectroscopy (EDS). We assessed
number density and hydrodynamic diameter of EPs by Interferometric Light
Microscopy (ILM) (Videodrop, Myriade). Photometry was made on Refeyn Two
MP mass photometer. Single spectrum Raman spectroscopy was made on
WiTec Alpha 300 RA spectromeler with 532 nm laser and 50x magnification
objective.

Results

SEM revealed numerous microalgae surrounded by amorphous mucilage.
In supernatant we observed fractal structures, which were particularly
abundant in metal-treated samples. In the pellet of control and Cu-treated
samples, SEM and TEM revealed small amount of globular particles. TEM
EDS of Cu-treated samples exhibited in the globular particles an increased
content of metals with respect to the surroundings. Controls composed of
water-added phosphates and copper in the same concentrations as in the
culture showed the presence of similarly shaped, albeit larger globular
structures. |LM showed the presence of numerous particles (in the range
of 10 per mL in the culture and up to 10 times larger in the supernatant),
whilg the detected number density in the culture was under the detection
limit. Measurements of the pellets were not feasible due to the presence
of the mucilage. Mass photometry and Raman speclroscopy results are
given in Figures 3 and 2, respectively.

8 "
Conclusions
Extracellular particles observed in microalgae samples may be formed by
phosphates contained in the mucilage shed by microalgae. Our results
support the assumption of accumulation of copper by EPs composed by

cells under control conditions and after treatment with 1 mM MnClz or 1 mM
CuClz for 72h, recorded using the HAADF-STEM imaging mode, (b): EDS
analysis regions are marked with numbers. (c): The table summarizes the
atomic fraction (%) of Mn or Cu within the overall elemental composition and
the calculated Mn or Cu ratio relative to the biologically relevant intracellular
metals (Na, K, Mg, Ca).

extracellular material shed by microalgae. i | A2 B 3
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Dil.: dilution, corr: corrected for dilution, S: supernatant, AV.C.: average
number density, g: gravity acceleration of Earth. Time: time after treatment
with metals. Results are given +/- standard deviations.

i

Figure 3. Mass photometry along the differential centrifugation. At lower forces,
pellets were richer than supernatants. In particular at the last step, the super-
natant was richer than the isolate. Most of the molecules were in the range (100
-200)kDa. There were also larger particles present.
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_j‘_;zatl-oh of Human Plasma Pr-'é“sérvation Method

as a Standard for Biological Analysis

Currently, most research in the field of biochemical robots is centered on plasma control and
calibration. This focus is natural, since plasma-based control and calibration enable the robot to carry
out its intended functions efficiently. Without plasma control, for example, robots would be unable to
communicate their functions. Advances in techniques for manipulating, generating, and monitoring
plasma have greatly improved the plasma-control process, and these improved techniques are
essential for ensuring a stable and effective plasma environment. Calibration is likewise crucial to
make sure biochemical robots behave accurately and predictably. Because robots, like all devices, are
prone to errors, calibration becomes necessary; if such errors accumulate, they can undermine the
robot's reliability. In the event of a control-system failure, robots may become dangerous, as the
control system could direct them into potentially hazardous and unexpected movements.’

Control systems for biochemical robots usually require three kinds of calibration: actuator calibration,
sensor calibration, and motion calibration. Customizable robots allow designers and users to rely on
generic hardware that can easily be configured to support a wide range of movements and
interactions. The behaviors displayed by a biochemical robot using plasma control and calibration are
highly significant in any given design task, because they reveal the robot’s true attributes. Plasma
control, together with calibration, offers a unique way to observe the robot in terms of control and
motion. While plasma calibration is under way, the robot’'s calibration window in the software is
updated in real time, allowing the robot's processor to adjust to the plasma environment. Integrating
plasma control and calibration into biochemical robots has opened new avenues for exploring robot
movement and behavior.?

These methods also hold promise for designing more autonomous robots that can adapt to changes
in both their surroundings and their own physical conditions. Al-based plasma calibration supports
the plasma-control software by allowing users to define the palette of a given species in the plasma
recipe editor—an especially important feature when multiple gas types are used. To ensure correct
final results, please provide the machine-translated file and, using AssistEdit, help us improve the
translation,®

Blood Collection Techniques

Pathogenic and Normal Plasma Populations

Plasma Separation Equipment and Techniques
Spectrophotometer: MINDRAY BA-88A

Biochemistry Analyzer: MINDRAY BS 240

Diagnostic Reagents with Standards

Sample Preservation: Freezers at -30 °C and between -5 to -8°C

| E-mail: biochimist-rezki@gmail.com

The conservation of human plasma is essential to ensure the
reliability of biochemical analyses. However, current preservation
methods present limitations, particularly when it comes to the
long-term storage of biomarkers. This study aims to assess the
stability of key biomarkers — glucose, urea, creatinine,
cholesterol, and triglycerides — over a period of 90 days using
three different storage methods: freezing at -30 °C, storage at -
5°C/-8 °C without chemical stabilizers, and storage at -5°C/-8 °C
with the addition of stabilizers. The goal is to evaluate the
effectiveness of each method to potentially use the samples as
reliable reference standards.

Plasma samples were subjected to these three storage
conditions. To ensure precise and reproducible measurements,
analyses were carried out using a Mindray biochemistry analyzer.
The resuits showed that freezing at -30 °C allowed for optimal
preservation with minimal variability across the biomarkers. In
contrast, rapid degradation was observed in samples stored at -
5°C/-8°C without stabilizers. Notably, the use of chemical
stabilizers at the same storage temperature significantly
improved biomarker stability, producing results comparable to
those obtained with freezing.

In conclusion, freezing at -30 °C remains the most reliable method
for long-term storage of plasma biomarkers. However, the
incorporation of chemical stabilizers presents a viable alternative,
particularly in settings where advanced refrigeration
infrastructure is limited. A combined approach utilizing both
freezing and chemical stabilization could help optimize the quality
of plasma samples for biomedical applications.

Glycemia

|Cholesterol

The key findings of this study demonstrate that storing human
plasma at -30°C is the most effective method for preserving
critical biomarkers such as glucose, urea, creatinine, cholesterol,
and triglycerides. This temperature ensures excellent analyte
stability, which is essential for maintaining the reliability of
subsequent biochemical analyses.

Additionally, storing plasma at -5 °C to -8 °C with added chemical
stabilizers also proved to be effective, showing significantly
better biomarker preservation than storage without stabilizers.
These findings highlight the importance of plasma stabilization
protocols, especially in settings where deep freezing
infrastructure is limited.

These conclusions carry important implications for medical
practice and clinical diagnostics, particularly in the monitoring of
patients with metabolic disorders. Healthcare professionals are
thus encouraged to adopt appropriate storage techniques to
ensure the accuracy and reliability of laboratory resulits.

[1]. R. F. Mendes, Optimization of a linear robot for pipetting and
elimination of microorganisms using cold atmospheric plasma,
2021,

[2]. Z. Zhu, D. W. H. Ng, H. S. Park, and M. C. McAlpine, “3D-
printed multifunctional materials enabled by artificial-
intelligence-assisted fabrication technologies,” Nature Reviews
Materials, 2021.

[3]. A. D. Bonzanini, K. Shao, and A. Stancampiano, "Perspectives
on machine learning-assisted plasma medicine: Toward
automated plasma treatment,” IEEE Transactions on Radiation
and Plasma Medical Sciences, 2021.
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ABSTRACT

Digital mammography represents the foimdation of
modern soreening and diagnostic strategies for breast
cancer detecion, as it enables high resolution
imaging, precise visualization of tissue structures,
and early identification of pathological changes.
Mammography is an imaging method that uses low-
dose x-Tays to create detailed pictures of the breast.
Mammograms are performed in at least two standard
views, the oaniccaudal wview (CC) and the
mediolateral oblique (MLO).

The recognition and prevention of artefads in
mammography is a aucial role in ensuring accurate
detection of breast pathology. Artefacts can be
divided into four main groups: patient related,
detector based, equip-ment related and post-
aoquisition related.

Screening mammograms are performed m at least
two standard views, which inchude the craniocaudal
view (CC) and the mediolateral oblique (MLO).

By comparng these two different wviewpoints,
struchures that are superimposed upon one another
in one view may be separated in the other.

LY |

Figure 1: Standard views in mammography.
On the left two pictures (a and b) is represented
craniocaudal view (CC), while the right two
pictures show (c and d) mediolateral oblique
view (MLO) (Radiological Anatomy, 2023).

Artefacts on mammograms: artifacts reduce guality of
mammograms and can create pseudolesions or mask
abnormalities leading to misinterpretation. Radiographers
are the first to encounter patients and perform the
examination, so it is important that they know how to
recognize artifacts in images, understand why they occur,
and know how to reduce or prevent them if possible.
Artifacts can be patient related (patient motion,
superimposition of objects or other parts of the body
over the breast), detector based (dead pixels, dead or
unread lines, ghosting), equipment related (other
components on the gantry) or post acquisition related
(faihre to propedy reconstruct the image at the
review station or nability of the processing algorithm
to compensate for differences in exposure across the
detector).

METHODS

A systematic analysis of scientific literature was
conducted for the review, published between 1995
and 2025 was conducted, with emphasis on studies
addressing artefacts in digital mammography,
contrast-enhanced mammography, and methods for
their  detecton, dassification, and  dinical
management.

Induded were articles describing the technical
mechanisms underlying artefact formation, their
impact on diagnostic image quality, and
contemporary approaches to arefact reducion,
ncluding  artificial intelligence algorithms and
transfer learning techniques and what we can do to
prevent them.

Artefact recognition: Different artefacts show in
different ways, but they do have one thing in common and
that is, that they remain stable with repeated imaging.

Causes of artefacts:
Artefacts on mammogram can be caused by varous

factors. Patient-related artefacts arise from phiysical
factors extemal to the imaging system.

Figure 2: Breast implant, where can be seen that we have
an obsured view of surrouding tissue. Because of the higher
attenuation of x-ray photons in the breast implant, the
overall quality of the mammogram is not as good (Singla et
al, 2025).

Figure 3: Artefacts caused by dust and dirt that mimic
calcifications (Singla et al, 2025).

CONCLUSION

Attifacts In mammography represent a significant
challenge in breast imaging, as ﬂ'tey can obsamre
pathology or produce false results, potentially leading to
diagnostic errors. Artifacts can arise from patient-related
factors, equipment issues, and tedmique-dependent
processes, with each contributing in its own way to
reduced image quality and diagnostic reliability.

Effective recognition of artifacts requires a combination
of clinical experience, tedmnical knowledge and
attention to detail from both radiographers and
radiologists. Owerall maintaining high diagnostic
acouracy, neciuc'mg unnecessary repeat examinations,
and improving breast cancer detedtion outcomes
aritically depend on heightened awareness, preventive
strategies, and careful artifact recognition.

Figure 4: Rim artefact. Left side shows contrast enhanced
mammaography, mediolater view (MLO), low energy image,
showing highdensity mass with spiculated margin (white
arrow). Right side, recombined image, the mass shows
heterogenous post contrast enhancement with surrounding
rim artefact {white block arrows), seen as black line around
the mass (Singla et al, 2025).

Prevention on artefacts

Artefacts are not that hard to prevent if we take the
comect protocols. Patientrelated artefacts are
prevented by removing clothing and hair, careful
positioning and good compression, as it disables
motion. Patients should not use antiperspirant on
exam day and should clean axilla prior to imaging to
prevent antiperspirant artefacts. When imaging
patients with breast implants Ekhmnd's techmique
ought to be used and magnetic resonance imaging
(MFI} is preferred

Equipment-related aretfacts that occure due to xray
tube malfunction may be prevented with daily check-
ups and weekly gain calibrations, since the issue can
be spotted during the quality control tests. Aretefact
caused by dir tor dust can be avoided with visual
inspection of detector/film surface and regular
cleaning. Dual-energy artefact, which belongs to the
technique-dependant artefacts can be averted with the
proper timing between low-energy and high-energy
image captures and correct exposition parameters. Rim
artefact in CESM are trickier to prevent as it needs
update software and good post-processing.
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ABSTRACT

Breast cancer-related lymphoedema (BCRL) is a
conmon long-term complication following breast
cancer treatment, resulting from impaired lymphatic
transport due to surgical and radiotherapeutic
damage. It leads to accumulation of protein-rich
interstiial fuid, causing swelling, Amctional
impairment, and reduced quality of life.

Physiotherapy represents the comerstone of
conservative management, particularly through
complex decongestive therapy (CDT), which
integrates compression therapy, mamual ymphatic
drainage, therapeutic exercise, skin care, and patient

Pathophysiology

Breast cancer-related lymphoedema (BCEL) develops
as a consequence of impaired lymphatic transport
capacity following surgical and radiotherapy-
induced damage to lymphatic vessels and nodes
(1,2} Disruption of lymphatic pathways leads to the
acammulation of protein-rich interstitial Auid, which
initiates a chronic inflammatory response within the
affected tissues (1,2).

This inflammatory process promotes infiltration of
immune cells and the release of pro-inflammatory
mediators, resulting in progressive fibrosis and
adipose tissue deposition (2,3) Owver time, these
structural changes teduce lymphatic wvessel
compliance and fwmther impair lymph transport,
contributing to the chronic and progressive nature of
the condition (1,2,3).

Importantly, BCEL is no longer considered a purely
mechanical disorder but rather a complex dhronic
inflammatory disease, where Iymphatic injury
triggers long-term pathological changes that may
become imeversible if not managed early (1, 2).
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Figure 1. Figure 1. Pathophysiology of lymphosdema:
comparison of normal and obstructed lymphatic flow.
Mdapted from the MNational Cancer Institute (NCI)
Lymphedema (PDQ®)-Health Professional Version.
lllustration © Terese Winslow, U.S. Government.

RiskFactors

The development of BCRL is multifactorial and
influenced by both treatment-related and patient-
related factors (4). The most significant risk factor is
axillary Iymph node dissection, which causes
extensive disruption of lymphatic drainage pathways
{4). Although sentinel lymph node biopsy is less
invasive, it still carries a measurable risk, particularly
when combined with adjuvant therapies such as
radiotherapy (1, 4).

Radiotherapy further contributes to lymphatic
damage by indudng fibrosis of soft tissues and
reducing Iymphatic vessel function (14). Patient-
related factors such as high body mass index and
postoperative weight gain have been consistently
identified as independent  predictors of

METHODS

A narrative literature review was conducted to
examine the anatomical badkground,
pathophysiology, and physiotherapy management of
BCRL. Sdentific artides published from 2001
onwards were idenfified wusing PubMed and
ResearchGate databases.

Peer-reviewed studies, systematic reviews, and meta-
analyses were induded to provide an overview of
amrent evidence and dinical practice trends (1).

RESULTS

In addition, postoperative complications, inchiding
infection arud seroma formation, may further increase
the risk by exacerbating inflammatory processes and
delaying lymphatic recovery (1,4). These findings
highlight the importance of early risk identification
and long-term monitoring in breast cancer survivors.
Clinical Presentation

Clinical presentation is variable and often develops
gradually. Early symptoms inchide heaviness,
tightness, and discomfort in the affected hmb, while
later stages are characterized by visible swelling and
functional imitations (6).

Patients frequently experience reduced range of
motion, decreased strength, and difficulties in daily
activities, which significantly affect quality of life (6).

Physiotherapy Management

Physiotherapy represents a central component of
conservative BCRL management, to reduce
oedema, mprove upper limb function, and support
long-term self-management (7). A multimodal and
individualized approach is recommended to address
the complex pathophysiclogy of the condition (7).
Complex decongestive therapy (CDT) is considered
the gold standard treatment and consists of manual
bmphatic  dramage, compression  therapy,
therapeutic exerdse, skin care, and patient education
(7.8). Evidence shows that CDT leads to dinically
meaningful rmeductions in limb velume and
improvements in fimctional outcomes when applied
consistently and over a sufficient duration (7,8).

Marmal lyvmphatic drainage is used to stimulate
bmph fow and redirect fluid toward functioning
bmphatic pathways, while compression therapy
Plays a key role in maintaining volume reduction and
preventing fluid reaccumulation (7). Skin care is
essential for preventing infections, which may
worsen lymphoedema and further impair lympha.tlc
function (1,7).

Fignle 2. Flgure 9z Comprzsslnn bandaging of the upper
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Anatomical Background

CONCLUSION

BCRL is a chronic and progressive condition
assodated with disuption of mphatic pathways
following breast cancer treatment.

Physiotherapy, particulady CDT, represents the
comerstone  of management. Eady detection
individualized treatment, and interdisdplinary care
are essential for optimal long-term outcomes.

Therapeut’lc exercise is  an important actve
component of physiotherapy. Current evidence
demonstrates that progressive resistance training
does not exacerbate lymphoedema and is safe for
breast cancer survivors (8). On the contrary, it
contributes to improvements n muscle strength,
functional capadty, and overall quality of life when
properly prescribed and supervised (7,8). In addition
to CDT, several adjunct interventions have been
investigated. Kinesiotaping may improve functional
outcomes and perceived quality of life, although its
effect on imb vohume reduction remains inconsistent
).

Hydrotherapy has been shown to provide short-term
benefits in pain reduction and range of motion,
particulady due to the hydrostatic pressure of water
(8,9).

Photobiomodulation therapy has also demonstrated
potential benefits; however, current evidence remains
limited and heterogeneous (9). Patient education
represerts a crucial component of long-term
management. It focuses on self-monitoring,
appropriate  use of compression  garments,
maintenance of physical acivity, and early
recognition of symptoms (7). Active patient
participation is essential for maintaining treatment
outcomes and preventing disease progression (7,8).
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ISOLATION AND PROFILING OF EXTRACELLULAR VESICLE-
ASSOCIATED RNA FROM VERTICILLIUM NONALFALFAE
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BACKGROUND

Verticillium nenslfalfas is & soil-borne phytopathogen that causes Verticillium wilt, a vascular disease affecting numerous econemically important crops.
Suceessful fungal infection requires a complex melecular interaction between the fungus and its host. Therefore, understanding the machanisms that underl
the host=pathogen interaction is essential to develop new combat strategies. Extracellular vesicles (EVs) have emerged as potential mediators of cross=kingdom
communication, as they enable the transport of biologically active melscular carge, including RMA. Recent studies suggest that fungal pathogens, may explo
RNA delivery pathways, such as vesicle-mediated RNA transfer to promote intection

Growth media P.reli minary sequencing of
= Gzapek-Dox maedium (CDA) e METHODS EV-associated RNA

oA : - . _ » lonChef™
= Xylern simulating medium (XSM) Characterization

* Interferometric light microscopy 7 2
{Videodrop, Myriada) RNA isolation . .
¥ |solation of extracellular vesicles (EVs) = Maonarch Total RNA Miniprep kit
g+ Ditferential ultracentrifugation Bh+ mir\iana miRNA Isalation kit

Figure I a) Visualization of isalated S
particles by interferomatric  light 3
microscopy  {Vidaadrop, Myriade) 5
b) Distribution of particla sizes of | ek = n
— wesicles isolated from CDA or X5M =3 FlsLi"_e z P'j' erem_:_rxl erxpreﬁsmnl
" medlum A ona-way  ANOVA . ;2‘[‘“\'5'5 ?":3:5;”»'7:‘ Fﬂl"}T--al
indicatad no statistically significant 3 : bbbl n wnga
diffarence in particle size betwsen i exn_al_caln.lar vesicles Tr{lnscrlpfs
the two madia, F(1,4) = 3.63 =] significantly  downregiilated in
b} p= 0129, o 1+ Evs isolated from the HSM
£ : medium compared ta the COA
£ 1 - medium are shown in  pink
Table 1: Overview ol the sequancing Y il 1 : EL{ogQ.’qld ehenan L =
output snd mapping  effielency to | 4 3 psQ.0%), whils: the “significaritly
reterence fungal gemome for each >3 b ke R dlehbe tr:a_ns{.-luptg e
sample, Tha table shows the total ! . . o fin greenq{\.ug‘?fuld change
number -of- raw reads end the = N A . ¥ . DR-ps 0.0%),
percentage of reads that successiully 3 -
mapped to tha reference genome The 3 - LS #
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zagquencing depth snd data aquality oI T T
pricr to downstream analysls. = s
SO ETevRE o Uerpu: Gorss
.
.
-
» .
.
- .
-
al E 3k b}

s o b T it

Figure 3: Gana Ontology (GO) enrichmant analyeis ol tranceripts detectod in extraceallular vesicles from preliminary tatal RNA soquencing data The graphs highlight the slgnifiesntly
overrepresented biological processes, cellular components and moelecular functions essociated with: a) transcripts dewnregulated in EVs isolated from the X5M medium compared to
EV's isclated from the CDA medium. b} transcripts upragulated in EVs isolated from the X5M medium compared to EVS isolated from the COA mediurm,

CONCLUSION

The particles isolated from both media exhibited sizes within the 100-300 nm range. consistent with the characteristics dimensions of fungal extracellular
vesicles. The results demonstrate that the compaosition of fungal extracellular vesicles is influenced by the growth medium, with the differential expression
analysis revealing distinct sets of transcripts up-and downregulated in EVs frem XSM compared to TDA. These findings suggest that EV cargo responds to
environmental cues and may play a rola in host interaction. Future wark will expand these analyses by comparing EV-associsted RMA with intracellular funga!
RNA to assess selective RNA packaging, alongside comparative profiling of V. nonalfalfae strains with contrasting wirulence to identify pathogenicity=related
RNA signatures

FUNDING
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Lemna minor is a model organism widely used in
ecology and plant bictechnology research. In
addition, it plays an important role in wastewater
treatment, as it effectively accumulates heavy
metals and other pollutants.

Due to its high nutrient content, it is also being
researched as a potential source of protein for
both humans and animals.

. Common, also known as lesser duckweed
{Lemna miner) is an aquatic plant from the
family Lemnaceae, found on the surface of
freshwater ponds and lakes worldwide. It is
characterized by rapid growth and high
biomass accumulation, making it an
important food source for aguatic
organisms such as fish and invertebrates.

MORPHOLOGICAL CHARACTERISTICS

Common duckweed grows in small floating fronds. Fronds are elliptical or
oval, measuring 2—6 mm in length. Each plant has 1-8 leaf-like structures ENVIRONMENTAL FACTORS
connected with eachother by a thin, thread-like structure. The roots of AFFECTING ITS GROWTH
Lemna minor are white and 0.5-15 cm in length.

This simple structure contributes to its fast growth and adaptability.

|
4

!

l

can inhibit development.
Light intensity directly the rate of
photosynthesis, and i light availability

al omotes faster growth and biomass

the ratio of nitrogen

Lemna minor reproduces mainly asexually by budding, allowing extremely rapid population grow h. Its
biomass can double every 4872 hours and each plant can produce up to 18 daughter plants. Under ; i :
unfavorable conditions, common duckweed forms turions, specialized, dormant, starch-rich vegetative buds or and limiting growth under
shoots with the capability to grow into a complete plant, which sink and survive until conditions improve.

GBI, © L S Tt
APPLICATIONS
Lemna minor grows rapidly and is widely used in research, water purification,
and sustainable food production, with potential as a future protein source. It
Suppnrts ‘ecosystems by producing oxygen, providing hahH:at, and absorbing
nutrients and pollutants to improve water quality. It also accumulates heavy

metals, making it valuable for phytoremediation and as a model organism for
monitoring environmental stress and water quality.

: mnd:tlons.

Mateo-elizalde, C; Lynn, 1; Emst, E; Martienssen, R: Duckweeds. Current Biology. 33(3), 2023 dai: https://doi.org/10.1016/) cub 2022 12.036
Sender, J; Grzywna, A Influence of termperature and photoperiod on the growth and development of Lemna tnswica and Lemna minar in
controlled conditions. Journal of Ecological Engineering. 26(2), 2025 doi: https:/,doi.org/10.12911/27998993/1 95971
wvan Dyck, |; Vanhoudt, N.; Vives | Batlle, ); Horemans, N.; Mauts, R.; Van Gompel, A; Claesen, J; Vangronsveld, 1. Effects of environmental
G 4 parameters on Lemna minor growth: An integrated experimental and modelling approach. Joumnal of Ervironmental Management. 300, 2021. dai:
= https//doi.og/10.1016/j jervman 2021 113705
- P _' ol Sosa, D Alves, F. M; Prieto, M. A; Pedrosa, M. C; Heleno, §. A Barros, L; Feliciano, M.: Carocho. Lemna minar: Unlocking the value of this
= i q duckweed for thefood and feed industry. Foods. 13(10}, 2024 . doi: https://doi.org10.3390/foods 13101435

-
—_,'.“:L!_ S - Islam, R.; Smith, M.; Jang, B, Guo, L. The comparisan of fresh and dry duckweed [Lemna minar L} on metal {Cr*, G, and Zn?t) removal from
- o T wastewater. Plants. 3, 15[5):848, 2026 doi: hittps://doi ong/10.3390/plants 15050 848
N .".. _'. il -‘._-b. Pictures: {3} hitps://en wikipadia org/wiki/Lemna (b} https: /www lemna farm/techrology
— M i b {c} hittps /b flor.netFamilies,femna ceaeflemna,lemna_minor,femna_mincr_3_en, htmi

] {d} I\np; ffew. poughkeepsiejournal cam-story.-"tecn.! cienoe/emir onment/ 20 15,098,243 123 Folooms-duckwesd-fall 72910844
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IMPLEMENTATION OF ESP32 IN THE SECONDARY SCHOOL CURRICULUM

?
WHY ESP32¢ oo OJECT EXAMPLES

Wi-Fi/ Bluetooth &=
. LED On/Off Control via Bluetooth from

Arduino IDE Smartphone
Dual Core CPU {1}

METHODOLOGY AND ,@ s
COURSE OF WORK

Introduction to hardware » Programming * Project work Motion Sensor Reporting to Home

- Assistant

RESULTS AND FINDINGS CONCLUSION

<>

» Higher student engagement The introduction of the ESP32 into the

* Improved technical skills secondary school curriculum has

« Challenges encountered: battery driven shown that it is possible to
designs require more planning successfully connect theoretical

knowledge of electronics with practical
loT projects already at the high school
level.
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Glrnmiia Krunj

Polyphenols are plant secandary metabolites with strong antioxidant properties that neutralize free Polyphenols have a wide range of biological activities, including anti-inflammatory, anti-infective,
radicals and reduce oxidative stress associated with aging and chronic diseases. Classified as antiproliferative, antimicrobial, and antioxidant effects, due to their chemical structure, which
flavonoids, phenolic acids, stilbenes, and lignans, they are widely found in fruits, vegetables, grains, includes one ar mare hydroxy| groups attached to a benzene ring®. This structural feature allows
and beverages. Their properties include anti-inflammatory, antimicrobial, cardioprotective, them to scavenge and neutralize free radicals and ROS, thereby protecting cells from oxidative
neuroprotective, and anticancer effects. They also show potertial against multidrug-resistant damage, including the degradation of DNAY®. As antimicrobial resistance continues to rise,
pathogens and in managing degenerative and neurclogical disorders, partly through the inhibition polyphenols hawve attracted attention as potential agents for treating infections involving
of enzymes and the regulation of cellular oxidative and inflammatory pathways. multidrug-resistant bacterial strains. In addition, plant-based polyphenol extracts are considered

important contributors to the advancement of innowvative antimicrobial treatment strategies®.

Polyphenols have demonstrated activity against various chronic degenerative and neurological
diseases 5. Regular consumption of phenolic compounds (PCs), has been linked to a reduced risk of
both cardiovascular and neurological disorders!®. Flavonoids exhibit strong cardioprotective
effects by inhibiting LDL oxidation and platelet aggregation, thereby helping to prevent
atherosclerosis and thrombosis. Research indicates that a daily dietary intake of flavonoids may
lower the risk of coronary heart disease (CHD)-related morbidity and mortality®. In oncology,
polyphencls are utilized for both treatment and preventive purposes due to their ability to
stimulate ROS production and trigger apoptotic pathways that result in cancer cell death!”.
Polyphenals exhibit the capacity to regulate inflammation-related signalling pathways implicated

Antioxidants are any maolecules that can slow down or prevent damage to body's cells caused by
highly reactive, unstable molecules called free radicals or reactive oxygen species (ROS).
Antioxidants work by stabilizing these free radicals, stopping them from negatively impacting cells’
proteins, DNA or membranes. Sources of free radicals can among others be normal metabolism,

inflammation, exercise, pollution, UV radiation, smoking and poar diet!.

: : e ; g in arthropathies such as gout, osteoarthritis, and rheumatoid arthritis (RA) L They also act as
When free radicals overwhelm body's antioxidant defences, it leads to a state {a”.Ed oxidative enzyme inhibitors and are utilized in managing dementia by targeting acetylcholinesterase activity
stress. Long-term oxidative stress is linked to cell damage that contributes to aging and the inthe brain®.

development of many chronic diseases, including heart disease, certain cancers, type 2 di %
and neurodegenerative diseases like Alzheimer's!2.

Polyphenols have gained significant interest among researchers due to their potential in
chemoprevention and prevention of other various chronic diseases due to their antioxidant
properties. Their intakes from fruit, vegetables, seeds, and nuts have been associated with lower
risks of chronic and age-related degenerative diseases’®.

Functions.

Figure 6: Functions of dietary polyphenols.
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There are approximately 10,000 natural analogues. These aromatic compounds are often found as Hyperoxia ™ =
bright colored (yellow to red) pigments in the microbes and plants. They are divided based on the . D Oxidative
number of aromatic (phenolic) rings they contain and the structural elements that connect these g 3 l -
rings®. = Froo radicals ¢ /
. # Atherosclerasis
Hlavonaoids stroke,
They are divided into flavonols, flavones, isoflavones, Alzheimer.
flavanones, flavanols, and anthocyanins®. They are the most Parkinson

studied group of polyphenols, particularly their enzyme-
blocking abilities, inhibition of enzymes, use for countering
antibiotic resistance and the possibility of using them to
detoxify cancerogenic cells. Because of their wide range of

Figure 2: Structure of quercetin,  ealth benefits, quercetin and naringenin are two of the more Figure 7: Most frequent pathologies related to oxidative stress®.
Phenaolic acids
Chlorogenic acid Caflfeic acid Polyphenols are a large group of plant derived compounds. They are of great interest to

Phenolic  acids are  further divided into

hydroxyberzaic acids (HBA) represented by gallic 1o researchers due to their antioxidant, antimicrobial, anti inflammatory, cardioprotective,

neuroprotective, and anticancer properties. Regular dietary intake through plant based foods may

acid, protocatechuic acid, etc., and hydroxycinnamic

acid‘ [stj represented !bV cl;lﬂmge:i: ;c"ird ferulic I L\ it support disease prevention and overall health. Ongoing research highlights their therapeutic

ok caffecard. et L HOY 2 o @ m*ﬁ\.@v potential, particularly in addressing drug resistant infections and degenerative disorders, making
! T 1 ™ 4 polyphenols valuable for future medical and nutritional applications.

HCAs are more likely to find in plants than HBA. HBA

: ; 3 Figure 3: Structure of chlorogenic acid
highlighted in literature that absorption of both .

i 4
groups is very good*, 1. Rudrapal M et al. Dietary polyphencls and their role in oxidative stress-induced human diseases: insights
into protective effects, antioxidant potentials and mechanism(s) of action Front Pharmaceol 13, (2022).
stilbenes doi:10.3389/fphar. 2022 B06470
. They are usually produced in plant during biotic and abiotic stress 2. Hano Cet gr. Plant le\!-p.henDls, more tha_rljust simple r.la.tural antioxidants: oxidative stress, aging and
Ljﬂh like extreme heat, oxidation, or microbial attacks?. Resveratrol, ;gE_L_rE::E;d'?ﬁ;:' ME:'E'HES ?,[ZGZGJ.EDIEFJI.D..?QWM[Inﬁﬁﬁfﬂ]i?t. et I 't
O & ) S i ; A i oL al. Research progress on classification, sources and functions ietary polypheno r
[é- T e Whigh Is- most StHdIEd of ?” S‘.Ilbenﬁ «?nd is; found In 5’“"“ prevention and treatment of chronic diseases. | Future Foeds 3, 289305 (2023).
o M abundantly, can stimulate Silent information regulator 2 (Sir2). It doi-10.1016/] jfutfo.2023.03. 001
i helps with calorie restriction and consequently with obesity 4. Ciupei Dret al Polyphenols: from classification to therapeutic potential and bioavailability. Foods 13, 4131
epidemic®. (2024). doi-10.3390,foods13244131
Figure 4: Structure of resveratral. HO, 5. Bonin L er al. Ch.lant'rtatiwdeterm.inatinn of total phenclic compounds in plan!: extracts using supercritical
vidi /L carbon dioxide and water-ethanel mixture. Proc Sec Lect 12(11), 51-58 (202 5). doi;10.55295/P5L.12.2025.115
‘[\J (v} 6. Khan J et o Dietary flavonoids: cardioprotective potential with antioxidant effects and their
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