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"A FOUR OF A KIND" IN A UNIFIED STRATEGY FOR  

ROMANIA'S AGRI-FOOD 2026 

 

 

WITHOUT A UNIFIED STRATEGIC VISION, we remain a country with great potential, yet 

untapped and, unfortunately, with damaging consequences. 
 

For Romania to count as a "European and/or Global Agri-food" player, a coherent national 

strategy is required to truly become a power that does not merely export raw materials, but 

influences food policies, supply chains, narratives, prices, and regional alliances. Briefly, here 

are several actions (four-step actions) that are absolutely necessary and urgent: 

• First is the intelligent regionalization of ambition: Romania must become the agri-food 

pivot of the Black Sea, a leader in Central and Eastern Europe, and a strategic partner of 

Ukraine within a food security network. Romania can be an agri-food power at a regional 

level and beyond—not just an exporter, but a regional arbiter in terms of food security, 

quality, and innovation (pro-active partnerships, commodity exchanges, contracts, etc.). 

• The second is the creation of a single „umbrella brand”, financially backed, 

professionally managed, and widely adopted (see the equivalent examples of neighboring 

countries, especially those of the Poles or Turks); promoting the brand through active 

participation in international exhibitions and events. 

• The third is the construction of a global export portal—a "Romanian Food Export 

Hub"—which would index all export-ready companies, providing clear data on 

certifications, capacity, target markets, and product categories; units with quantitative and 

qualitative commercial potential. 

• The fourth, completing this "four of a kind," would be the internal strategy for zonal 

agri-food harmonization based on altitude gradients, supporting the national strategy 

through integration and complementarity, particularly through tradition and local 

products. 
 

In conclusion, only a synergistic and harmonious integration of the "square of 4 aces" can lead to 

the desired strategic performance. 

 

Director of the publication, 

Prof. Romulus GRUIA, PhD 

PhD Supervisor, Scientific Leader 
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Abstract: Brașov county leads Romania in agrotourism capacity, yet its guesthouses are 

only weakly connected to the certified mountain-product base and to the fast-growing 

demand of older tourists. This paper examines that connection, combining official 

agrotourism statistics for the Brașov area with data on certified mountain products and 

field surveys of seniors (65+) in Brașov. Brașov hosts about 372 agrotourism guesthouses 

(roughly 6,700 beds) and ranks first nationally, while Romania holds 1,509 certified 

mountain producers with 4,689 products. Seniors report high consumption of the very 

categories that mountain products supply dairy, meat, vegetables and fruit, alongside rising 

concern over the affordability of healthy food. We outline an agrotourism-centred value 

chain for the Silver segment, in which mountain guesthouses act as on-site nodes linking 

certified producers to older visitors through gastronomy, traceability and wellness. The 

Brașov area emerges as a suitable pilot for such a chain. 

 

Keywords: agrotourism; mountain product; Silver Economy; older tourists; short food 

supply chains. 

 

 

1.  Introduction 

 

 Agrotourism has become one of the most 

dynamic components of rural development in 

Romania. It links the accommodation of visitors 

in a working rural environment with the direct 

consumption of local food, creating income for 

small farms and keeping mountain communities 

alive. The Brașov area is the national leader of 

this sector, combining an attractive Carpathian 

landscape, a strong pastoral tradition and 

proximity to major tourist attractions such as 

Bran, Râșnov and Poiana Brașov. At the same 

time, the population is ageing. The share of 

people aged 65 and over exceeded 20% in 

Romania in 2025, and older adults are an 

increasingly important tourism and consumption 

segment across Europe. The Silver Economy, the 

set of goods and services generated by and for the 

population aged 50 and over is estimated at 

several trillion euro at EU level [1]. Older tourists 

travel outside peak season, value authenticity and 

comfort, and pay particular attention to the health 

properties of the food they consume. These 

characteristics make them a natural clientele for 

mountain agrotourism, yet they are seldom 

addressed as a distinct segment by Romanian 

guesthouses. The certified “mountain product”, 

regulated at European level [2], provides a 

quality anchor for this encounter. Mountain foods 

traditional cheeses, honey, wild berries, 

extensively raised meat, medicinal plants, offer 

nutritional profiles well suited to the needs of 

older consumers. However, the connection 

between agrotourism, the certified mountain 

product and the specific needs of older tourists 

remain largely unexploited. This paper explores 

that connection for the Brașov area, asking 

whether local agrotourism can act as the channel 

that links certified mountain supply to Silver 

demand, and it outlines a value chain built around 

mountain guesthouses. The contribution of the 

paper is threefold. Empirically, it brings together, 

in a single analysis for the Brașov city-region, 

official agrotourism statistics, the national 

register of certified mountain products and field 

evidence on the food behaviour of older 

residents. Conceptually, it proposes an 

agrotourism-centred value chain for the Silver 

segment and grounds it in the bio-harmonism 

mailto:gaceul@unitbv.ro
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paradigm. Practically, it links this chain to 

concrete interventions already under way in a 

local food-systems living lab, showing that the 

proposal is implementable rather than merely 

aspirational.  

 

2.  Literature Review 

2.1. Agrotourism as a driver of mountain 

rural development 

 Agrotourism is widely regarded as one of the 

most effective instruments for the diversification 

of mountain rural economies. By combining 

accommodation, gastronomy and the direct 

experience of a working farm, it retains value 

locally, creates complementary income for small 

producers and helps counter the depopulation of 

mountain villages. In the Carpathian context, 

agrotourism also performs a cultural function, 

keeping alive traditional practices of animal 

husbandry, dairy processing and food 

preservation that would otherwise disappear. The 

Romanian Mountain area, and Brașov county in 

particular, has developed one of the densest 

agrotourism networks in the country, supported 

by landscape quality, proximity to urban markets 

and a strong tradition of hospitality.  

 However, the literature also notes recurrent 

weaknesses of the sector: fragmentation of 

supply, seasonality, limited marketing capacity 

and a weak link between accommodation and the 

local food economy. Many guesthouses buy food 

from conventional wholesale channels rather than 

from neighbouring certified producers, so the 

potential synergy between agrotourism and local 

quality products remains largely untapped. 

Closing this gap requires both an organizing 

concept and a clearly defined demand segment, 

the two elements this paper brings together. 

Romanian agrotourism has grown rapidly since 

the early 2000s, supported by rural-development 

funding and by rising domestic demand for short 

breaks in nature.  

 Yet growth has been largely quantitative, more 

beds, more guesthouses rather than qualitative. 

Recent data suggest that the number of 

guesthouses in mature destinations such as 

Brașov has plateaued, which shifts the 

competitive question from how to attract more 

capacity to how to differentiate existing capacity. 

Differentiation through a clearly defined, high-

value clientele and a distinctive local-food offer 

is precisely the strategy that the coupling with 

certified mountain products and the Silver 

segment makes possible. 
 

2.2. The mountain product and functional 

nutrition 

 The literature on mountain food products 

consistently identifies authenticity, perceived 

quality and the relationship with the territory as 

their central competitive advantages, and stresses 

that full valorisation depends on integration into 

short food supply chains and on certification [3]. 

Consumers who associate authenticity with 

health are the most willing to pay a price 

premium for certified mountain food [4], a 

description that fits the older consumer closely. 

From the nutrition side, mountain products such 

as dairy, honey, wild berries and extensively 

raised meat provide protein, antioxidants and 

micronutrients relevant to the prevention of 

sarcopenia, the support of immunity and the 

maintenance of cognitive health in later life. A 

growing body of applied research shows how 

food raw materials, including by-products can be 

transformed into ingredients with enhanced 

functional value, a logic directly transferable to 

mountain gastronomy for seniors. Studies on the 

use of grape-seed flour in the bakery industry 

demonstrated improved antioxidant and fibre 

content in everyday products [14], while the 

valorisation of sea-buckthorn by-products 

confirmed high antioxidant activity recoverable 

from material otherwise discarded [17]. Work on 

marine biomass showed that Saccharina 

Latissima flour can act as a functional ingredient 

rich in protein, fibre and minerals in the baking 

sector [15], and the incorporation of fish protein 

hydrolysate was found to raise the nutritional 

value of bread while preserving acceptable 

rheological and sensory characteristics [16]. 

 Research on functional bakery products in 

Romania further indicated a surprising 

awareness, including among younger 

generations, of the benefits of products rich in 

fibre and minerals, and underlined the importance 

of designing functional foods around the profile 

of the target consumer [18]. Taken together, these 

results establish both the technological feasibility 

and the market rationale for functional, health-

oriented food, precisely the value proposition that 

certified mountain products can carry to older 

tourists within agrotourism. 
 

2.3. The Silver segment and its coupling with 

mountain areas 

 At European level, the coupling of the Silver 

segment with rural and mountain economies has 

already been explored, notably through the 

SILVER SMEs initiative and through accessible-
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tourism models in Alpine regions, where 

mountain products with protected geographical 

indication are integrated into wellness offerings 

for seniors. Agrotourism is the most direct 

vehicle for this coupling, because it delivers the 

product, its story and its territory to the visitor in 

a single experience. Romanian agrotourism, and 

the Brașov area in particular, has the capacity to 

adopt such models but has not yet done so in a 

structured way. The demand side is equally well 

documented. Older tourists show distinctive 

behaviour: they favour the shoulder and low 

seasons, prefer calm and authentic settings, stay 

longer on average, and are attentive to comfort, 

accessibility and the health dimension of food 

and activities. These traits align closely with 

what mountain agrotourism can offer outside the 

crowded summer and winter peaks, and they help 

address the seasonality that constrains the 

profitability of many guesthouses. Positioning the 

Silver segment as a deliberate target market is 

therefore not only a social response to ageing but 

also a business strategy for smoothing demand 

across the year. 

 

2.4. Lessons from Alpine and European 

models 

 The Alpine arc offers the most developed 

examples of coupling mountain food with 

tourism for older visitors. In South Tyrol (Alto 

Adige), farm-based hospitality is organised 

through a strong regional network that combines 

protected-origin products, speck, alpine cheeses, 

apples, mountain herbs, with wellness and slow-

tourism offerings, many of them explicitly 

comfortable for older guests. The certification of 

origin is used not merely as a legal label but as a 

marketing narrative that raises willingness to pay 

and lengthens the season. Austrian and South 

Tyrolean "farm holiday" associations show how 

thousands of small guesthouses can be 

aggregated under a shared quality brand, solving 

exactly the fragmentation problem that Romanian 

agrotourism faces. At policy level, the European 

interest in the Silver Economy has translated into 

dedicated instruments. Interregional cooperation 

projects have mapped good practices for 

supporting small rural and mountain enterprises 

that serve older consumers, and accessible-

tourism schemes have set standards for facilities 

and services adapted to reduced mobility and 

chronic conditions. These experiences carry three 

transferable lessons for the Brașov area: first, that 

an origin label works best when embedded in a 

story and an experience, not sold as a bare 

certificate; second, that small producers and 

guesthouses must be aggregated under a shared 

brand and governance structure to reach the 

market; and third, that the older visitor is a year-

round, quality-oriented segment whose needs 

accessibility, health, authenticity, align naturally 

with mountain agrotourism. The value chain 

proposed in this paper adapts these lessons to the 

Carpathian context. Two bodies of evidence must 

therefore be brought together: the size and 

dynamics of the local agrotourism base on the 

one hand, and the certified mountain-product 

supply and the food behaviour of older 

consumers on the other.  

 

3.  Theoretical Framework: Bioharmonism 

and Integronic Management 

 

 The value chain proposed here is grounded in 

the bioharmonism paradigm developed by Gruia, 

which treats disharmonies at all levels of nature 

and society as sources of systemic inefficiency, 

and seeks dynamic equilibrium through the 

integration of components [10, 11]. Applied to 

the agri-touristic sector, bioharmonism 

recommends that agriculture, hospitality and 

environment be managed not as separate 

activities but as an integrated whole, so that 

managerial maximisation arises from their 

coherent combination rather than from optimising 

any one part in isolation [10]. This perspective is 

directly relevant to the coupling of agrotourism 

with the certified mountain product. A 

guesthouse that sources local certified food, 

presents its provenance to guests and embeds it in 

a wellness experience is, in bioharmonist terms, 

restoring harmony among three components the 

producer, the visitor and the territory that the 

conventional food economy keeps apart. The 

related concept of integronic management 

provides the operating logic: value is created by 

the synthesis of complementary components 

(integronic synthesis) rather than by their 

fragmentation [10]. Bioharmonism also gives a 

nutritional reading of altitude. Gruia and co-

authors describe an “integronic alimentation” 

through whole natural food biodiversity in 

relation to altitude gradation, in which mountain 

foods carry a specific balancing role in the diet 

[12]; the food act itself becomes an element of 

bioharmonistic equilibrium between health, 

culture and environment [13]. For the Silver 

segment, whose diet must reconcile pleasure, 

health and affordability, this reading is 

particularly apt: certified mountain gastronomy 
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offered within agrotourism is not merely a 

product but a harmonising act, aligning the older 

consumer’s health with the sustainability of the 

mountain territory. The value chain outlined 

below operationalises this idea. 

 

4.  Materials and Methods 

 

 The study combines three complementary data 

sources and a review of the relevant literature. 

First, official tourism statistics for Brașov county 

published by the National Institute of Statistics 

(INS) and synthesised by the National 

Commission for Strategy and Prognosis provided 

the number and capacity (beds) of agrotourism 

guesthouses over 2019–2023, together with the 

national ranking of counties. Second, the 

National Register of Mountain Products 

(RNPM), managed by the Ministry of 

Agriculture and Rural Development in its March 

2026 version, provided the number of certified 

producers and products, broken down by 

category and county. The register was processed 

by propagating producer, category and county 

fields across each producer’s product group, and 

by deduplicating normalised producer names. 

Third, two health-and-nutrition field surveys 

carried out in the municipality of Brașov (June 

2025, 300 respondents; August 2026, 250 

respondents) provided data on the food 

behaviour, self-rated health and food insecurity 

of adults aged 65 and over (n = 57 and n = 40 

respectively). The questionnaire recorded 

consumption on the previous day for the main 

food categories, self-rated health and the 

perceived affordability of healthy food. All 

indicators are descriptive; the survey subsamples 

are small and cross-sectional, and are interpreted 

as contextual evidence of local demand rather 

than nationally representative estimates. The 

three data sources are read through a common 

analytical lens derived from the value-chain 

concept and the bioharmonism framework. 

Rather than treating tourism capacity, certified 

supply and consumer behaviour as separate 

descriptive facts, the analysis asks how they 

connect: whether the supply exists in the right 

categories (register data), whether the demand 

exists in the same categories (survey data), and 

whether the territorial infrastructure exists to link 

them (tourism data). This integrative reading, 

consistent with integronic synthesis, is what turns 

three independent datasets into the outline of a 

single value chain. The interpretation is therefore 

qualitative and structural, using the quantitative 

indicators as evidence of feasibility rather than as 

a statistical test of a hypothesis. 

 

5.  Results and Discussion 

 

 The Brașov area confirms its leading position. 

In 2023 the county had about 372 agrotourism 

guesthouses with roughly 6,700 beds (Fig. 1), the 

highest count of any Romanian county.  

The number of guesthouses has been broadly 

stable over 2019–2023, with a mild recent 

decline, suggesting a mature market that would 

benefit from differentiation rather than mere 

expansion. 

 

 
Fig. 1. Agrotourism guesthouses and beds, Brașov county, 2019–2023 
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 At national level, Brașov is followed by 

Suceava, Harghita and Maramureș (Fig. 2). This 

ranking reflects both a strong pastoral tradition 

and an attractive mountain landscape — the same 

territorial features that underpin certified 

mountain production. 

 

 

 
Fig. 2. Leading Romanian counties by number of agrotourism guesthouses 

 

 It also shows that the leading agrotourism 

counties overlap almost entirely with the leading 

mountain-product counties, confirming the 

geographic basis for coupling the two sectors. 

The overlap is more than coincidental. The 

counties that host the most agrotourism 

guesthouses are also those with the strongest 

traditions of extensive animal husbandry, alpine 

pasture management and artisanal food 

processing the very activities that generate 

certified mountain products. This means that, in 

the leading regions, the two sectors already share 

the same producers, landscapes and cultural 

know-how; what they lack is an organisational 

link that turns co-location into cooperation. The 

value chain proposed here supplies that link, and 

the Brașov area, at the top of both rankings, is 

where it can be demonstrated most convincingly. 

 

 

 

 
Fig. 3. Structure of the National Register of Mountain Products by category 
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 On the supply side, the RNPM records 1,509 

certified producers and 4,689 products across 28 

counties. The category structure (Fig. 3) is 

dominated by plant products (53%) and dairy 

(29%), followed by bee products (13%). This is 

precisely the food that agrotourism guesthouses 

serve, but the certified status of these products is 

rarely communicated to guests. 

 On the demand side, older tourists and 

residents show a food profile well matched to 

mountain supply. Field surveys of seniors in 

Brașov indicate that the categories they consume 

most frequently are precisely those in which the 

certified mountain product is strongest dairy, 

meat, vegetables and fruit, while concern over the 

affordability of healthy food has been rising. 

Niche mountain categories with strong geriatric 

value, such as wild berries and nuts, remain little 

consumed, suggesting room for guesthouse 

menus to introduce them. 

 Taken together, these results outline an 

agrotourism-centred value chain for the Silver 

segment. Mountain guesthouses can act as on-site 

nodes that (i) source certified mountain products 

locally, shortening the supply chain; (ii) present 

their origin and nutritional value to older guests 

through simple bio-informative labelling and 

traceability; and (iii) embed food in a wellness 

and gastronomy experience suited to seniors. 

Because a guesthouse aggregates the demand of 

many guests, it lowers the coordination cost that 

otherwise limits the individual valorisation of 

mountain products. 

The chain can be read on four levels. At the base, 

certified mountain producers supply authentic, 

traceable food. Guesthouses form the second 

level, transforming this supply into meals and 

experiences adapted to older guests appropriate 

portions, legible menus, information on 

provenance and health benefits. The third level is 

digital: bio-informative QR codes and short 

traceability records answer the heightened 

sensitivity of seniors to authenticity, provided the 

interfaces are simple enough for older users. The 

fourth level is experiential: gastronomic circuits, 

tastings and wellness activities that combine the 

culinary value of the territory with the climatic 

benefits of altitude, extending stays into the low 

season and raising the value captured per guest. 

Such a configuration turns a territorial advantage 

the authenticity of the Carpathian mountain 

product into a market advantage on a high-value, 

structurally growing demand segment. In 

bioharmonist terms, the chain re-establishes the 

dynamic equilibrium among producer, visitor and 

territory, replacing the fragmentation of the 

conventional food economy with an integronic 

synthesis of complementary components [10, 

11]. It also addresses the mild recent decline in 

guesthouse numbers by offering differentiation 

rather than expansion: a guesthouse positioned as 

a “Silver mountain” destination competes on 

experience and health value, not on price. The 

Brașov area — leader in agrotourism, embedded 

in a certified mountain-product region, and 

hosting an ageing population is a natural pilot for 

such a chain, with the Bran–Râșnov–Zărnești 

corridor and the balneoclimatic tradition of the 

wider Carpathian space as candidate locations. 

Implementation would rest on a small number of 

practical instruments. A voluntary “Silver 

mountain” charter could define minimum criteria 

for participating guesthouses a share of certified 

mountain products on the menu, legible 

provenance information, accessible facilities and 

off-season packages. A shared bio-informative 

labelling scheme, using QR codes linked to 

producer and nutritional data, would give the 

traceability that older guests value while keeping 

the interface simple. Local producer–guesthouse 

framework agreements would stabilise sourcing 

and give producers the aggregated, predictable 

demand that individual retail cannot. Finally, 

public support through rural-development 

measures and county tourism promotion could 

co-finance the initial labelling and training, 

positioning the Brașov area as the reference 

destination for Silver Mountain gastronomy in 

Romania. 

 The chain can be summarised in bioharmonist 

terms across five levels: certified production 

supplies an authentic, traceable resource; the 

guesthouse performs the integronic synthesis of 

food, place and guest; the digital layer restores 

trust through traceability; the experience itself 

becomes a harmonising act aligning health, 

culture and territory; and governance maintains 

the dynamic equilibrium of the whole. Each level 

adds value not in isolation but through its 

coherence with the others the defining principle 

of the bioharmonist approach [10, 11]. 

The economic rationale reinforces the argument. 

Older visitors travel predominantly outside the 

summer and winter peaks, so a guesthouse that 

captures this segment spreads its occupancy 

across the shoulder and low seasons, when fixed 

costs would otherwise be poorly covered. 

Because the Silver visitor is quality- rather than 

price-oriented, the average revenue per stay tends 

to be higher, and the emphasis on certified local 
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food keeps a larger share of that revenue within 

the local economy rather than leaking to external 

suppliers. For the certified producer, a network of 

participating guesthouses provides a stable, 

aggregated outlet that reduces dependence on 

distant and volatile retail channels. The chain 

therefore improves the resilience of both the 

guesthouse and the producer, while the 

municipality gains a distinctive territorial brand 

and a healthier older population. These mutually 

reinforcing benefits are the practical expression 

of the dynamic equilibrium that the bioharmonist 

framework seeks. 

Limitations. The tourism and register data are 

administrative and do not capture the actual 

sourcing practices of guesthouses; the senior 

surveys are small and cross-sectional. The 

proposed chain is therefore a conceptual outline 

to be tested through field work with guesthouses 

and producers, including measurement of older 

tourists’ willingness to pay for certified mountain 

gastronomy. 

 A further caveat concerns transferability. The 

Brașov city-region benefits from an unusually 

favourable combination of assets the densest 

agrotourism network in the country, proximity to 

a large urban market, and an active food-systems 

living lab that not every mountain area possesses. 

The value chain proposed here should therefore 

be read as a model calibrated to a well-endowed 

pilot region, from which simplified versions 

could be derived for areas with fewer resources. 

Establishing which elements of the chain are 

essential and which are context-specific is itself a 

question for the field-testing phase, and would 

determine how far the Brașov model can be 

generalised across the Carpathian space and 

beyond. 

 

6.  Related Interventions in a Living-Lab 

Setting 

 The value chain proposed above is not a purely 

theoretical construct: several of its building 

blocks are already being tested by our team in the 

Brașov city-region through a food-systems living 

lab [19], in partnership with the Municipality of 

Brașov and under the Milan Urban Food Policy 

Pact framework [20]. The living lab organises its 

work around a set of real-life interventions that 

map closely onto the levels of the agrotourism-

centred Silver value chain, providing an 

institutional environment in which the chain 

could be piloted. 

 

6.1. Food policy network and food-security 

governance 

A central intervention is the creation of a city-

region Food Policy Network a multi-actor 

governance body bringing together local 

authorities, producers, researchers, retailers and 

civil society. Such a network provides exactly the 

intersectoral coordination that the top level of the 

proposed chain requires: it can host a “Silver 

Mountain” charter, align public procurement with 

certified mountain products, and give 

guesthouses and producers a shared forum. Food-

security governance, treated as a distinct work 

stream in the living lab, also supplies the policy 

legitimacy for targeting vulnerable groups such 

as low-income older residents, whose access to 

quality food the surveys showed to be under 

pressure. 

 

6.2. Short food supply chains and digital 

traceability 

 A second intervention develops short food 

supply chains linking local producers directly to 

urban consumers, supported by QR-code 

labelling that carries provenance and product 

information. This is the operational core of the 

digital level of the Silver value chain. The same 

QR infrastructure that shortens the producer-to-

consumer distance in the city can be deployed in 

mountain guesthouses, turning a menu item into a 

traceable, story-carrying product for older guests. 

A producers’ association, with its own web 

presence, has been set up to give these short 

chains an organisational anchor, demonstrating 

that the coordination cost of aggregating small 

mountain producers can be met in practice. 

 Complementary work within the living lab has 

developed a screening framework for agri-food 

products from Brașov markets, using rapid 

analytical methods to verify quality, safety and 

authenticity across a broad set of products. Such 

screening is directly relevant to a Silver value 

chain: older consumers are especially sensitive to 

food safety and to the truthfulness of quality 

claims, and an accessible verification layer 

strengthens the trust that certified labelling 

promises.  

Coupling rapid product screening with QR-based 

traceability would give guesthouses an 

inexpensive way to substantiate the provenance 

and quality of what they serve, converting a 

marketing claim into demonstrable evidence at 

the point of consumption. 
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6.3. Nutrition education and urban agri-food 

markets 

 Two further interventions complete the picture. 

Nutrition-education activities raise consumer 

awareness of the health value of local and 

functional food, the demand-side complement to 

the mountain product’s nutritional profile, and 

directly relevant to older consumers managing 

chronic conditions. The development of urban 

agri-food markets creates physical points of sale 

where certified mountain products can reach city 

dwellers, including seniors who do not travel to 

the mountains but can still be integrated into the 

chain as urban consumers. Together, these four 

intervention streams governance, short chains 

and traceability, nutrition education, and markets 

show that the institutional scaffolding for an 

agrotourism-centred Silver value chain is already 

emerging in the Brașov city-region, and that a 

guesthouse-based pilot could be plugged into it 

rather than built from scratch. 

 Our living-lab experience also illustrates a 

methodological point consistent with the 

bioharmonist framework: interventions gain 

effectiveness when they are integrated rather than 

pursued in isolation. A short chain without a 

governance forum, or nutrition education without 

accessible points of sale, delivers less than the 

coherent combination of all four. The proposed 

Silver value chain is, in this sense, an integronic 

synthesis of interventions that our team is already 

piloting separately, and which the agrotourism 

guesthouse can bind together at the point of 

consumption. 

 Realising the chain will nonetheless require 

overcoming several barriers. On the supply side, 

many mountain producers operate at very small 

scale and lack the administrative capacity to 

sustain regular deliveries or digital labelling; 

targeted training and shared logistics are needed. 

On the guesthouse side, sourcing certified local 

food is often more expensive and less convenient 

than conventional wholesale, so the price 

premium obtainable from Silver guests must be 

demonstrated before operators will switch. On 

the demand side, the digital-accessibility gap 

among older users means that QR-based 

information must be paired with human 

explanation and printed alternatives. Finally, 

certification and food-safety compliance impose 

costs that small operators may find hard to bear 

without public support. Acknowledging these 

barriers is essential: the value chain is feasible, 

but its implementation is a coordination and 

capacity-building task, not merely a marketing 

exercise. 

 

7.  Conclusions 

 

Brașov combines three assets that are seldom 

analysed together: the strongest agrotourism base 

in Romania, a rich certified mountain-product 

region, and a growing Silver segment whose food 

preferences match mountain supply. The county 

hosts about 372 agrotourism guesthouses with 

some 6,700 beds and ranks first nationally, while 

Romania as a whole holds 1,509 certified 

mountain producers with 4,689 products; the 

leading agrotourism counties overlap almost 

entirely with the leading mountain-product 

counties. The field evidence shows that older 

consumers in Brașov already eat the categories 

the mountain area certifies, while facing rising 

pressure on the affordability of healthy food. 

Connecting supply and demand through an 

agrotourism-centred value chain with 

guesthouses as nodes linking certified producers 

to older visitors via gastronomy, traceability and 

wellness could turn demographic ageing from a 

burden into a territorial opportunity, and could 

differentiate a mature agrotourism market 

without requiring further expansion. Future work 

should pilot the chain in selected Brașov-area 

guesthouses, formalise a “Silver Mountain” 

positioning, and measure older tourists’ 

willingness to pay for certified mountain 

gastronomy, so that the conceptual outline 

proposed here can be tested and refined in 

practice. 

Three concrete next steps follow from the 

analysis. First, a mapping survey of guesthouses 

in the Bran–Râșnov–Zărnești corridor should 

establish their current sourcing practices and their 

interest in a certified-product charter. Second, a 

small cohort of pilot guesthouses could adopt 

bio-informative QR labelling and off-season 

Silver packages, with monitoring of occupancy, 

average revenue per stay and guest satisfaction 

against a control group. Third, the Food Policy 

Network could formalise a framework agreement 

between certified producers and participating 

guesthouses, testing whether aggregated demand 

lowers coordination costs as expected. Together, 

these steps would convert the bioharmonist value 

chain from a conceptual proposal into a 

measured, replicable model of Silver Mountain 

agrotourism for the Carpathian space. 
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Abstract: The development of rural areas is an objective for our country. This can be 

achieved through methods that capitalize on the natural resources specific to the place, as 

well as by innovating and amplifying specific economic activities. The Târnavei Plateau is 

a picturesque area in Transylvania, located between the Mureș and Olt rivers. Agriculture 

and animal husbandry are basic economic activities in the villages in this area. The 

questionnaire method was applied to observe the interests of the inhabitants regarding the 

consumption of cherry plums and their use, but also to assess the interest in consuming 

dairy products with the addition of cherry plums. In order to evaluate the external 

economic environment of this area, this research aims to identify and understand the 

factors that could influence the initiation and development of microenterprises in milk 

processing and yogurt production, as well as the valorization of vine plums. PESTEL 

analysis and SWOT analysis are used to evaluate the internal and external environment of 

the enterprise, thus identifying the opportunities, threats, strengths, and weaknesses that 

may affect development. 

 

Keywords: Yogurt; Prunus Cerasifera (Ehrh.); cherry plum; Rural development 

 

 

1.  Introduction 
 

 The development of small and medium-sized 

enterprises plays a crucial role in contemporary 

society, as it contributes to increasing the 

prosperity and standard of living of the 

population. Peter Drucker states that small 

businesses are essential for achieving 

fundamental objectives of the national economy 

(Iagărul, R.; Iagăru, 2017). Today's Romania, a 

member state of the European Union, has an 

immense potential for long-term economic and 

social development, especially at the local level. 

Here, entrepreneurs and SMEs will be supported 

and stimulated to capitalize, profitably and 

beneficially for Romanian society, on present and 

future business opportunities (Ponta et al., 2020). 

According to EU recommendation 2003/361, the 

European Union defines small and medium-sized 

enterprises as economic organizations that 

employ fewer than 250 people and have an 

annual net turnover of no more than 50 million 

euros and/or have total assets of no more than 43 

million euros (Comision, 2006). To be 

successful, businesses must create products and 

services that meet the demands and needs of 

consumers. They only succeed if their focus is on 

innovation and is guided by the idea that it is 

more important to do the next job well than to do 

the current job well (“New Rules for the New 

Economy: 10 Radical Strategies for a Connected 

World,” 1999). Innovation must focus on new 

products for contemporary consumers, usually in 

small numbers, because their desires are 

constantly changing. “Don’t try to innovate for 

the future, but for the present.”  (F.P., 1993), 

precisely because market requirements change 

rapidly and services are constantly being replaced 

with new ones. Moreover, traditionally, the value 

of a company is linked to profit maximization, 

but today the economic development of a 

company is closely linked to its ability to create 

sustainable value for shareholders and 

stakeholders. Sustainable value appears when the 

company's interest is to reduce the negative 

impact on the environment, to create economic 

benefits, and to present an integrated approach to 

corporate responsibility (Rădoiu & Bătușaru, 

2022). For a company, the adoption of 

sustainable practices becomes mandatory and a 

mailto:valentina-madalina.moga@ulbsibiu.ro
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strategic factor of competitiveness, given the 

increasing interest of consumers in sustainable 

products (Bătușaru & Sbârcea, 2023). The 

development of bio-organic agriculture in 

Romanian villages is an objective for our country 

depending on the potential of these areas. 

Moreover, today there are a number of funding 

programs for these areas, and economic growth 

should take into account appropriate, 

environmentally friendly production techniques 

and technologies that do not pollute or deplete 

natural resources for sustainable development 

(Toth et al., 2016). Milk production is one of the 

most important branches of the livestock sector, 

having great importance both from an economic 

and nutritional point of view. To this end, the 

development plan of the dairy industry provides 

for further increasing the level of production, 

expanding the assortment range, improving the 

quality of production and products, equipping the 

sector with modern equipment and, in particular, 

organizing and developing networks for 

collecting raw materials and distributing finished 

products. Agriculture has a major impact on the 

development of a region as a whole, and in the 

absence of future agricultural reform measures, 

regions will be heavily affected by their 

agricultural underperformance (Chivu et al., 

2020). Consumers' interest in purchasing 

sustainable food products, in Romania, directly 

from the producer in farmers' markets, is closely 

linked to creating a direct connection between the 

consumer and the producer, and statistical data 

shows that they learn about how the agricultural 

products they purchase from the market are 

produced and about the connection between the 

environment, community building, and their 

personal health (Polimeni et al., 2018). 

 The present research aimed to assess the 

potential for opening and sustainable operation of 

a milk processing enterprise into yogurt with the 

addition of corn cobs to be opened and survive in 

a rural area of Târnave Plateau, in the proximity 

of a dairy farm. For the analysis of the external 

environment, PESTEL Analysis and SWOT 

Analysis were applied. Due to its components 

and their determining factors, the external 

environment influences the activity of an 

enterprise through complexity and dynamism 

(Băcanu, 1997).  The external environment 

contains numerous components that represent 

external elements of the enterprise, consisting of: 

individuals, groups, other enterprises, 

institutions, regulations, and phenomena that 

directly and indirectly influence its activity 

(Iagăru, 2012).  Thus, the enterprise is influenced 

in the conduct of its economic activity by the 

changes occurring in the elements of the external 

environment. The diagnosis of the 

macroenvironment of the rural space is of great 

importance in the formulation, adoption and 

implementation of appropriate strategic options 

regarding the development of the rural space, 

implicitly of the rural community. Knowledge of 

all the characteristics of the macroenvironment of 

a certain area allows the dynamic connection of 

the rural economy to them, which leads to 

sustainable rural development. The Târnave 

Plateau is a hilly area located around the two 

Târnave rivers, a space furrowed by valleys, with 

hills that reach from 330 to 700 m. The share of 

pastures and hayfields here is 60%. These are 

favorable for raising animals and cultivating 

vines. Also, in this microregion, also called 

"Weinland", are the localities of Biertan, Richiș, 

and Șaroș, famous for Târnave wines. Among the 

animals raised here, we can mention the black 

buffalo and the Bazna pig. The area is protected 

by the Natura 2000 network, possessing a very 

rich flora, which is reflected in the beekeeping 

products and dairy products (Jude & Anexa, 

2022). According to the Gal association, one of 

the specific priorities for the area is to facilitate 

the organization of farms and the processing of 

production, to make them more competitive and 

to contribute to the economic growth of the 

territory, but also to renew generations in 

agriculture by installing young farmers (Asociatia 

GAL Podisul Tarnevelor, 2026). 
 

2. Analysis methods 

2.1. Analysis of consumer interest regarding 

the consumption and utilization of cherry plums 

through the questionnaire method 

 To understand consumer behavior and whether 

or not they are familiar with cherry plum, as well 

as whether they would be interested in 

consuming cherry plum-based products, 

respectively, dairy products containing cherry 

plums, a questionnaire was administered to 173 

people living in the Târnavelor Plateau area. The 

questionnaire was administered using the Google 

Forms application, and the responses were 

analyzed with the aim of obtaining valuable 

information for opening the market for such 

products. 
 

2.2. PESTEL analysis 

 PESTEL analysis is a wonderful process of 

analyzing the components that directly or 
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indirectly influence the sustainable development 

of the rural area through the initiation and 

development of a milk processing 

microenterprise, thus acting by analyzing the 

following factors: political, economic, social, 

technological, environmental, equality and 

legislative. Strategic and operational decisions 

depend on both technological conditions and 

changes in the level of knowledge and 

technology. The PESTEL analysis tool was 

developed to allow the identification and 

understanding of macroeconomic forces with an 

impact on development and represents an 

important step in the creation of new strategies, 

as it sets the framework within which operations 

are carried out, and decisions will be made 

(Colab, 2010). This analysis is very useful, as it 

allows highlighting particular aspects of the 

studied area that allow the adaptation of the 

economic environment and confer resistance to 

the changes that frequently occur in the 

environment. At the same time, it allows 

responsible factors to better relate to the concrete 

conditions, which influences the capacity to 

elaborate and implement development policies 

and strategies, collaborations and consultations 

with all partners involved in the rural 

development process. 

 

2.3. SWOT analysis 

 The S.W.O.T. analysis (Strengths, Weaknesses, 

Opportunities, Threats) is a diagnostic analysis 

that highlights the strengths and weaknesses of 

the internal environment, the opportunities and 

threats of the external environment (Nistorecu T.; 

Sitnikov, 2003). The SWOT analysis represents 

an important method of strategic management 

both at the enterprise and territorial level, thus 

constituting one of the important stages of the 

development strategy. 

 SWOT analysis is a premise of strategy-based 

development; therefore, it validates the evolution 

of future policies to support rural development. 

This method analyzes not only the internal 

environment consisting of strengths and 

weaknesses, but also the external environment of 

the organization or the investigated field 

(opportunities and threats). The development, 

implementation, and control of the strategy 

regarding the elaboration of ideas are carried out 

mainly based on SWOT analysis, which provides 

the involvement of affected groups and an 

opportunity to ensure this collaboration. Any 

person, group, institution or company that would 

be considered to have a major interest in the 

success or failure of a project is recognized as a 

stakeholder (Ilies, 2008). With the help of the 

SWOT analysis model, we can evaluate the 

internal specificity of a territory, namely its 

strengths and weaknesses, after which the 

influences coming from outside are analyzed and 

present two situations: a positive one, 

constituting development opportunities, and a 

negative one, constituting threats to development. 

 

3. Results and discussion 

3.1. Analysis of responses to the questionnaire 

on the consumption and use of cherry plums.  

 

 Analyzing figures 1 and 2, we can see that 82% 

of respondents stated that they have their own 

cherry plum tree in their orchard, and 100% of 

respondents consume fresh cherry plums.  

 

  
Fig. 1. Owning a cherry plum tree Fig. 2. Consumption of cherry plums 

  

 However, when asked how often they consume 

cherry plums, 7% responded that they usually 

consume it daily during the season, while 63% 

responded that they do it weekly, and 30% very 

rarely (figure 3). 
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When talking about the reason why respondents 

consume cherry plums, figure 4, 43% of them 

stated that they consume them due to their high 

availability, 38% of them for the taste, 10% for 

the health benefits, 7% for tradition, and 2% for 

the low price.  

 

 

  
Fig. 2. Frequency of cherry plum consumption Fig. 3. Motivation for consuming cherry plums 

 

 Regarding the consumption of cherry plums, as 

well as the methods of their valorisation through 

various preservation methods, according to 

Figure 5, all respondents (173) answered that 

they consume these products fresh, 121 of them 

use cherry plums to obtain alcoholic beverages,  

 

12 use them for jam, 9 for compote, 8 of them 

declared that they do not use them in preserved 

form, and only 2 people declared that they sell 

them fresh. 

 

 

 

 
Fig. 4. Ways of utilizing/processing cherry plums 

 

When asked how much they liked these fruits 

(Figure 6), 49% of them said very much, 30% a 

lot, 15% moderately, and 6% a little. None of 

them said they didn't like these fruits at all. 

Although jackfruits are well-known in our 

geographical area and most people are 

accustomed to consuming these fruits, 86% of 

respondents (Figure 7) stated that they consider 

them an underutilized resource. 
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Fig. 5. Preference for consuming cherry plums Fig. 6. Cherry plums – an underutilized resource 

 

Moreover, according to 100% of respondents, 

these fruits cannot be purchased in markets or 

stores (figure 8), and 69% of respondents stated 

that they do not know or do not have (31%) 

products containing cherry plums on the market 

(figure 9). 

 

  
Fig. 7. Availability of cherry plums in 

stores/markets 

Fig. 8. Availability of cherry plum-based 

products on the market 

 

However, from Figure 10, it can be seen that 

72% of respondents said they would buy cherry 

plum-based products if they were available, and 

21% also showed interest, saying they might buy. 

Regarding the willingness to consume dairy 

products with added cherry plums, according to 

Figure 11, 56% of people responded that they 

were willing to try it, and 39% firmly answered 

yes; only 5% showed disinterest. 

 

  
Fig. 9. Interest in purchasing cherry plum-

based products 

Fig. 10. Interest in consuming dairy products 

with added cherry plum 
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Analyzing the responses to the questionnaire, 

the results indicate that the cherry plum is a fruit 

specific to the Târnavelor Plateau area, with 

which the inhabitants are familiar. It can also be 

observed that the ways of capitalizing on these 

fruits, in this geographical area, are few; the 

inhabitants use them most often to obtain 

alcoholic beverages. Even though these fruits and 

products obtained from these fruits are not 

marketed, the respondents are willing to buy 

products containing these fruits and are willing to 

try dairy products containing cherry plums. 

PESTEL analysis 

The key factors specific to the PESTEL 

analysis are presented in Figure 12. The political 

criterion: The field of public catering and 

agritourism is a fundamental element in the 

development of both rural and urban areas. The 

field of public catering and agritourism is an 

integral part of the new development strategy of 

the European Union (Green Deal), in which there 

is a strategic component entitled "from farm to 

fork". Regarding rural development, this is a 

basic pillar of the common agricultural policy, 

and agritourism and public catering are important 

components of it. Thus, we can conclude that 

from a political point of view, the premises for 

the development of this field are created. 

The economic criterion: Agriculture as the 

main activity in the rural area of the villages of 

Mărginimea Sibiului, among which animal 

husbandry is a very well-represented activity, 

which attests to the premises for developing one's 

own animal husbandry business, especially cattle, 

with the creation of a mini-milk production 

section. 

Sibiu County has significant agricultural 

potential. The agricultural area of the county 

totals approximately 303 thousand hectares, 

representing 15.97% of the agricultural area 

registered at the level of the Central Region and 

2.07% of the existing one at the national level. 

From the perspective of the method of use, arable 

land covers approximately 118 thousand 

hectares, pastures almost 105 thousand hectares, 

hayfields about 71 thousand hectares, and 

orchards approximately 5 thousand hectares. 

Arable land is located mainly in depressions, in 

the Târnavei Mari meadow, and in the Secașelor 

Plateau (Jude & Anexa, 2022). In addition to 

agriculture and animal husbandry, which are the 

basic activities of the area, other activities are 

also practiced in the locality: food and non-food 

trade, bakery, national and international freight 

transport, public catering (restaurant), and auto 

mechanics. Also, traditions represent an 

important source of income. 

Another important aspect highlighted by other 

authors (Bigliardi et al., 2022)  it is closely linked 

to the migration towards a circular economy and 

to food security by improving sustainable 

practices that help preserve the quality and 

integrity of food throughout the flows and losses 

related to food degradation. 

Target 12.3 of the Sustainable Development 

Goal (SDG) (European Commission, 2023) calls 

for halving per capita food waste globally, at both 

retail and consumer levels, and reducing food 

losses along production and supply chains, 

including post-harvest losses, by 2030 (Celac, 

Vădineanu, & alții, 2018). Moreover, in 2019, a 

methodology was adopted that provides for 

common measures to reduce food waste, and, 

according to the 2018 directive, member states 

were required to develop food waste prevention 

programs, monitor and report data annually, and 

encourage food donation (Cscp et al., 2025).  

The social criterion: The Târnave Plateau is 

one of the three subunits of the Transylvanian 

Colline Depression (DCT); it is located between 

Mureș and Olt; it has a more rugged relief and 

higher altitudes to the east and lower to the west 

and south; it has two subunits: the Hârtibaciului 

Plateau and the Secașelor Plateau (Wikipedia, 

2026). The territory has a total area of 76,636 ha, 

with a distinct personality, which is given to it by 

the particularities of the relief: higher than the 

region north of Mureș, opened by deep and wide 

valleys, with terraces in smooth peaks oriented in 

the direction of the main valleys (east-west), with 

sloping slopes covered by forests. In fact, the 

entire Târnavelor region presents the general 

appearance of a wavy, hilly plateau, divided into 

strips oriented in the same direction, with hilly 

massifs or groups of hills and peaks, generally 

well defined. The territory is inhabited by 44,663 

inhabitants, with a density of 58.28 

inhabitants/km2 (Asociatia GAL Podisul 

Tarnevelor, 2026). 

The technological criterion highlights the 

concern of the institutions, but also of the 

inhabitants, for the adoption of modern 

technologies. The school, medical offices, 

pharmacies and the town hall are equipped with 

internet access and medium-level IT equipment. I 

consider the technologies used by the inhabitants 

of the area for their main activity – agriculture – 

to be of medium-advanced level. For the present 

project, I propose to purchase equipment with 

performances above the existing average at the 
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level of Sibiu County in order to ensure a cost 

price and, implicitly, a competitive selling price. 

Also, for the sale of products, I will implement 

online technology. 

The environmental criterion is ensured by 

implementing strategies for labeling the product 

as a sustainable, traditional product, focusing on 

the fact that the use of cork oaks involves the 

recovery of natural resources that most often end 

up without economic value. It is associated with a 

"wild tree" whose fruits are very little valued, it 

is not industrially processed and is not sold in 

distribution chains (although there was an 

attempt in previous years), and it is also not 

found in flea markets.  

There could be prospects for its valorization, 

especially since in terms of valuable substances it 

is comparable to other fruits, but problems arise 

related to the preservation of the fruit and 

innovative methods must be addressed that are 

superior to traditional methods to increase 

consumer interest and ensure the availability of 

the fruit throughout the year. These crops, 

overshadowed by dominant crops, are called 

Neglected and Underutilized Crops (NUC) and 

are domesticated plant species that possess huge 

potential for use for food, medicine, trade or 

cultural practices within local communities, but 

which are not widely commercialized or studied 

as part of mainstream agriculture (Jain & Gupta, 

2013) (Li et al., 2020). 

The legislative criterion highlights a multitude 

of concerns for the implementation of European 

legislation and for taking environmental 

protection measures. The opening of a micro-

enterprise for the processing of dairy products is 

done in accordance with the legal requirements 

for food protection applicable within the 

European Union of Regulation (EC) No. 

852/2004 (Oficial & Europene, 2010)on the 

hygiene of food products and including the 

implementation of the HACCP system for risk 

analysis. 

 Given that food products are subject to 

specific legislation on labelling, Regulation (EU) 

1169/2011 (European et al., 2011)will apply, and 

the label must contain information on the name, 

manufacturer, ingredients, allergens, nutritional 

declaration, expiration date, and batch number to 

ensure traceability. 

 

 
Fig. 112. PESTEL Analysis Factors 

 

3.2. SWOT analysis 

The SWOT analysis model allowed the 

evaluation of the internal specificity of the 

Târnavelor Plateau, namely the strengths and 

weaknesses, and the analysis of the influences 

coming from outside (positive constituting 

development possibilities and negative 

constituting threats to development). The SWOT 

analysis is briefly presented in Figure 13, which 

includes both the strengths, weaknesses, 
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opportunities, and threats identified in the 

PESTEL diagnosis. 

The development of new businesses must 

focus on the needs of consumers who today are 

no longer limited to the interest in healthy food 

products, but also have a high interest in products 

that are produced in environmentally friendly 

conditions. Sustainable development involves 

reducing the consumption of natural resources, 

limiting waste, increasing economic efficiency 

(Bătușaru & Sbârcea, 2023). 

 

 
Fig. 13.  SWOT Analysis 

 

Conclusions 

 

 In the agri-food sector, for example, in the 

dairy industry, SMEs play an important role in 

ensuring quality products and in the development 

of the food industry. The specifics of the 

Târnavelor Plateau area illustrate the importance 

of agriculture and the livestock sector in the local 

economy and highlight the close link between 

climate, fertile soil, and prosperous agricultural 

activities. Local events, such as fairs and 

festivals, provide opportunities to capitalize on 

local products and stimulate the local economy. 

Thus, SMEs are fundamental for economic and 

social development, as they contribute to the 

creation of added value, jobs, and products that 

meet consumer needs.  

 Following the questionnaire, we can conclude 

that the inhabitants of the Târnavelor Plateau area 

are familiar with cherry plums, as they are fruits 

present in most of their own orchards. However, 

the ways of exploiting them are limited, and they 

are also considered underutilized resources. 

However, the respondents to the questionnaire 

showed openness to the consumption of products 

containing cherry plums, respectively, dairy 

products containing cherry plums. 

The application of the PESTEL analysis model 

for the Podișul Târnavelor area highlighted 

several favorable factors and challenges for the 

development of a micro-enterprise in the agri-

food sector. The SWOT analysis applied to the 

Podișul Târnavelor area highlights strengths, 

such as rich natural resources and community 

involvement, but also weaknesses, including 
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dependence on agriculture and insufficient 

promotion of local products. Opportunities 

include economic diversification and access to 

European funds, while threats are represented by 

climate change, population migration, and 

reduced investment in advanced technology. The 

exploitation of cherry plums and their use in 

yogurt can be a sustainable model of economic 

activity, especially since they are not exploited 

sufficiently, and their main use is for obtaining 

brandy, and in the south of the country for 

obtaining jam. 
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Abstract: Chronic liver diseases, especially MASLD (Metabolic dysfunction–Associated 

Steatotic Liver Disease), are a major global challenge with few pharmacological options. 

The Mediterranean diet, rich in extra-virgin olive oil, fruits, vegetables, legumes, nuts, and 

fish, provides antioxidant, anti-inflammatory, and metabolic benefits. Clinical and 

experimental evidence indicates that it reduces liver fat, improves liver enzymes (ALT, AST, 

GGT) and fibrosis markers, and supports cardiometabolic health, making it a sustainable 

strategy for prevention and management. 

 

Keywords: Mediterranean diet, antioxidants, MASLD (Metabolic dysfunction–Associated 
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1.  Introduction 

 

 Chronic disorders of the liver have become an 

increasingly important challenge for public health 

worldwide, as they encompass a wide range of 

pathological entities with heterogeneous causes 

and clinical outcomes. These conditions span 

from early manifestations such as metabolic 

dysfunction–associated steatotic liver disease 

(MASLD) and chronic viral hepatitis to advanced 

and potentially fatal stages, including progressive 

fibrosis, cirrhosis, and hepatocellular carcinoma 

(HCC) [1]. Among these diseases, MASLD has 

attracted particular attention due to its close 

association with metabolic abnormalities. 

Population-based studies indicate that 

approximately 25–30% of adults globally are 

affected, making MASLD the most common 

form of chronic liver disease and a rapidly 

growing indication for liver transplantation in 

both current and future clinical practice [2]. Its 

progressive inflammatory subtype, metabolic 

dysfunction–associated steatohepatitis (MASH), 

represents a pivotal point in disease progression. 

While cardiovascular complications remain the 

leading cause of death in this population, MASH 

markedly increases the likelihood of progression 

to cirrhosis and the development of HCC [3]. 

Chronic infection with the hepatitis B virus 

(HBV) and the hepatitis C virus (HCV) has 

historically been a major driver of cirrhosis and 

liver cancer worldwide. The expansion of 

vaccination programs and the availability of 

highly effective direct-acting antiviral therapies 

have substantially reduced new infections and 

liver-related mortality. Despite these advances, 

HBV still affects nearly 300 million individuals 

and HCV approximately 58 million people 

globally, with the greatest burden concentrated in 

regions where access to healthcare remains 

limited [4]. As liver disease advances, cirrhosis 

emerges as a final common pathway for many 

etiologies and continues to account for more than 

one million deaths each year. This stage is 

frequently complicated by ascites, variceal 

bleeding, hepatic encephalopathy, and a 

markedly increased risk of hepatocellular 

carcinoma [5]. 

 Hepatocellular carcinoma is the predominant 

form of primary liver cancer and remains one of 

the major contributors to cancer-related mortality 

worldwide [6]. A large body of experimental and 

clinical evidence implicates oxidative stress as a 

key mechanistic factor in hepatocarcinogenesis, 

acting alongside chronic inflammation and 

metabolic dysregulation to create a pro-

oncogenic hepatic microenvironment [7].  
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 These mechanistic insights have stimulated 

growing interest in therapeutic strategies to 

modulate oxidative and inflammatory pathways 

[8]. 

Within this framework, the Mediterranean diet 

has gained recognition as a valuable adjunct to 

conventional medical therapies. This dietary 

pattern, characterised by abundant consumption 

of olive oil, fruits, vegetables, legumes, nuts, and 

fish, provides a rich spectrum of naturally 

occurring antioxidants that help counteract 

oxidative stress, regulate inflammatory 

responses, and support metabolic homeostasis 

[9]. Data from clinical trials and epidemiological 

studies consistently indicate that higher 

adherence to the Mediterranean diet is associated 

with a lower prevalence of chronic liver disease 

and a slower progression toward cirrhosis and 

HCC. Moreover, beneficial effects on oxidative 

stress indices, lipid metabolism, and 

inflammatory biomarkers are particularly evident 

in individuals with MASLD [10]. 

 Beyond its biological effects, the 

Mediterranean diet also reflects a broader cultural 

and sustainable lifestyle. Recognized by 

UNESCO as part of the Intangible Cultural 

Heritage of Humanity, it represents a practical, 

evidence-based strategy to improve liver-related 

outcomes while simultaneously reducing 

cardiovascular, metabolic, and neurodegenerative 

risk across populations [11]. 

 

2.  Development of Antioxidant fundamentals 

of the Mediterranean diet 

 

Extra virgin olive oil: polyphenols. 

 Extra-virgin olive oil (EVOO) serves not only 

as the primary fat source in the Mediterranean 

diet but also as a key contributor to its health 

benefits [12]. Beyond its abundance of 

monounsaturated fatty acids, notably oleic acid, 

EVOO provides a diverse array of phenolic 

compounds, including hydroxytyrosol and 

oleuropein, which, despite being present in small 

amounts, exert notable biological activity [13]. 

These polyphenols function as potent 

antioxidants, counteracting free radicals that 

drive cellular damage, inflammation, and aging 

[14].  

 Accumulating scientific evidence indicates that 

EVOO derived polyphenols modulate key 

processes related to inflammation and apoptosis, 

thereby promoting cardiovascular protection, 

reducing oxidative stress in the liver, and 

preventing metabolic and age-related chronic 

diseases [15]. Human clinical trials consistently 

demonstrate that regular EVOO consumption 

improves blood pressure, lipid metabolism, and 

inflammatory biomarkers when compared with 

refined oils or other dietary fats [16].  

With respect to liver health, these bioactive 

compounds have shown hepatoprotective 

properties by decreasing hepatic fat deposition, 

enhancing insulin sensitivity, and attenuating 

hepatic inflammation [17]. Such effects are 

linked to a slower progression toward fibrosis 

and cirrhosis and may even contribute to the 

prevention of hepatocellular carcinoma, 

particularly in the context of metabolic diseases 

such as MASLD [18].  

 

Fruit and vegetables 

 Fruits and vegetables play a central role within 

the Mediterranean dietary model and constitute 

some of the most abundant dietary sources of 

vitamin C, an essential antioxidant for human 

health [19]. This micronutrient is highly present 

in citrus fruits [oranges, lemons, and tangerines] 

and other foods such as strawberries, kiwis, 

peppers, and tomatoes, where it fulfils a dual role 

by safeguarding cells from oxidative damage and 

supporting immune system function [20]. 

 Mechanistically, vitamin C acts as a natural 

defence against free radicals, preventing damage 

to cell membranes and DNA. Its hepatoprotective 

potential is particularly relevant, as it contributes 

to reducing hepatic inflammation, improving 

lipid metabolism, and limiting the progression of 

liver injury toward advanced disease stages [21]. 

Epidemiological and clinical data also 

demonstrate that adequate vitamin C intake 

correlates with a reduced risk of chronic liver 

disease and decreased serum transaminase levels, 

which serve as indicators of hepatocellular injury 

[22].  

 Beyond its independent effects, vitamin C also 

potentiates the activity of other antioxidants, 

including vitamin E and various polyphenols, 

thereby generating a synergistic defence system 

against oxidative stress [23].  

 Within the Mediterranean diet, this antioxidant 

protection is naturally integrated through the 

regular consumption of a wide diversity of fresh, 

seasonal, and locally sourced fruits and 

vegetables, reinforcing its role as a dietary 

cornerstone in both health promotion and disease 

prevention [24]. 
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Carotenoids 

 Carotenoids are naturally occurring pigments 

that give many fruits and vegetables their vivid 

colours, including carrots, tomatoes, pumpkins, 

and leafy greens such as spinach [25]. Among 

this group, β-carotene, recognised as a precursor 

of vitamin A, and lycopene, which is especially 

abundant in tomatoes and tomato-based products 

such as sauces and purées, as well as in 

preparations combined with olive oil, are 

particularly noteworthy. Acting as antioxidants, 

these bioactive compounds scavenge free radicals 

and contribute to the preservation of cell 

membrane integrity [26]. 

 Epidemiological research has shown that 

consistent dietary intake of lycopene is associated 

with a lower incidence of cardiovascular disease 

and a reduced risk of liver cancer, supporting the 

relevance of carotenoids as protective agents in 

both systemic and hepatic health [27].  

 

Quercetin 

 Quercetin is a flavonoid widely present in 

apples, onions, grapes, and several aromatic 

herbs characteristic of the Mediterranean region. 

Its biological relevance lies in its strong anti-

inflammatory properties, as it can downregulate 

the production of pro-inflammatory mediators 

while simultaneously supporting vascular 

function [28]. 

 With respect to liver health, quercetin has been 

reported to attenuate hepatic lipid accumulation 

and improve insulin sensitivity, mechanisms that 

may collectively contribute to a reduced risk of 

disease progression in metabolic dysfunction–

associated steatotic liver disease (MASLD) and 

related metabolic conditions [28]. 

 

Rutin 

 Rutin, a flavonoid structurally related to 

quercetin, is naturally present in citrus fruits, 

buckwheat, and various berries. Beyond its well-

recognized antioxidant capacity, rutin plays a 

central role in strengthening capillary walls and 

enhancing circulatory function [29]. 

Preclinical research demonstrates that rutin exerts 

protective effects on the liver by decreasing 

oxidative stress and influencing antioxidant 

enzyme activity, thereby supporting a more 

balanced hepatic metabolism and offering 

potential benefits in the prevention of liver-

related disorders [30].  

 

 

 

Gallic acid 

 This phenolic compound, commonly found in 

grapes, pomegranates, green tea, and berries, is 

recognised for its strong antioxidant and anti-

inflammatory properties. It plays a key role in 

protecting DNA and proteins from oxidative 

damage while also inhibiting molecular pathways 

that promote inflammation and hepatic fibrosis 

[31]. 

 Growing evidence also emphasises its potential 

role in preventing cancer and metabolic diseases, 

underlining the importance of polyphenol-rich 

fruits as key elements of the Mediterranean diet 

and their contribution to long, term health 

benefits [32]. 

 

Chlorogenic acid 

 Chlorogenic acid is found in apples, pears, and 

artichokes, and is notably present in coffee, a 

beverage deeply rooted in Mediterranean daily 

life. This compound is linked to better regulation 

of blood glucose and lipid metabolism, in 

addition to reducing liver inflammation [33]. 

Human trials suggest that its regular consumption 

may be associated with lower risk of metabolic 

syndrome and chronic liver disease [34]. 

 

Nuts and pulses 

 Nuts and legumes are fundamental components 

of the Mediterranean diet, appreciated for their 

nutritional density and remarkable antioxidant 

profile. These foods supply a diverse spectrum of 

polyphenols and tocopherols (vitamin E 

compounds), which together create an effective 

defence system against oxidative stress and 

chronic inflammation [35]. Among nuts, varieties 

such as almonds, walnuts, and hazelnuts are 

especially rich in vitamin E, predominantly α-

tocopherol, a fat-soluble antioxidant that protects 

cellular membranes from oxidative damage. 

Regular nut consumption has been consistently 

linked with improved lipid profiles, reduced 

cardiovascular risk, and enhanced liver function 

[36]. Clinical evidence further demonstrates that 

diets enriched with nuts lead to measurable 

reductions in oxidative stress and inflammatory 

biomarkers, positioning them as natural allies in 

the prevention of metabolic dysfunction and 

chronic liver disease [37]. 

 In addition to tocopherols, nuts provide 

numerous polyphenols, including flavonoids and 

phenolic acids. Walnuts, in particular, contain 

ellagic acid and catechins, compounds shown to 

limit hepatic fat accumulation and offer 

protection against fibrosis [38]. Legumes, 
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including chickpeas, lentils, and beans, 

complement this profile by providing 

isoflavones, phenolic acids, dietary fiber, and 

plant proteins that collectively promote metabolic 

balance. Regular legume intake has been 

associated with improved glycemic control, 

lower cholesterol levels, and reduced systemic 

inflammation, thereby mitigating risk factors for 

the progression of liver diseases linked to 

metabolic dysfunction [39]. 

 Taken together, nuts and legumes represent 

affordable and sustainable sources of 

antioxidants, proteins, and healthy fats. Their role 

extends beyond liver protection to encompass 

broader cultural and environmental sustainability, 

as they are integral to Mediterranean gastronomy 

and central to traditional dishes such as hummus, 

hearty stews, and mixed salads [40]. 

 

Fish: Omega 3 

 Fish consumption is considered a fundamental 

element of the Mediterranean dietary pattern, as 

it contributes substantially to protein intake and 

serves as a major dietary source of omega-3 fatty 

acids, notably eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA) [41]. These fatty 

acids have been consistently associated with anti-

inflammatory and antioxidant activities, which 

are thought to play an important role in 

maintaining hepatic function and promoting 

cardiovascular health [42]. 

 Mechanistically, omega-3 fatty acids reduce the 

synthesis of pro-inflammatory mediators and 

enhance the fluidity of cellular membranes, 

thereby promoting more efficient intercellular 

communication and balanced immune regulation 

[43]. Regular intake of oily fish, including 

salmon, sardines, mackerel, and anchovies, has 

been associated with favourable changes in 

biomarkers of inflammation and oxidative stress, 

as well as improvements in lipid and glucose 

metabolic profiles [44].  

 In the context of liver health, omega-3 fatty 

acids have been reported to reduce hepatic lipid 

accumulation, improve insulin sensitivity, and 

potentially attenuate the progression of fibrosis. 

Findings synthesised across the literature indicate 

that omega-3 supplementation or a higher intake 

of omega-3–rich fish is associated with 

reductions in serum liver enzyme levels and 

circulating triglyceride concentrations, both of 

which are key biomarkers of metabolic 

dysfunction and hepatic stress [45]. 

 Beyond their well-documented biological 

effects, fish consumption also embodies cultural 

and environmental dimensions of the 

Mediterranean lifestyle. Rooted in the traditions 

of fishing communities, coastal markets, and 

emblematic dishes such as grilled sardines or 

seafood stews, fish represents a nexus of health, 

heritage, and sustainability [46]. Encouraging the 

consumption of local and seasonal species not 

only promotes responsible fishing practices but 

also supports marine ecosystem balance while 

enhancing human health [47]. 

 

Preclinical and clinical evidence 

Studies in animal models have shown reductions 

in steatosis and fibrosis. 

Experimental and preclinical studies highlight the 

hepatoprotective potential of several bioactive 

compounds of the Mediterranean diet. 

Oleuropein, a polyphenol from extra virgin olive 

oil (EVOO), has been shown in high-fat diet 

models to reduce hepatic steatosis (fat 

accumulation), inflammation, and collagen 

deposition, while also regulating pathways linked 

to hepatic stellate cell (HSC) activation, thereby 

limiting fibrosis [48]. In a similar context, the 

combined use of hydroxytyrosol, another 

polyphenolic compound derived from olive oil, 

together with vitamin E has been reported to 

produce synergistic effects that exceed those 

observed with either compound administered 

independently, accompanied by marked 

reductions in oxidative stress and fibrotic 

progression, potentially mediated through the 

inhibition of profibrotic signaling pathways such 

as transforming growth factor beta/SMAD (TGF-

β/SMAD) [49]. 

 Other antioxidants from plant-based foods also 

exert protective effects. Resveratrol, a 

polyphenolic compound found in grapes and red 

wine, has been reported to attenuate hepatic 

steatosis, inflammation, and oxidative damage in 

methionine- and choline-deficient diet models 

(MCD), while also being associated with the 

activation of autophagic processes involved in 

the cellular clearance of damaged components 

and excess lipid accumulation, thereby 

supporting cellular homeostasis [50]. Quercetin, a 

flavonoid widely distributed in fruits and 

vegetables, has been reported to mitigate hepatic 

inflammatory responses through the 

downregulation of pro-inflammatory cytokines 

such as tumor necrosis factor alpha (TNF-α) and 

interleukin-6 (IL-6), reduced HSC activation, and 

limited fibrosis progression [51]. Chlorogenic 

acid, abundant in fruits, vegetables, and coffee, 

improved insulin sensitivity, decreased hepatic 
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triglycerides, and reduced both steatosis and 

fibrosis, reinforcing the value of polyphenol-rich 

foods in protecting against multiple stages of 

liver disease [52]. 

 In addition to polyphenols, omega-3 fatty acids 

from oily fish, particularly EPA (eicosatetraenoic 

acid) and DHA (docosahexaenoic acid), have 

been extensively studied. Evidence indicates that 

they reduce hepatic fat, suppress inflammatory 

pathways, and limit fibrosis by upregulating 

genes involved in fatty acid oxidation. Beyond 

their cardiovascular benefits, these compounds 

contribute to a healthier metabolic profile and 

greater liver resilience [53]. 

 

Clinical trials in patients with MASLD/MASH 

 Findings from clinical and experimental studies 

consistently underscore the hepatoprotective 

potential of the Mediterranean diet and its 

associated bioactive constituents. In a study 

involving more than 280 adults with obesity and 

dyslipidaemia, participants were assigned to a 

standard healthy diet, a traditional Mediterranean 

diet, or a modified “green” Mediterranean diet 

enriched with green tea, nuts, and the aquatic 

plant Mankai, which is particularly rich in 

polyphenols [54]. Greater adherence to the green 

variant of the Mediterranean dietary pattern has 

been associated with more pronounced reductions 

in hepatic fat content, as evaluated by magnetic 

resonance imaging–proton density fat fraction 

(MRI-PDFF), together with favourable changes 

in cholesterol levels, blood pressure, and other 

metabolic parameters. These findings suggest 

that higher dietary polyphenol intake may 

translate into measurable improvements in liver 

fat accumulation [55]. Similar results were 

reported in the MEDINA trial in Australia, where 

patients with MASLD who adopted the 

Mediterranean diet for 12 weeks achieved weight 

loss, reductions in waist circumference, and 

improved dietary quality. Importantly, imaging 

confirmed a significant reduction in hepatic fat, 

even though changes in liver enzymes were less 

consistent, reinforcing the role of this dietary 

pattern in the management of MASLD [56]. 

 The beneficial impact of specific 

Mediterranean foods has also been evaluated in 

targeted clinical interventions. For instance, in 

overweight adults with MASLD, daily 

consumption of 20 g of extra virgin olive oil 

(EVOO) for 12 weeks led to significant 

reductions in hepatic steatosis compared with 

refined oils, with favourable trends in liver 

enzymes, confirming EVOO not only as a source 

of healthy fat but also as a functional 

hepatoprotective food [57]. Similarly, a meta-

analysis of controlled studies found that omega-3 

fatty acid supplementation, commonly derived 

from oily fish such as sardines, mackerel, and 

salmon, effectively reduced hepatic fat 

accumulation and triglyceride levels and, in 

several instances, led to decreases in ALT and 

AST concentrations, thereby consolidating their 

role as natural anti-inflammatory and lipid-

modulating agents [58]. 

 Other dietary antioxidants have been studied 

with mixed results. Resveratrol, a polyphenol 

found in grapes and red wine, did not 

demonstrate consistent benefits over placebo in 

individual clinical trials [59]. However, pooled 

analyses from meta-analyses revealed modest 

reductions in liver enzymes and improvements in 

metabolic profiles in certain subgroups, 

particularly at higher doses or with prolonged 

treatments, suggesting a potential complementary 

role in MASLD therapy [60]. More robust 

evidence is available for vitamin E: in the 

landmark PIVENS trial, in non-diabetic patients 

with non-alcoholic steatohepatitis (NASH), 

administration of vitamin E at a dose of 800 IU 

per day over an extended period has been 

associated with significant histological 

improvements, including reduced inflammation 

and hepatocellular damage, together with lower 

ALT levels. These findings demonstrated that 

antioxidants can exert tangible therapeutic effects 

in NASH and further reinforce the rationale for 

antioxidant-rich dietary approaches, such as the 

Mediterranean diet [61].  

 Finally, large-scale cohort studies, such as 

PREDIMED-Plus, provide real-world evidence 

for these benefits. In this Spanish trial, adults at 

high cardiovascular risk who adopted a low-

calorie Mediterranean diet combined with 

lifestyle interventions showed reductions in 

hepatic steatosis and fibrosis indices (HSI, FIB-

4), as well as improvements in inflammatory 

markers [62]. These observations suggest that, 

when adopted as a long-term lifestyle approach, 

the Mediterranean diet may not only reduce 

cardiovascular risk but also provide sustained 

protection against chronic liver disease [63].  

 

Comparison with other antioxidant strategies 

In the management of MASLD and its 

progressive form, MASH, multiple antioxidant-

based strategies have been explored, ranging 

from supplementation with isolated compounds 

such as vitamin E or resveratrol to alternative 
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dietary models, including low-fat or low-

carbohydrate regimens [64]. Although these 

approaches demonstrate certain benefits, the 

overall body of evidence indicates that the 

Mediterranean diet provides broader, more 

consistent, and culturally sustainable advantages. 

Clinical trials of vitamin E supplementation, for 

example, have shown improvements in liver 

enzymes and reductions in oxidative stress 

among patients with MASLD, yet these effects 

appear to be limited to specific subgroups, and 

concerns regarding long-term safety diminish its 

value as a stand-alone therapeutic option [65]. 

Likewise, capsule-based resveratrol interventions 

have yielded inconsistent outcomes, with some 

studies reporting modest improvements in 

hepatic fat and inflammatory markers, while 

others observed no significant changes [66]. 

 Alternative dietary patterns have also been 

investigated, but their effectiveness seems less 

robust. Low-fat diets can promote weight loss 

and improve certain metabolic parameters; 

however, their impact on reducing liver fat is less 

consistent and generally less durable than that 

observed with the Mediterranean diet [67]. Low-

carbohydrate diets, on the other hand, may induce 

rapid reductions in hepatic steatosis, but 

adherence is often difficult and the restriction of 

antioxidant-rich foods, including fruits and 

legumes, may limit their long-term applicability 

[68]. In contrast, the Mediterranean diet is 

characterized as a synergistic dietary pattern, 

marked by the habitual intake of extra-virgin 

olive oil, fatty fish, nuts, legumes, fruits, and 

vegetables. This dietary combination supplies a 

broad range of bioactive constituents, including 

polyphenols, tocopherols, omega-3 fatty acids, 

and dietary fibre, which may act in a 

complementary manner to attenuate oxidative 

stress and inflammatory processes while 

contributing to reductions in hepatic fat 

accumulation [69]. Clinical evidence from 

studies such as the DIRECT PLUS trial further 

demonstrates that versions of the Mediterranean 

diet enriched in polyphenols are particularly 

effective in decreasing both hepatic and visceral 

fat [70].  

 Importantly, beyond its biochemical benefits, 

the Mediterranean diet is culturally embedded, 

environmentally sustainable, and easier to adopt 

and maintain over the long term, which 

strengthens its position as a practical and 

effective dietary strategy for liver health [71]. 

 

Relevance as a non-pharmacological 

intervention 

 Chronic liver diseases, encompassing metabolic 

dysfunction–associated steatotic liver disease 

(MASLD), alcohol-related liver disease, viral 

hepatitis, and hepatocellular carcinoma (HCC), 

represent a major and increasingly significant 

global health challenge [72]. As pharmacological 

options remain limited or under development, 

non-pharmacological strategies, especially 

nutritional interventions, have become central to 

prevention and treatment. Among them, the 

Mediterranean diet stands out for its multi-

targeted benefits: it provides antioxidants, anti-

inflammatory compounds, and healthy fats that 

act synergistically to reduce oxidative stress, 

decrease liver fat, improve insulin sensitivity, and 

regulate inflammation [73]. These mechanisms 

are relevant not only to MASLD but also to 

slowing fibrosis in viral hepatitis, reducing 

alcohol-related injury, and potentially lowering 

HCC risk [74]. 

 Evidence from the literature indicates that 

adherence to the Mediterranean dietary pattern is 

associated with improvements in liver enzyme 

levels, reductions in hepatic steatosis as assessed 

by imaging techniques, and modulation of 

inflammatory and oxidative stress markers. 

Beyond liver outcomes, this pattern also reduces 

cardiovascular risk and supports healthy aging, 

making it particularly valuable for patients with 

comorbidities [75]. Unlike pharmacological 

therapies, it is sustainable, safe, and culturally 

embedded, which facilitates adherence and long-

term impact. Promoting the Mediterranean diet as 

a lifestyle thus represents an effective, affordable, 

and scalable public health strategy to reduce the 

burden of cirrhosis, complications such as HCC, 

and the need for costly interventions like 

transplantation [76]. 

 

Future directions 

 Looking forward, nutrition in liver health is 

expected to move toward greater precision and 

personalisation. Although the Mediterranean diet 

consistently demonstrates protective effects, 

individual responses vary depending on genetics, 

gut microbiome composition, metabolic profile, 

and lifestyle factors [77]. The integration of these 

dietary components into personalised nutritional 

strategies may enhance clinical outcomes through 

the adaptation of the Mediterranean dietary 

pattern for individuals with metabolic 

dysfunction–associated steatotic liver disease 

(MASLD), alcohol-related liver disease, and viral 
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hepatitis, as well as in the prevention of 

hepatocellular carcinoma (HCC) [78]. Emerging 

evidence also highlights the potential of 

combining the Mediterranean diet with targeted 

antioxidant supplementation. Early trials suggest 

that polyphenols can further reduce hepatic fat 

and improve oxidative stress markers, while 

experimental studies indicate that compounds 

such as catechins, quercetin, and resveratrol may 

act synergistically with pharmacological 

therapies, enhancing insulin sensitivity and 

slowing fibrosis progression [79]. 

 Another promising field is the gut–liver axis, as 

the Mediterranean diet naturally supports a 

diverse microbiome. Supplementation with 

polyphenol-rich extracts or probiotics may 

strengthen microbiota-derived metabolites, 

reduce hepatic inflammation and boost 

antioxidant defences [80]. Ultimately, future 

strategies will likely integrate the Mediterranean 

diet with physical activity, weight management, 

and selected supplementation in precision 

lifestyle interventions. Such an approach has the 

potential not only to slow MASLD progression 

but also to prevent long-term complications, 

including cirrhosis and HCC [81]. 

 

3.  Conclusions 

 

 The Mediterranean dietary pattern, 

characterised by a distinctive combination of 

foods rich in antioxidants and anti-inflammatory 

compounds, is increasingly recognised as a 

scientifically grounded strategy for supporting 

liver health by attenuating oxidative stress, 

inflammatory processes, and hepatic fat 

accumulation. Although additional long-term 

investigations are warranted to further refine 

clinical recommendations, the available body of 

evidence positions this dietary approach as a 

sustainable and potentially effective cornerstone 

in the prevention and management of chronic 

liver diseases, particularly metabolic 

dysfunction–associated steatotic liver disease 

(MASLD). 
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Abstract: The article presents an innovative digital educational management model 

applied in the fields of food and tourism The model proposes an interactive teaching-

learning method based on the use of the Moodle platform, integrating formative assessment 

and immediate feedback. By combining educational technologies with the principles of 

active pedagogy, the aim is to transform the didactic process into a collaborative and 

motivating environment. The method was applied and tested in courses within the food and 

tourism fields, proving effective in increasing student engagement and interest in the act of 

teaching. 
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1.  Introduction 

 

    In a world dominated by digitalization, the 

university educational process must adapt to the 

learning behaviors of the new generation of 

students [1,2,3]. 

     Young people, as digital natives, feel more 

comfortable in the online environment and show 

a preference for interactive, technology-based 

methods.  

    In this context, the role of digital educational 

management is to integrate technological tools 

into the act of teaching to maintain students' 

interest, attention, and motivation. The e-learning 

platforms are useful tools for aiming these 

achievements [4,5,6]. 

     E-learning is defined as a complex system of 

technologies, processes, and didactic methods 

based on the use of digital media. 

   Connectivism views learning as a process of 

knowledge construction within a network, while 

the theory of the online learning community 

emphasizes the importance of cognitive and 

social interaction [7,8]. 

   These concepts form the basis of the proposed 

model, which transforms the student from a 

passive recipient into an active participant in their 

own education [9,10]. 

 

 

 

2. The Research Methodology  

  The digital educational management model 

presented in this paper is structured in two 

complementary stages: teaching-learning 

through initial impact and explanation and 

consolidation through guided interaction. These 

stages ensure a gradual transition from passive 

reception to active student involvement, using the 

Moodle platform as the central teaching and 

evaluation tool. 

   Moodle is an electronic learning (e-learning) 

and modular platform that offers a robust and 

secure system for creating and managing learning 

environments. The learning process on Moodle is 

flexible, allowing users to personalize their pace, 

access a variety of resources (texts, video, audio), 

collaborate through forums, and be evaluated by 

various methods (tests, assignments, self-

assessment). 

    The teaching-learning through initial impact 

stage of the method aims to capture students' 

attention and actively involve them in the 

learning process through a quick and direct 

exposure to information. Initial impact refers to 

the fact that students interact with the information 

without receiving any initial explanation. 

Students connect to the Moodle platform, access 

the current course, and go through the relevant 

course materials within a limited interval of 10–

20 minutes. The materials are uploaded to the 

platform in a specific area as shown in (Fig.1). 
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Fig.1. The Moodle access to current course

    Next, students take a multiple-choice test 

containing 20–30 questions, with a single correct 

answer option, which lasts for 8 minutes.  

An example of a question as students view it on 

the Moodle platform is presented in (fig. 2.). 

Fig. 2. The Quiz example 

   The purpose of this stage is to generate an 

immediate "cognitive impact," stimulating 

concentration and responsibility towards the act 

of learning. Knowing that a test will follow, 

students will concentrate on the initial 

information from which they are to take the test. 

Moreover, the test questions will prompt them to 

make connections between the presented 

information and will fix important information 

from the studied material.  

 At the end of the test, results are displayed 

immediately, providing students with feedback 

on their own performance. This aspect 

contributes to increasing the student's level of 

motivation. 

   On the other hand, the Moodle platform allows 

the export of results in Excel format, which is an 

advantage because important information for the 

next stage is managed in a very short time. In this 

way, the teacher can see the students' average 

grades as well as the average for each question.            

The teacher downloads the file, immediately 

highlighting questions with a low score and 

presenting them to the students.  

  This is presented in the (fig.3). Below; 

questions are noted with (q1...q20), and the 

averages for each question appear in the bottom 

row. The teacher will identify the questions with 

a lower score, and will insist on these during the 

second phase, when explaining the information. 
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The figure is only an excerpt from the resulting 

Excel file, as the test was taken by 45 students 

 and had 20 questions. 

 

 

Fig 3. The excerpt from the original Excel results file 

 

   An additional help in this regard is the Moodle 

platform's Statistics package, which provides 

real-time statistical information regarding the test 

and its result. With its help, the professor has 

immediate and important feedback for the 

success of the second stage. Figure 4 shows the 

graph generated by this module for the 

information from the Excel file above, but in its 

complete version. 

 

Fig. 4. Statistics generated by the Moodle platform 

 The second stage, titled Explanation, 

Consolidation, and Guided Interaction, 

completes the learning process by clarifying 

information, consolidating concepts, and 

stimulating critical reflection. Based on the 

results exported from Moodle, the professor 

identifies problematic items and sections 

requiring further study. This data becomes the 

starting point for discussions and additional 

explanations in class. The professor reviews the 

entire course and explains it to the students, 

insisting on the misunderstood concepts 

identified in the initial test. Furthermore, the 

professor formulates open-ended questions and 

challenges students to provide explanations in 

their own words. Correct and well-argued 

answers are rewarded with bonus points, thus 

maintaining motivation and a competitive spirit. 

 

4. Results and Discussions  

 

   This method was applied simultaneously for 

one semester to two different technical subjects 

in the food sector (3rd year undergraduate) and 

(2nd year master's). Both subjects have as their 

main theme the study of equipment for 
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processing raw materials of plant origin.  

   On a smaller scale, the method was also 

applied to a course in the field of tourism that 

deals with the quality of tourist services taught to 

students in (4th year undergraduates). 

   It was found that the method is particularly 

suitable for tourism because the technical nature 

of the information is not as pronounced. Thus, 

students can understand it more easily even in 

the first phase of the method, and in the second 

phase, more extensive discussions can take place.  

  Nevertheless, the method worked very well 

even in the case of the two technical courses. The 

evidence is the total average scores obtained by 

students in the tests in the first phase. Thus, in 

75% of the tests, students obtained 5 points out 

of a possible 10, and the average for all tests was 

5.39 points. Not all subjects allow the application 

of the present method in this form. For fields 

such as mathematics, physics, or chemistry, 

where reasoning is sequential and based on 

demonstrations, the stages of the method must be 

adapted either by changing the initial impact 

with explanations or by introducing intermediate 

practical exercises. The method thus has a 

modular and flexible character, allowing 

adjustments according to the specifics of the 

didactic content. The application of the method 

to subjects in the food and tourism fields 

highlighted a consistent increase in student 

involvement. The use of phones and laptops for 

educational purposes during the course 

maintained their interest and offered a practical 

perspective on the content. A decrease in 

participant passivity and an increase in 

interaction during courses were observed through 

a rise in the level of attention and involvement. 

Overall, the method proves to be effective not 

only as a digital learning tool but as a student-

centered educational management strategy. 

Furthermore, this method brings a significant 

improvement in communication skills and the 

capacity for professional argumentation. 

 

Conclusions  

 

  The term "innovative method" was chosen by 

the author because it was not created based on 

existing models but represents the author's 

conception, conceived and subsequently tested in 

classes as an alternative to classic teaching 

methods. The article aimed to present the method 

itself and its positive impact on the learning 

process, based especially on the author's 

observations during classes, as well as on the 

primary study of the results obtained by students, 

especially in the initial test. The presentation of 

the method is a first step towards carrying out 

advanced research based on information obtained 

later and rigorously interpreted from a statistical 

point of view. The model proposed demonstrates 

the versatility of technology in supporting the 

didactic act. By combining the stages of 

formative testing and guided interaction, a 

balance is achieved between autonomy and 

pedagogical guidance. Although the method does 

not apply identically to all subjects, the basic 

principles – cognitive activation, immediate 

feedback, and collaborative learning – can be 

adapted according to content and context. The 

positive experiences in the food and tourism 

fields demonstrate that such a model can 

contribute to the modernization of university 

education, creating a culture of digital, 

participatory, and reflective learning. 
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Abstract: The use of synthetic pesticides has become established as a central tool 

in contemporary agriculture due to their effectiveness in pest control and crop 

protection. However, their indiscriminate and repeated application has posed 

threats to ecosystem biodiversity and microbiota due to their bioaccumulation 

capacity. They also pose a serious global public health problem, being associated 

with a wide range of diseases resulting from acute and chronic exposure. 

Conventional analytical techniques maintain high sensitivity and specificity, but 

costs, infrastructure, and specialised personnel limit their application. In this 

context, biosensors are promising alternatives for in situ diagnosis, environmental 

monitoring, and food-residue control, offering speed, portability, and the potential 

for integration with mobile devices. 
 

Keywords: biosensor, pesticides, organophosphates, clinical diagnosis, environmental 

biomonitoring, point of care. 

 

 

1.  Introduction 

 

 The use of synthetic pesticides became 

widespread in the mid-20th century, during the 

Green Revolution, when agricultural 

intensification relied on inorganic fertilisers, 

synthetic pesticides and genetically modified 

organisms to ensure food security in low- and 

middle-income countries [1]. Their immediate 

effectiveness in pest control led to their 

widespread adoption, making them an essential 

tool in modern agriculture. However, the 

repeated and indiscriminate application of these 

compounds has led to adverse side effects, such 

as the emergence of resistance in pests, the re-

emergence of infestations and, more worryingly, 

a negative impact on both human health and 

ecological stability [2]. 

In the healthcare sector, pesticides pose a 

significant public health concern. Both acute and 

chronic exposure are associated with a wide 

range of clinical manifestations, ranging from 

transient symptoms to serious and permanent 

complications, with significant repercussions on 

quality of life [3]. 

The epidemiological severity of the phenomenon 

is undeniable. According to estimates by the 

World Health Organisation, approximately 

200,000 deaths occur annually due to accidental 

pesticide poisoning. This impact is distributed 

unevenly, with an overwhelmingly higher 

incidence (84%) in low- and middle-income 

countries [4,5]. 

In general, millions of people are exposed each 

year to organophosphate pesticides, which are 

responsible for a large proportion of poisonings 

and deaths in Asia, Africa and Latin America, 

where they are one of the leading causes of both 

accidental and intentional poisoning [6,7]. 

Similarly, the intensive use of pesticides poses a 

significant environmental threat. Their 

widespread application contributes to the 

contamination of soil and water sources, as well 

as generating residues in food intended for 

human consumption [8]. 

mailto:mihaela.badea@unitbv.ro


Journal of EcoAgriTourism                                     ISSN: 1844-8577                                        Vol. 22, no. 1, 2026 

 

38 

 

It is estimated that approximately 99.9% of 

pesticides applied do not reach their target, 

dispersing into the environment through 

processes such as spray drift, runoff, 

volatilisation, leaching or adsorption [9]. This 

dispersion makes them agents of global change 

and drivers of biodiversity loss [10]. 

These compounds can bioaccumulate in non-

target organisms, altering food webs and 

affecting beneficial species; their prolonged 

persistence favours accumulation in food chains 

and enhances toxicity in aquatic ecosystems [11]. 

Given this situation, it is imperative to have 

practical tools for the early detection of poisoning 

and environmental monitoring. 

Conventional analytical methods, such as high-

performance liquid chromatography (HPLC) and 

gas chromatography coupled with mass 

spectrometry (GC-MS), have demonstrated high 

sensitivity and specificity in the identification of 

toxic agents [12]. However, its use is restricted 

by high costs, the need for specialised 

infrastructure, laborious procedures and 

dependence on highly trained personnel, which 

limits its applicability in rural or resource-

constrained settings [13–15]. 

In this regard, biosensors are emerging as 

innovative tools capable of transforming 

biological signals into measurable responses, 

notable for their speed, low cost, and versatility 

in identifying pesticide residues in environmental 

and biological matrices, with relevant 

applications in clinical diagnosis and food safety 

[16]. 

This review aims to summarize and critically 

examine recent literature on biosensors for 

pesticide detection, analysing their detection 

principles, innovative materials, and available 

configurations, as well as the main challenges 

and projections in the context of public health 

and environmental control. 

 

2.  Materials and Methods 

 

The main objective of this review is to 

conduct a comprehensive investigation of the 

scientific literature on the use of biosensors for 

pesticide detection from the perspectives of 

clinical toxicology and environmental 

biomonitoring. A structured search was 

conducted in international databases, including 

PubMed, Web of Science, and Google Scholar. 

Keywords such as “pesticides”, 

“organophosphates”, “biosensors”, “clinical 

diagnosis”, “point-of-care” and “environmental 

biomonitoring” were used to identify the most 

relevant studies. 

The selection process included original research 

articles, review articles, and doctoral theses, all 

published in the last two decades. Reports from 

international organisations such as the World 

Health Organisation (WHO) were also 

incorporated to strengthen the study's 

epidemiological component. Preference was 

given to publications on diagnostic strategies, 

environmental and food-residue monitoring, and 

innovations in biosensor technologies. 

This methodological approach enabled the 

synthesis of evidence on the clinical and 

environmental applications of biosensors, their 

advantages over conventional methods, and the 

current barriers to their large-scale 

implementation. 

 

3.  Results 

3.1. Clinical presentation of organophosphate 

poisoning  

 

 Organophosphate poisoning causes a sudden 

onset of symptoms ranging from mild forms to 

serious complications such as respiratory failure, 

convulsions and death [3,17]. Its mechanism of 

action is based on the irreversible inhibition of 

acetylcholinesterase, which causes an 

accumulation of acetylcholine and excessive 

stimulation of muscarinic and nicotinic receptors, 

leading to a cholinergic crisis [13,18]. 

Muscarinic effects include dyspnoea, 

bronchospasm, pulmonary oedema, 

gastrointestinal symptoms, bradycardia, 

hypotension and miosis, while nicotinic effects 

include fasciculations, muscle weakness, 

tachycardia and hypertension [19–21]. At the 

central level, anxiety, tremors, confusion, 

convulsions, coma, and respiratory depression 

may be observed [22]. 

The poisoning may progress to intermediate 

syndrome, which presents with muscle paralysis 

and type II respiratory failure [19,23] and serious 

cardiac complications [24]. 

Chronic exposure to low doses of 

organophosphates is associated with long-term 

multisystemic effects, including neurological 

disorders, psychiatric disorders, and an increased 

risk of congenital malformations and cancer, 

particularly in agricultural communities [25]. 

Exposure to pesticide residues in agricultural 

products has been associated with haematological 

disorders, infertility, metabolic dysfunction and 

the development of respiratory and 
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immunological diseases. In addition, 

organophosphates and carbamates are considered 

endocrine disruptors (EDCs) that can affect 

hormonal balance, growth, and reproduction [26]. 

Prenatal exposure to organophosphates has also 

been linked to adverse effects on child 

neurodevelopment [27]. 

Poor working and socioeconomic conditions in 

agriculture, characterised by a lack of training in 

the safe handling of pesticides, the inappropriate 

use or absence of personal protective equipment, 

together with poverty, low levels of education 

and limited access to health services, 

significantly increase the risk of poisoning and 

contribute to high morbidity and mortality in 

these populations [28,29]. 

 

3.2 Environmental impact of organophosphate 

contamination 

Beyond the clinical setting, the environmental 

impact of pesticides is a global challenge due to 

their persistence, mobility and bioaccumulation 

capacity. Their presence has been widely 

documented in soil, surface water and 

groundwater, as well as in the food chain, posing 

a threat to biodiversity and the essential 

microbiota of agricultural ecosystems [30,31].  

Among these, organophosphates (OP), which 

account for around 45% of the global market, are 

widely used but highly toxic to biological 

systems, while organochlorines (OCP) act as 

persistent organic pollutants capable of harming 

non-target species [32]. 

Aquatic ecosystems function as major sinks for 

pesticides, making them particularly vulnerable. 

Substances such as glyphosate can enter the 

oceans through underground discharges, altering 

biodiversity and affecting fish health. These 

effects include hormonal and reproductive 

imbalances, which translate into significant 

losses for the fishing industry [10]. 

Similarly, soil contamination is a significant 

problem, as pesticides can persist for long 

periods of time, between 10 and 360 days in the 

case of parathion, affecting soil quality and the 

sustainability of agroecosystems. The prolonged 

persistence of these compounds’ compromises 

soil quality and the sustainability of 

agroecosystems. These compounds can inhibit 

the growth of bacteria and fungi, reduce 

microbial respiration, be toxic to nitrogen-fixing 

bacteria, and alter humus formation and soil 

porosity [9]. 

 

 

3.3 Biosensors for organophosphate detection 

3.3.1. Types of biosensors 

Early detection of toxic compounds is essential in 

clinical and environmental toxicology. In this 

context, biosensors represent an innovative 

alternative by enabling the analysis of specific 

biomarkers and continuous real-time monitoring 

of harmful agents in different ecosystems [33]. 

The ability of biosensors to quantify analytes in 

complex biological matrices lies in the 

combination of the specificity of biological 

systems with the precision of physical 

transduction. These platforms are distinguished 

by their speed, economy, portability, and high 

sensitivity [34,35], which facilitates continuous 

monitoring even in remote or hard-to-reach 

environments [36]. 

Biosensors represent a new generation of 

analytical tools by integrating a bioreceptor, such 

as enzymes, antibodies, aptamers, nucleic acids 

or whole cells, with a physical-chemical 

transducer that converts the biochemical 

interaction into a quantifiable signal, which is 

then amplified and processed [10,37]. 

The fundamental principle behind the operation 

of biosensors lies in the high specificity of the 

bioreceptor, which, upon recognising the target 

molecule, triggers a biochemical change that 

translates into an electrical, optical or 

piezoelectric signal, thus enabling rapid and 

reliable results to be obtained [38]. 

These devices can be classified according to the 

type of transduction (electrochemical, optical, 

piezoelectric or colorimetric) or according to the 

nature of the biological recognition element, 

based on whole cells or cell-free systems [39]. 

Among the various types of biosensors, 

electrochemical biosensors have established 

themselves as one of the most widely used 

platforms, taking advantage of variations in 

impedance, voltage or current to achieve 

sensitive and portable measurements, which are 

particularly useful in agricultural environments 

[40]. 

On the other hand, optical biosensors use 

advanced nanomaterials, such as semiconductor 

quantum dots or gold nanoparticles, which allow 

noticeable changes in fluorescence or coloration 

to be recorded, facilitating the implementation of 

rapid in situ screening methods [41]. 

Immunosensors and aptasensors also stand out 

for their high selectivity, as they are based on 

highly specific interactions such as antigen-

antibody recognition or the binding of aptamers 

to target molecules [9]. 
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Clinically, biosensors allow the rapid detection of 

biomarkers associated with pesticide exposure, 

including inhibition of blood cholinesterases 

(AChE/BChE), accumulation of acetylcholine, 

and the presence of urinary metabolites. Among 

the most commonly used urinary biomarkers for 

assessing exposure to organophosphates are 

dialkyl phosphates (DAPs), non-specific 

metabolites derived from the hepatic 

biotransformation of these compounds, as well as 

specific metabolites resulting from the 

degradation of certain pesticides [42]. Measuring 

these indicators in complex matrices, such as 

clinical and forensic samples and human serum, 

enables confirmation of exposure, estimation of 

clinical severity, and prediction of prognosis 

[43,44]. 

Biosensors based on AChE inhibition have 

emerged as simple, rapid, and ultrasensitive 

analytical tools. However, the measurement of 

urinary metabolites presents a limited diagnostic 

window due to their rapid excretion, highlighting 

the usefulness of combining rapid cholinesterase 

measurements with advanced confirmatory 

techniques [45] 

A key development in this field is point-of-care 

(POC) biosensors, which stand out for their 

portability, low cost, and ease of use, and 

expanding their applicability in clinical and 

community settings. These include paper 

biosensors, with colorimetric or origami formats, 

which provide immediate results and can be 

integrated with smartphones for real-time reading 

and transmission.  

Examples of these technologies include the visual 

detection of organophosphates such as malathion 

in food, by analysing the flow of water on pH 

indicator paper, which is a simple and effective 

method for on-site analysis [46,47]. 

Thanks to these characteristics, biosensors not 

only optimise clinical care in cases of acute 

poisoning through immediate diagnosis and 

timely treatment, but also provide added value in 

epidemiological surveillance and environmental 

control of pollutants [48]. 

3.3.2. Enzyme-based biosensors 

In toxicology, biosensors have become 

particularly important for detecting 

organophosphate and carbamate pesticides, 

neurotoxic compounds whose mechanisms of 

action involve the irreversible inhibition of the 

enzyme acetylcholinesterase (AChE) in the case 

of organophosphates and reversible inhibition in 

the case of carbamates. The decrease in enzyme 

activity with increasing toxin concentration is the 

basic principle of enzymatic biosensors [30,49]. 

These devices have been optimised by 

immobilising AChE on electrodes, thereby 

enhancing the system's stability and reusability. 

At the same time, antibody-based immunosensors 

offer high specificity, even in the detection of 

extremely low concentrations of pesticides 

[50,51]. 

In particular, electrochemical biosensors with 

immobilised AChE have achieved detection 

limits in the nanomolar range, as in the case of 

paraoxon, with accuracy greater than 90% and 

response times of seconds to minutes, making 

them critical tools for emergencies and resource-

limited environments [38,52]. 

From an operational perspective, these biosensors 

stand out for offering a sensitive and economical 

screening method [53]. Its speed is remarkable 

and its innovative design reduces the amount of 

enzyme required to one third, optimising the 

efficiency of the entire analysis. In addition, these 

systems can complement or replace reference 

methods by simplifying or eliminating sample 

preparation, allowing direct determination of 

insecticides in aqueous matrices without prior 

extraction, cleaning or preconcentration [54]. 

Biosensors based on AChE inhibition have 

demonstrated outstanding analytical capabilities 

for the determination of neurotoxins, with 

detection limits generally ranging from 10-¹¹ to 

42.19 μM, with linearity ranges extending from 

1.0×10⁻¹¹ to 7.45×10⁴ μM, as previously reported 

in the literature [55]. 

For methyl parathion, the macroalgae biosensor 

achieved an LD (10% inhibition) of 1.5–1.8 

μg/L, with a linear range of 0 to 10 μg/L (R² = 

0.9862) [51]. Studies with mutant enzymes from 

Drosophila melanogaster reported minimum 

values of 1.3 μg/L for chlorpyrifos and 6.4 μg/L 

for chlorpyrifos oxon (10% relative inhibition) 

[54]. 

3.3.3. Aptasensors 

Similarly, DNA or RNA aptamers selected in 

vitro have emerged as bioreceptors of great 

interest due to their high affinity, regenerability 

and resistance to adverse conditions, making 

them ideal candidates for the design of 

electrochemical and optical nanobiosensors for 

the detection of organophosphorus compounds 

[56]. 

The most widely used transduction systems in 

this field are electrochemical systems, recognised 

for their low cost, portability and high sensitivity, 

using techniques such as amperometry, cyclic 
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voltammetry and impedance spectroscopy [57–

59]. 

These properties are comparable to those of 

antibodies, with the added advantages of greater 

thermal stability, lower production costs and 

reduced size. These characteristics favour their 

use in environmental and agricultural analyses, 

particularly under field conditions [60]. 

Aptamers, synthetic single-stranded nucleic acid 

sequences (DNA or RNA) developed using the 

SELEX methodology, function as highly 

selective biorecognition elements, often referred 

to as "chemical antibodies" due to their superior 

affinity and their thermostable and economical 

nature [61]. 

Its combination with advanced nanomaterials, 

such as quantum dots derived from Ti₃C₂Tₓ 

MXene (MQDs) or gold nanoparticles (AuNPs), 

has significantly advanced the development of 

nanosensors for environmental and agricultural 

monitoring. This synergy has made it possible to 

achieve exceptionally high analytical sensitivities 

in the detection of organophosphate pesticide 

residues and other contaminants, with ultra-low 

detection limits, such as 1.0 × 10⁻¹⁷ M for 

chlorpyrifos, and wide linear dynamic ranges 

extending, for example, from 1.0 × 10⁻¹⁴ to 1.0 × 

10⁻⁸ M in advanced electrochemical biosensors 

[62]. 

In the context of precision agriculture, 

miniaturised devices have been developed that 

enable real-time monitoring of residues such as 

paraoxon, glyphosate and 2,4-D in the aerosol 

phase, with LODs of 2 ppb, 10 ppb and 30 ppb, 

respectively [63]. 

The integration of aptamers into advanced 

transduction platforms, often enhanced with 

nanomaterials, is essential for optimising the 

sensitivity, selectivity and stability of 

aptasensors. These configurations have 

demonstrated exceptional analytical performance 

in detecting organophosphate pesticides, and they 

are portable, accurate, and robust alternatives to 

conventional methodologies. For example, 

detection limits of 2.1 ng/L have been achieved 

for profenofos using surface-enhanced Raman 

spectroscopy (SERS), as well as sensitivities in 

the low nanomolar range for malathion, 

demonstrating the high analytical capability of 

these aptamer-based platforms [62,64]. 

From the perspective of transduction 

mechanisms, optical platforms, including surface 

plasmon resonance (SPR), fluorescence, and 

surface-enhanced Raman spectroscopy (SERS) 

are characterised by their high analytical 

sensitivity. In contrast, piezoelectric sensors 

allow mass changes to be detected through 

variations in resonance frequency, induced by the 

specific interaction between the aptamer and the 

analyte [65]. The efficiency of these platforms 

has been significantly enhanced by the 

incorporation of nanomaterials such as graphene, 

carbon nanotubes, gold nanorods and bimetallic 

nanoparticles, which contribute to improving the 

structural stability, signal amplification and 

selectivity of detection systems [66–68]. 

 

3.4. Detection in environmental and food 

matrices 

Faced with the limitations of conventional 

analytical methods for continuous in situ 

measurements, biosensors are emerging as 

technologically sustainable alternatives for 

environmental monitoring [69]. 

Its portable and economical design enables real-

time assessment of ecosystem quality. Its 

application is particularly relevant in the 

detection of neurotoxic pesticides, whose 

persistence, bioaccumulation and ability to cause 

chronic exposure in non-target organisms pose a 

significant risk [70]. 

These devices are invaluable for detecting 

contaminants in water, soil and food, offering 

rapid, sensitive solutions that can be adapted to 

various environmental matrices [40]. Their 

versatility is enhanced by the use of specialised 

transducers, such as potentiometric transducers 

for reactions that release H+ ions and 

amperometric transducers for electroactive 

species, as well as by the incorporation of 

nanomaterials and innovative configurations, 

including microfluidic paper platforms and 

origami-type electrochemical sensors, which 

broaden their applications and strengthen their 

role in environmental risk management [49,71]. 

Multiple strategies have been implemented in 

aquatic matrices for pesticide detection, including 

enzymatic biosensors, immunosensors, 

aptasensors, and whole-cell-based devices. 

Enzymatic biosensors that use 

acetylcholinesterase (AChE) are widely 

employed to detect organophosphates (OPs), 

whereas others exploit the activity of 

photosystem II to detect herbicides such as 

triazines and phenylureas. Immunosensors allow 

the identification of compounds such as atrazine 

and parathion through antigen-antibody 

interaction, and aptasensors have proven 

effective in detecting molecules such as 

thiamethoxam or acetamiprid using fluorescent 
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techniques and cationic carbon quantum dots 

[71,22,10]. Similarly, electrochemical biosensors 

enhanced with nanomaterials, such as 

NiCoSe₂/reduced graphene oxide, have 

demonstrated high sensitivity to pesticides, 

including malathion [72]. 

One of the main applications of biosensors in soil 

is monitoring soil quality and nutrient content, as 

well as detecting persistent contaminants such as 

pesticides and herbicides [41,73]. 

Among the strategies developed, electrochemical 

biosensors and field-effect transistors (FETs) 

stand out, used for pesticides such as methyl 

parathion through configurations based on Ag-

ZnO and semiconductor carbon nanotubes. 

Immunosensors with metal coatings have also 

been designed to detect atrazine and parathion, 

and DNA biosensors can record changes in redox 

potential upon interaction with insecticides. 

Complementarily, the use of nanomaterials has 

enabled the detection of compounds such as 4-

nitrophenol and the development of 

amperometric biosensors for glyphosate in water 

and soil [72,74,75]. 

Finally, in food, biosensors have been developed 

to analyse residues in fruit and vegetables, which 

is crucial for ensuring food safety. 

Nanotechnology-based innovations, such as 

SERS sensors with Ag/Au bimetallic 

nanoparticles, enable the in situ detection of 

organophosphate pesticide residues, while other 

nanosensors have been designed for early pest 

monitoring, contributing to sustainable 

agricultural management and reducing the use of 

agrochemicals [65,71]. 

 

3.5. Challenges and prospects for biosensors 

Despite advances in biosensor development, their 

widespread implementation in environmental and 

food monitoring remains constrained by 

significant limitations. One of the main 

challenges is associated with selectivity in 

complex matrices, such as blood, soil, or 

biological extracts, where endogenous 

metabolites, lipids, and proteins can interfere 

with enzymatic activity and alter the signal 

generated [35]. 

Similarly, the presence of structurally similar 

contaminants, such as aromatic compounds 

capable of reacting with multiple analytes, can 

compromise the accuracy of results, while in 

agricultural settings the effect of the soil matrix 

itself directly influences the sensitivity of the 

devices [76]. 

Another key challenge relates to the stability of 

the bioreceptor, given that enzymes, antibodies 

and whole cells are susceptible to degradation or 

loss of viability when exposed to changes in 

temperature, pH or humidity, which limits their 

reuse and hinders their application in 

environmental conditions [72]. 

In addition to these inherent challenges, there are 

hurdles to scaling up for practical use, such as the 

high costs of specialised materials, such as 

nanocomposites and aptamers, and the difficulty 

of replicating laboratory performance at an 

industrial scale. Additionally, validation with real 

samples is uncommon, and there remains an 

absence of standardised regulatory protocols for 

assessing their performance, which limits their 

acceptance and use in field applications. 

However, the outlook suggests a promising 

scenario driven by technological innovation and 

interdisciplinary convergence. Among the most 

relevant lines of research are the development of 

multiplexed biosensors capable of simultaneously 

detecting multiple biomarkers,  and the use of 

portable microfluidic paper platforms, which 

reduce analysis times and offer practical 

alternatives for low-resource environments [76]. 

At the same time, the incorporation of state-of-

the-art nanomaterials such as graphene, carbon 

nanotubes,[77] quantum dots, graphene oxide and 

MXenes [72] has enhanced sensitivity, selectivity 

and stability, achieving detection limits below 

toxicological thresholds and international 

standards, thereby broadening the spectrum of 

clinical and environmental applications 78.  

Added to this is integration with smartphones, the 

Internet of Things, and artificial intelligence, 

which facilitates real-time monitoring, remote 

control of crops and prediction of pesticide usage 

using machine learning algorithms [79,80]. 

These innovations will determine that biosensors 

and nano-biosensors will be tools with enormous 

potential to transform the early diagnosis of acute 

pesticide poisoning, environmental monitoring, 

and food safety [81,82]. 
 

4.  Conclusions 

 

 Exposure to pesticides is a complex public 

health and environmental issue, as it 

simultaneously affects human health and 

ecosystem sustainability. 

Faced with this problem, biosensors emerge as an 

innovative alternative to complement 

conventional tools, offering speed, sensitivity and 

portability in both point-of-care clinical diagnosis 
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and environmental and food biomonitoring. Their 

potential lies in improving emergency response 

capabilities, reducing morbidity and mortality, 

and establishing early-warning systems to 

prevent human exposure and protect ecosystems.  

However, the consolidation of biosensors 

requires addressing technical limitations, 

including biological stability, selectivity in 

complex matrices, regulatory validation, and 

production costs. Their development and 

implementation require an interdisciplinary 

approach that fosters collaboration among 

scientists, clinicians, engineers, and policymakers 

to generate sustainable, equitable, and integrated 

solutions within the "One Health" paradigm. 
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Abstract: Edible flowers have traditionally been used as decorative elements in haute 

cuisine, their potential as a main ingredient in the creation of distinctive sensory and 

technological properties has been little investigated, especially in the field of bakery 

products. The aim of this research was to develop a novel proposal for incorporating edible 

jasmine flowers into bakery products and to evaluate their technological and sensory 

attributes. The jasmine petals were used to prepare sourdough brioche-style buns with 

2.5%…7.5% fortification level of wheat flour with jasmine petal powder in final 

formulations. To determine the optimal fortification level, technological and sensory 

attributes were evaluated. Baking loss were varying between 9.81% and 9.87%, cooling 

loss constituted 0.93%-0.98% for all evaluated formulations. Key sensory attributes were 

assessed: appearance, crust and crumb color, flavor, taste, texture, and porosity. 

Instrumental analysis of crust and crumb color properties were undertaken in all baked 

products during 96 hours of storage. The findings revealed that sourdough brioche-style 

bun with 2.5% jasmine petal powder fortification level was the most acceptable. This 

research proposes using jasmine flowers as the important ingredient in bakery products, 

offering both nutritional and aesthetic value. 

 

Keywords: edible flowers, sourdough, bakery innovation, sensory descriptors, 

application. 

¶ 

 

1. Introduction 

Under modern conditions, increasing attention 

is being paid to the development of food products 

with enhanced nutritional value and a natural 

composition. Of particular interest are plant-

based ingredients containing biologically active 

substances of plant origin. One such ingredient is 

edible flowers [1-3]. 

The Jasminum (Jasminum spp.) represents 

one of the most significant groups within the 

family Oleaceae, encompassing a wide range of 

species that have been integrated into the dietary 

traditions of various nations for centuries [9]. The 

transition of jasmine from an exclusively 

ornamental plant to a valuable food raw material 

is attributed to its unique morphology and its 

ability to accumulate valuable volatile 

metabolites in floral tissues [4, 5]. 

Etymologically, the name of the plant 

originates from the Arabic word "Yasmin," 

emphasizing its deep historical roots in Eastern 

regions [8]. In modern industry, jasmine is 

regarded as a multifunctional ingredient capable 

of serving as a natural flavoring agent and a 

source of antioxidants [6, 7]. Edible jasmine 

petals contain polyphenolic compounds, 

antioxidants, and other valuable substances that 

may positively affect the quality of finished 

products and their consumer properties [10, 13]. 

The relevance of using edible jasmine in the 

food industry is associated with current healthy 

nutrition trends and the growing consumer 

demand for natural products with functional 

properties. Therefore, the use of jasmine petal 

powder in the technology of bakery product 

production is of both scientific and practical 

interest [14]. 

Bakery products occupy an important place in 

the human diet and are consumed on a daily 

basis. Small-sized bakery products are 

particularly popular due to their convenience, 

diversity of formulations, and the possibility of 

incorporating functional ingredients. Such 

products are in high demand among consumers 
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because of their compact size, attractive sensory 

characteristics, and suitability for individual 

consumption. Small-sized bakery products are 

especially popular in urban environments [16]. 

One of the promising methods of bakery 

product production is the use of sourdough [11]. 

The sourdough method of bread making is 

considered the oldest baking technology [12]. 

Despite the development of modern technologies, 

sourdough bread has regained popularity in 

recent years due to healthy eating trends and 

growing interest in traditional food production 

methods. Compared with products prepared using 

conventional yeast-leavening methods, 

sourdough bread is characterized by improved 

digestibility and a number of additional 

advantages [12]. A promising direction for 

improving bakery product technology is their 

fortification with jasmine petal powder. The 

fortification with this ingredient makes it possible 

to increase the nutritional value of the products, 

improve their sensory characteristics, and 

enhance the content of biologically active 

compounds. The use of jasmine petal powder in 

small-sized sourdough bakery products can 

contribute to the development of functional foods 

with a natural composition and distinctive flavor 

and aroma characteristics [14]. 

Of particular interest is the study of the effect 

of jasmine petal powder on the quality attributes 

and shelf life of bakery products. The evaluation 

of sensory and physicochemical characteristics 

makes it possible to assess the effectiveness of 

this plant-based additive and its influence on the 

freshness and preservation of finished products 

[17-20]. 

This study evaluates the possibility of wheat 

flour fortification with jasmine petal powder 

(JPP) at three different concentrations in order to 

develop sourdough brioche-style buns. The aim 

is to assess the sensory and technological 

contributions of each JPP concentrations in terms 

of flavor, taste, crust and crumb color, baking and 

cooling loss. By doing so, this study seeks to 

reposition edible jasmine flowers as as central, 

functional ingredient in the creation of 

innovative, flavor-forward, and nutritionally 

fortified bakery products. 

 

2. Materials and methods 

2.1. Jasmine petal powder 

The edible petals of J. odoratissimum variety 

were used as a novel ingredient in this study. The 

appearance of the jasmine petals and the powder 

obtaining process are reported in Figure 1. Dried 

jasmine petals were milled using grinder machine 

Bosch TSM6A011W, Germany. The resulting 

jasmine petal powder (JPP) was vacuum packed 

and stored at room temperature in a laboratory 

closet at room temperature. 
 

 
Fig. 1. Jasmine petals & powder of J. Odoratissimum variety 

 

2.2. Sourdough brioche-style buns 

The preparatory stage of sourdough brioche-

style buns included sifting the flour and mixing it 

with dry sourdough and jasmine petal powder 

until a homogeneous mixture is obtained. Cow's 

milk whey was used as the liquid phase, 

enriching the dough with lactose and contributing 

to the development of a more pronounced flavor. 

Separately, an aromatic mixture is prepared, 

including brown sugar, salt, vanillin, and lemon 

zest. The ingredients were mixed until the sugar 

dissolves and essential oils are released from the 

citrus zest. Dough mixing was performed with 

the planetary mixer (PLUTON 7, Italy), initiated 

with the addition of whey to the dry mixture, 

followed by the addition of the aromatic mixture. 
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During mixing, the gluten structure develops. At 

the final stage, softened butter pre-mixed with 

soy lecithin was added to the dough; lecithin 

functions as an emulsifier, improving fat 

distribution and the gas-retaining capacity of the 

dough. The dough was then subjected to primary 

fermentation at a temperature of 28 °C and a 

humidity of approximately 80% for 2 hours, 

using a digital control proofer (Unox XLT133, 

Italy). Unlike yeast dough, both alcoholic and 

lactic acid fermentation occur here, resulting in 

the formation of a more complex flavor profile. 

After fermentation, the dough was divided into 

pieces, shaped, and placed on baking trays. Final 

proofing was carried out for approximately 1 

hour until the optimal volume was achieved. 

Baking was carried out in an electric 

convection oven (Unox „Rosella” XAFT193, 

Italy), under a combined temperature regime with 

steam injection: first at 230 °C for 5 minutes, 

then at 180 °C for an additional 15 minutes. 

Steam humidification slows crust formation, 

ensures maximum oven spring, and contributes to 

the development of a thin, elastic surface on the 

product. 

The total 5 formulations were used for the 

production of the sourdough brioche-style buns 

are the following: (1) SBSB-control (sourdough 

brioche-style buns); (2) SBSBW-0 (sourdough 

brioche-style buns proceed with whey and 

containing 0% of JPP); (3) SBSBW-2.5 

(sourdough brioche-style buns proceed with 

whey and containing 2.5 %  of JPP); (4) 

SBSBW-5 (sourdough brioche-style buns 

proceed with whey and containing 5 % of JPP); 

(5) SBSBW-7.5 (sourdough brioche-style buns 

proceed with whey and containing 7.5 % of JPP]. 

The base formula are reported in Table 1. 

 

Table 1. Base formula of the sourdough brioche-

style buns  

Ingredients Base formula, [%] 

Wheat flour 100 

Dry sourdough 4 

Butter 5 

Brown sugar 3 

Salt 2 

Soybean lecithin 0.3 

Bottled water 60 

Vanilla  0.1 

Lemon zest 0.1 

2.3. Determination of quality parameters of 

the sourdough brioche-style buns  

All sourdough brioche-style bun sample were 

cooled at ambient temperature for 30 min after 

baking and analyzed for several parameters. 

Baking loss (BL), Cooling loss (CL), crust and 

crumb color, of the baked products were 

determined as reported by Gaglio et al. [16]. 

The colour evaluation of sourdough brioche-

style buns was performed in all five formulations, 

using the CIELab system. Chromatic parameters 

L, a and b were measured for each sourdough 

brioche-style bun sample. To assess the impact of 

jasmine petal powder fortification, the colour 

difference ΔE and whiteness index (WI) were 

determined using Equations (1) and (2). 

 

ΔЕ = √( ² ² + ²(1) 

 

WI =  100 - √( ² ²+ ²             (2) 

 

2.4. Sensory evaluation descriptors 

The sensory attributes of the sourdough 

brioche-style buns were articulated using 

standard terms for sensory evaluation descriptors, 

helping to create detailed sensory profiles of the 

developed baked products. These descriptors 

included appearance, crust and crumb color, 

taste, flavor, texture and porosity. 

 

3. Results and discussions 

This section presents the results of 

experimental studies aimed at assessing the 

feasibility of using JPP in the production of the 

sourdough brioche-style buns. The study was 

conducted sequentially in accordance with the 

developed study design and included evaluation 

of the technological, instrumental color, and 

sensory attributes of the sourdough brioche-style 

buns, and determination of optimal process 

parameters for the production of the finished 

product. 

In accordance with the aim and objectives of 

the study, an experimental evaluation of the 

tested samples was conducted at various stages of 

the technological process. The obtained results 

allowed to characterize JPP as a functional 

ingredient, determine its effect on the properties 

of flour mixtures, sourdough fermentation 

processes and baked sourdough brioche-style 

buns (Figure 2 - 4). 
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Wheat flour 
Wheat flour fortified 

with 2.5% JPP 

Wheat flour fortified 

with 5% JPP 

Wheat flour fortified 

with 7.5% JPP 

Fig. 2. Wheat flour fortified with jasmine petal powder 

 

     
SBSB-Control 

sample 
SBSBW-0 SBSBW-2.5 SBSBW-5.0 SBSBW-7.5 

Fig. 3. Sourdough brioche-style buns doughs proceed with the addition of whey and fortified with JPP 

 

 

     

SBSB-Control 

sample 
SBSBW-0 SBSBW-2.5 SBSBW-5.0 SBSBW-7.5 

Fig. 4. Baked sourdough brioche-style buns proceed with the addition of whey and fortified with JPP 

 

To evaluate the influence of the jasmine petal 

powder on the quality attributes of the sourdough 

brioche-style buns over time, key technological 

and physical properties were determined, 

including baking loss, cooling loss, and color 

during storage (Table 2-6). 

Despite the results of technological and color 

analysis, a comprehensive assessment of the 

finished product's quality requires determining its 

sensory acceptability, as sensory properties 

directly influence consumer perception of the 

newly developed product. Therefore, the sensory 

profile evaluation of experimental samples of 

sourdough brioche-style buns proceeds with the 

addition of whey and fortified with JPP was 

conducted (Table 7). 

The sensory profile evaluation of the tested 

samples revealed differences in appearance, 

color, taste, flavor, texture, and porosity. The 

recommended jasmine petal powder 

concentration was established as 2.5% of the 

wheat flour weight.  

This formulation demonstrated the most 

balanced combination of sensory descriptors of 

the sourdough brioche-style buns proceed with the 

addition of whey and fortified with JPP. 
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Table 2. Quality attributes of the sourdough brioche-style buns proceed with the addition of whey and 

fortified with jasmine petal powder (fresh samples) 

Samples 
 Baking 

loss, [%] 

Cooling 

loss, [%] 

Crust color Crumb color 

ΔE WI ΔE WI 

 SBSB-Control sample 9.81±0,23 0.98±0.07 - 60.21±0.23 - 80.03±0.12 

 SBSBW-0 9.75±0,19 0.97±0.03 - 60.11±0.37 - 76.28±0.23 

 SBSBW-2.5 9.87±0.13 0.94±0.02 - 60.07±0.56 - 75.58±0.17 

 SBSBW-5.0 9.81±0.21 0.93±0.05 - 57.09±0.12 - 75.01±0.26 

 SBSBW-7.5 9.83±0.17 0.97±0.03 - 55.12±0.19 - 72.11±0.33 

 

Table 3. Color attributes of the sourdough brioche-style buns proceed with the addition of whey and 

fortified with jasmine petal powder (24h storage) 

Samples 
Crust color Crumb color 

ΔE WI ΔE WI 

 SBSB-Control sample 9.75±0.07 60.23±0.23 5.41±0.01 78.74±0.24 

 SBSBW-0 9.98±0.09 60.17±0.18 6.12±0.04 76.51±0.31 

 SBSBW-2.5 10.58±0.13 58.19±0.15 6.32±0.09 75.21±0.29 

 SBSBW-5.0 10.87±0.09 57.87±0.27 7.03±0.07 74.01±0.19 

 SBSBW-7.5 11.12±0.11 55.98±0.33 7.21±0.03 71.93±0.17 

 

Table 4. Color attributes of the sourdough brioche-style buns proceed with the addition of whey and 

fortified with jasmine petal powder (48h storage) 

Samples 
Crust color Crumb color 

ΔE WI ΔE WI 

 SBSB-Control sample 9.36±0.13 59.11±0.28 4.01±0.09 76.03±0.23 

 SBSBW-0 9.92±0.17 59.23±0.17 6.11±0.06 75.21±0.13 

 SBSBW-2.5 11.01±0.07 58.51±0.21 6.59±0.02 74.17±0.12 

 SBSBW-5.0 11.07±0.11 57.33±0.19 6.95±0.03 71.69±0.31 

 SBSBW-7.5 12.03±0.09 56.44±0.31 7.41±0.05 71.15±0.33 

 

Table 5. Color attributes of the sourdough brioche-style buns proceed with the addition of whey and 

fortified with jasmine petal powder (72h storage) 

Samples 
Crust color Crumb color 

ΔE WI ΔE WI 

 SBSB-Control sample 10.07±0.05 58.04±0.17 4.11±0.03 75.33±0.36 

 SBSBW-0 10.31±0.07 58.14±0.21 6.26±0.01 75.01±0.39 

 SBSBW-2.5 12.01±0.03 57.24±0.31 6.79±0.07 73.026±0.27 

 SBSBW-5.0 12.54±0.11 56.56±0.11 7.12±0.09 73.02±0.57 

 SBSBW-7.5 12.67±0.21 55.37±0.09 7.53±0.02 70.59±031 

 

Table 6. Color attributes of the sourdough brioche-style buns proceed with the addition of whey and 

fortified with jasmine petal powder (96h storage) 

Samples 
Crust color Crumb color 

ΔE WI ΔE WI 

 SBSB-Control sample 12.33±0.11 57.51±0.33 4.56±0.07 74.55±0.26 

 SBSBW-0 12.23±0.09 57.03±0.27 6.67±0.01 74.23±0.37 

 SBSBW-2.5 13.11±0.07 56.55±0.12 6.87±0.03 73.11±0.42 

 SBSBW-5.0 13.19±0.03 55.33±0.41 7.55±0.05 71.08±0.31 

 SBSBW-7.5 13.27±0.06 54.22±0.21 7.83±0.02 70.11±0.19 
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Table 7. Sensory descriptors of the sourdough brioche-style buns proceed with the addition of whey and fortified with jasmine petal powder 

Samples Appearance 
Color Taste 

Flavor 
Crumb 

condition 
Porosity 

Crust Crumb Crust Crumb 

SBSB-Control 

 

Regular 

shape, smooth 

surface 

Golden, 

uniform 

Uniform, no 

spots 

Crispy, 

Pleasant, no 

bitterness 

Pleasant, free 

from off-

flavors 

Pleasant, free 

from off-

odors 

Elastic, non-

sticky 

Uniform, 

medium 

SBSBW-0 

 

Regular 

shape, 

smooth rough 

surface 

Golden, 

uniform 

Uniform, no 

spots 

Crispy, 

Pleasant, no 

bitterness 

Pleasant, with 

a dairy 

aftertaste 

Pleasant, free 

from off-

odors   

Elastic, non-

sticky 

Uniform, fine 

SBSBW-2.5 

 

Regular 

shape, slightly 

rough surface 

Golden-

brown, 

uniform 

Slightly 

yellowish, 

uniform 

Crispy, 

Pleasant, light 

jasmine petal 

taste 

Pleasant, light 

jasmine petal 

taste 

Pleasant, light 

jasmine petal 

flavor 

Slightly 

elastic, non-

sticky 

Uniform, fine 

SBSBW-5.0 

 

Regular 

shape, slightly 

rough surface 

Golden-

brown, 

uniform 

Yellowish, 

darker shade, 

uniform 

Pleasant, 

slightly bitter, 

noticeable 

jasmine petal 

taste 

Pleasant, 

noticeable 

jasmine petal 

taste 

Pleasant 

jasmine 

aroma flavor 

Low 

elasticity, 

dense, non-

sticky 

Fine, poorly 

developed 

SBSBW-7.5 

 

Irregular 

shape, rough 

surface 

 Golden-

brown, 

uniform 

Yellowish, 

darker shade, 

uniform 

Pronounced 

bitterness, 

strong 

jasmine petal 

taste 

Pronounced 

bitterness, 

strong 

jasmine petal 

taste 

Strong 

jasmine 

aroma 

Non-elastic, 

dense, non-

sticky 

Extremely 

low 
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4. Conclusions 

 

This study proposed a novel approach, in 

which jasmine flowers play a central role in 

bakery innovation. Through the successful 

incorporation of jasmine petal powder into 

sourdough brioche-style buns formulations, their 

potential to enhance appearance, flavor, taste, and 

color was demonstrated. Among the evaluated 

samples, SBSBW-2.5 had the most pleasant 

sensory attributes and technological properties, 

confirming its promise for future applications in 

high-quality bakery products. It was emphasized 

that even small quantities of edible jasmine petals 

can significantly influence the sensory profile of 

brioche-style buns formulations. These results 

underscore the importance of thoughtful 

formulation to balance aesthetic, and sensory 

considerations. However, further research is 

needed to refine optimal dosages, assess long-

term safety, and explore consumer perception. 

This work encourages to explore edible jasmine 

petals as functional, creative ingredients. 
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Abstract: The paper proposes a new concept of agro-rural development, based on the 

principles of societal bioharmony, which integrates the ecological, economic and socio-

cultural dimensions of rural communities. The proposed model pursues the sustainable co-

evolution of the natural environment and essential activities from an existential perspective, 

namely those specific to agri-food systems. In this context, the paper, through a holistic 

approach, promotes the co-viability, co-regulation and coherence of agro-rural processes. 

The study includes methodologies for analyzing local resources, participatory planning 

mechanisms, bioharmony performance indicators and tools for applying differentiated 

development strategies depending on the level of local development. The results emphasize 

the importance of synergy between the community, the natural environment and local 

institutions to achieve a sustainable, resilient and integrated agro-rural model. This paper 

introduces the DARbio Model (Development of Agro-Rural by Bioharmonism) as an 

innovative conceptual and operational framework that goes beyond conventional 

sustainability paradigms. 

 

Keywords: Societal bioharmony, Co-evolution and co-viability, Agro-rural development, 

Agro-rural performance indicators, Participatory policies and planning, Local resources, 

Sustainability. 

 

 

1.  Introduction 

 

 Rural development has traditionally been 

conceptualized through fragmented, sectoral 

approaches, predominantly focused on economic 

productivity and resource optimization. Although 

the sustainability paradigm has introduced 

relevant ecological dimensions, it remains largely 

limited by reductionist frameworks and linear 

planning logics. An example is the insufficient 

highlighting of the main supply, that of food 

production, which has led us to approach the 

development of rural areas in this defining 

direction: "agro-rural development". 

The premises that affect the rural area can be 

grouped into several essential themes. Resilience 

in the face of accelerated global urbanization, 

food, economic, pandemic crises and accelerated 

urbanization at a global level [4,8,16,18,26] 

requires the development of the rural area in the 

direction of the need for sustainability, food 

autonomy and to maintain the civilizational ART 

OF SURVIVAL, which is lost in the urban 

environment (e.g.: they have their own wells, 

have food reserves, are connected to nature, etc.). 

Currently, as is known, the big problem is 

represented by climate change and the ecological 

crisis, with high temperatures, droughts, floods 

and extreme changes. These significantly affect 

human society and, especially, the food supply 

achieved by conventional agriculture and its 

newer approaches [6,21]. 

In short, in the context of increasing systemic 

complexity —generated by climate change, 

socio-economic instability and technological 

acceleration— the need for integrative models 

capable of addressing multi-scale interactions and 

nonlinear dynamics is emerging [12,17]. In this 

framework, through the present study, the 

Development of Agro-Rural by Bioharmonist 

Model (DARbio) appears as a paradigmatic 

alternative, redefining development as a process 

of dynamic equilibrium and systemic coherence. 

The opportunity of this model lies in the 

economic pressure and problematic 

competitiveness of rural development based on 

conventional agriculture. Essentially it is 

supported by subsidies (i.e. gross efficiency) and 
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becomes less competitive in the context of global 

requirements regarding the environment and 

product quality. Depopulation and migration of 

young people in the present, impose social and 

cultural co-evolution in the future. Traditional 

villages risk losing their cultural identity and 

community cohesion. 

At the same time, the integrated approach is 

increasingly taking shape: digitalization and 

emerging technologies / remote work, IoT 

(sensors, drones), AI for agriculture, precision 

systems, traceability and waste reduction, 

ecological monitoring and restoration of natural 

fertility, integration of renewable energy are 

becoming indispensable. A concept in this sense 

is that of "Smart Villages", i.e. the adoption of 

digital technologies to reduce the opportunity gap 

without destroying local identity. 

[NB – (1) The concept of "Smart Village" 

directly related to the way to access European 

funds for this transition; (2) IoT (Internet of 

Things) represents the nervous system of the 

farm, transforming raw data into direct profit, 

without depending on subsidies].  

From what has been presented, we can highlight 

a series of challenges. Adapting rural areas to 

today's world is no longer just an option, but an 

existential necessity in the face of a volatile 

global context. The transition to new 

development models must simultaneously 

address 3 major challenges: (1) Resilience in the 

face of multiple crises, a situation in which rural 

areas must become a buffer against climate, 

energy and food crises; (2) Food security ensured 

by the transition from intensive export agriculture 

to local renewable systems; (3) Energy 

independence ensured by the use of biomass, 

solar and wind energy at the community level 

(rural prosumers). 

Analyzing these challenges, we must associate 

them with today's major trend, namely the 

management of accelerated urbanization. This is 

because urbanization does not only mean 

migration to the city, but also the transformation 

of the countryside into an "urban periphery". It 

becomes imperative to resolve the urban-rural 

relationship. Basically, the countryside should 

not be just a "reservation" or a bedroom for the 

city, but an equal economic partner that provides 

ecosystem services (clean air, food, water, 

energy, recreation). 

The transition to new development models is 

becoming a necessity. The traditional extractive 

model (resources sent to the city) is being 

replaced by well-known concepts: Circular 

economy; Bioeconomy, where the valorization of 

agricultural waste into high-value-added products 

is supported; Responsible tourism, through which 

a sustainable valorization of cultural and natural 

heritage is carried out, without its degradation 

[agrotourism, rural tourism, ecotourism]; 

Demographic revitalization, based on attracting 

"digital nomads" and young people through 

modern infrastructure (roads, energy, high-speed 

internet, basic medical and educational services). 

 

1.1. Literature review 

The concerns along this line briefly refer to: 

resilience theory [7,14, 24], polycentric 

governance [19], complex systems [3,15,17], 

agroecology [1,2,20,], ecological economics 

[5,22], included as sources from reference 

journals (Q1): Science, Global Environmental 

Change, Ecology and Society, Philosophical 

Transactions B, etc. All of these actually allow 

the positioning of the DARbio concept and 

model that we propose in this paper, as an 

integrative extension of the socio-ecological 

paradigm. 

A major conceptual shift occurred with the 

development of systems theory and sustainability 

science [21,23], which highlighted the role of 

feedback loops, nonlinearity, and leverage points 

in complex systems. This perspective was later 

consolidated [3], which proposed a “systemic 

view of life,” based on the interconnectedness 

and dynamic equilibrium between biological and 

social domains [10,13]. These contributions are 

landmarks of our study that laid the 

epistemological foundations for understanding 

agro-rural systems as integrated socio-ecological 

systems, characterized by co-evolutionary 

dynamics and multi-scale interactions. 

The literature review highlights a clear trend 

towards integration, complexity and 

sustainability, but a "unifying paradigm" capable 

of coherently correlating all dimensions of 

development is missing. We would like to point 

out that the theory that records the concept of 

bioharmony [9], an approach also operationalized 

through the DARbio Model, aims to provide such 

a framework, emerging as a new generation 

model for agro-rural development in the context 

of global systemic transformations. 

As a model, we approach the issue of 

"bioharmonism" in which the approach describes 

an organizing principle (concept) and a path of 

action (a potential doctrine) that dynamically 

manifests itself in a wide spectrum, from the 

microscopic and individual (organismic) level, to 
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the societal, biospheric and cosmic level. This 

"axis" is approached in the direction in which the 

complexity of matter leads emergently to the 

emergence of life and self-consciousness 

(according to modern physical theories). 

The way this approach is carried out is linked to a 

series of specific processes. Thus, bioharmonism 

essentially represents the structuring of ideas in a 

conceptual and explanatory model, which states 

that life, society and consciousness evolve 

between living systems and their environment, 

through the following PROCESSES that induce 

dynamic and rhythmic balances of Reality, 

namely: co-viability, co-evolution, co-regulation, 

systemic coherence and co-decision. 

 The motivation for the approach is related to 

the difference between the types of development 

of rural space, namely that beyond the volume of 

production or income, what is of interest today is 

especially the quality of the rural ecosystem, 

social cohesion, resilience and well-being of 

people. In this context, the aim of the approach is 

to adapt to the requirements of the coming 

decades and find solutions for the transition 

towards a performing and sustainable agro-rural 

development. Therefore, we consider it 

appropriate to approach the future of rural 

development through the bioharmonist model 

that can transform the village from a passive 

space into an active one (i.e. a rural cybernetic 

system) in which resources, community and 

technology interact permanently, generating 

societal harmonization through added value, thus 

building a balanced, performing and sustainable 

agro-rural ecosystem. 

The novelty of the approach consists in a real 

paradigmatic leap, namely, the transition from 

sectoral, fragmented and reactive development to 

an integrated, processual and emergent 

development, based on the co-evolution of 

natural and socio-economic systems. The 

ontological change is addressed: from "system" 

to "integrated living organism", along the line of 

integrating the basic dimensions of 

bioharmonism, the transition from "mechanisms" 

to "bioharmonistic processes" and the 

introduction of emergence as a principle of 

development. The idea of sustainability is 

reconfigured as follows: from conservation to 

regeneration, resilience as an emergent property 

(resulting from bioharmonization, not an imposed 

objective), and as a major methodological 

innovation is the policy addressed, the 

administrative strategy [10,11] and, especially, 

the bioharmonistic quantification of rural 

development. 

From the above, the main objective of the work 

results, which is the application of bioharmony 

processes in the development of a new 

conceptual model, aiming for a paradigmatic 

leap, namely: THE BIOHARMONY AGRO-

RURAL DEVELOPMENT MODEL. As 

subsequent objectives, we address the following 

aspects: (1) Achieving a coherent vision with an 

emergent and applicable purpose, essentially we 

refer to the community, environment, economy 

and culture which are viewed as interdependent 

systems with the potential for multi-level and 

multi-level integration. (2). Specifying the 

components and dynamics of the model in which 

essentially we refer to details regarding the 

strategy for agro-rural adaptation and integration 

on multiple societal levels, both technical-

economic and socio-cultural and environmental, 

based on digitalization, precision agriculture, 

ecological monitoring systems, blockchain for 

traceability (data storage in a computer network). 

(3). Applications in the development process 

through appropriate public policies and the 

transition towards societal bioharmony of rural 

areas which essentially emphasizes social 

cohesion, inclusion, education and the 

transmission of cultural heritage with the aim of 

high-performance managerial perspectives and 

multiple benefits. 

 

2.  Working Methodology 

 

 This research adopts a mixed-methods design, 

integrating conceptual, analytical and operational 

approaches. Methodologically, the 

epistemological foundation is anchored in: 

complex systems theory, socio-ecological 

paradigm and the conceptual framework of 

bioharmony, developed by Romulus Gruia 

(Theory of Basal Bioharmonism and Theory of 

Generalized Bioharmonism). Therefore, the 

proposed methodology is not exclusively 

descriptive, but aims to operationalize an 

integrative model, capable of quantifying and 

evaluating bioharmony processes in agro-rural 

systems, and beyond. 

Essentially, the data used includes primary data 

(semi-structured interviews, questionnaires, field 

observations) and secondary data (statistical 

databases / Eurostat, INS; local reports; GIS and 

satellite data). In most cases, a triangulated 

approach was used to increase validity. 



Journal of EcoAgriTourism                                     ISSN: 1844-8577                                        Vol. 22, no. 1, 2026 

 

58 

 

As a method of analysis techniques, we mention 

data analysis carried out through elements of 

multivariate statistical analysis, network analysis, 

dynamic system models, and comparative 

evaluation (e.g. between different territories). 

Regarding the emergent dimension, a series of 

agent-based models (building reality from the 

bottom up through computational simulations) 

and scenario simulations were used. 

3.  Results and Discussions 

 

 To begin with, we consider it more than 

appropriate to approach the need to move 

towards a new development paradigm covering 

today's requirements, an idea summarized in 

Figure 1. 

 

 
Fig. 1. Evolution of the development mode of the rural area with the transition 

towards the bioharmonistic agro-rural development model 

 
An important step is the definition of the 

type of rural development we are referring to, 

namely the Development of Agro-Rural 

Development by Bioharmonism. This is a 

coherent development framework with a holistic, 

participatory and sustainable valence, which 

integrates the ecological, economic, social, 

cultural and technological dimensions of rural 

communities in a polyvalent and multi-level 

manner.  

The main goal is to create a sustainable and 

attractive ecosystem of rural areas, based on 

resilient, adaptable agro-rural anthroposystems 

capable of generating sustainable added value. 

Along these lines, the proposed model aims 

at bioharmonistic synergy through the fusion 

point between the LOCAL LEVEL 

("polyvalent"), which generates resilience and 

cultural/ecological identity, with the SYSTEMIC 

LEVEL ("multi-level") which provides the 

digital, logistical and legislative infrastructure. 

The hypothesis aims for this synergistic 

resilience to be economically efficient 

(profitable) and systemically effective (non-

polluting and regenerative), which can lead to the 

target of societal emergence, which in this case 

represents the emergence of the new higher order 

in the rural space. 

Essentially, the AXIS OF THE 

EMERGENCY OF THE DEVELOPMENT OF 

AGRO-RURAL BIOHARMONISM MODEL 

(DARbio Model) is eloquently described by the 

defining synthesis phrase: 
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"BIOARMONIST AGRO-RURAL" = Holism + 

Sustainability + Participation + Technology + 

Economic Diversification + Social Cohesion + 

Resilience.  
  

Therefore, it becomes relevant to analyze the 

relationship between standard rural development 

and the transition to the integrated agro-rural 

development model through the sustainability 

and resilience offered by the path of societal 

bioharmony and generally informational 

bioharmony.  

This approach is necessary in order to 

counteract the disharmony of the present and to 

optimize the dynamics of rural space 

development in the coming decades through the 

bioharmony model. To understand this evolution, 

we specify in synthesis, through a block diagram, 

the structural and functional elements of the 

proposed model (fig.2). 

 

 
Fig. 2. Components of the holistic rural ecosystem based on the 

bioharmonist agro-rural development model 

 

All these structural and functional elements are 

found concretely in the reality of rural space and  

 

 

implicitly in the solutions that underlie the 

dynamics of a bioharmonious agro-rural 

development (fig.3). 
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Fig. 3. Implementation of various agro-rural development solutions in relation 

to the specific processes of the DARbio Model 

 

Considering the complexity of the problem, 

it becomes useful to develop a coherent strategy 

for applying the model (table 1). 

 

Table 1. Strategy for the Application of the Darbio Model 

No. STRATEGIC 

PRINCIPLES 
SHORT SPECIFICATION 

1 

Adopting an 

Integrated strategic 

framework 

➢ Elaboration of a bioharmonistic agro-rural development plan at local 

and regional level, with economic, ecological and social indicators. 

2 

Promoting 

community 

participation 

➢ Encouraging the involvement of residents in decision-making and 

project implementation. 

➢ Developing the capacity of communities to manage their own 

resources and projects. 

3 

Investments in 

technology and 

innovation 

➢ I Integration of digitalization, IoT, precision agriculture and 

ecological monitoring systems. 

➢ Supporting startups and innovative local initiatives. 

4 
Agroecology and 

sustainability 

➢ Adopting regenerative and environmentally friendly agricultural 

practices. 

➢ Protecting biodiversity and natural heritage  

5 

Economic 

diversification and 

integrated chains 

➢ Creating short supply chains and cooperation between production, 

processing and tourism. 

➢ Capitalizing on cultural and natural identity for the development 

of sustainable rural tourism. 

6 
Education and 

human 

➢ Vocational training programs for youth and rural entrepreneurs. 

➢ Education in sustainability, technology and community 
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development management. 

7 

Continuous 

monitoring and 

evaluation 

➢ Use of economic, environmental and social performance 

indicators. 

➢ Adjusting strategies based on results and emerging needs. 

 

The premise from which we start in applying 

the mentioned strategy is the need to assess the 

level of systemic bioharmony as accurately as 

possible. A necessary step for quantifying the 

parameters of the DARbio model is the 

objectification of the approach achieved through 

a detailed metricization. We refer to the fact that 

all the proposed indicators constitute a de facto 

integrated framework for assessing agro-rural 

bioharmony. In this way, comparisons can be 

made between different areas, zones and regions, 

so that the model becomes a tool for drafting 

public policies.  

Specifically, we refer to three groups of 

indicators: structural (table 2), functional (table 

3) and composite (table 4). 

 
Table 2. Quantification of the Degree of Bioharmony of Agro-Rural Development Through 

Structuralo Indicators 

BIOHARMONISTIC 

INDICATORS 

PRIMARY STRUCTURAL 

INDICATORS  
OBJECTIVE 

I. ECOLOGICAL 

BIOHARMONY 

(ECO) 

- the natural 

system 

(soil, water, 

biodiversity) 

 

ECO 1 – Soil Balance Index 
👉 measures: the stability of the 

edaphic ecosystem (biologically active 

soil, a living organism) 

ECO 2 – Water Use Efficiency  

               Index 
👉 reflects: co-regulation of water 

resources  

ECO 3 – Chemical Pressure  

               Index 
👉 objective: minimization without 

loss of yield  

ECO 4  – Functional Biodiversity  

                Index 
👉 measures: the coexistence of the 

agricultural system with nature  

II.TECHNOLOGIC

AL BIOHARMONY 

(TECH) 

- technological 

system 

(drones, 

sensors, 

software) 

TECH 1 – Degree of agricultural  

                 digitalization 
👉 level of technological  

      integration 

TECH 2 – Interoperability index 
👉 reflects: technological  

      coherence 

TECH 3 – Operational autonomy 

index          
👉 transition to adaptive system 

TECH 4 – Interventional  

                 precision index 
👉 measures: finesse of  

      technological action 

III.BIOARMONIE 

SOCIETAL 

BIOHARMONY 

(SOC) 

- human system 

(farmers, 

community) 

SOC 1  – Rural Digital Literacy  

                Index 
👉 essential for adoption 

SOC 2  – Technological               

                Inclusion Index 
👉 avoids rural polarization 

SOC 3  – Community co-partici- 

                pation Index 
👉 reflects: social co-evolution 

SOC 4  – Rural Quality of Life  

                Index 
👉 real impact on the  

      community 

IV. ECONOMIC 

BIOHARMONY  

(ECON) 

- the economic 

system  

ECON 1 – Rural Digital Literacy                        

                  Index 
👉 not just quantity, but  

      sustainable quality 

ECON 2 – Input-output efficiency 👉 measures: cost/benefit ratio 

ECON 3 – Economic resilience 

index 
👉 major role of AI + sensors 

  

ECON 4 – Digital value added 
👉 measures:traceability / value 

      relationship of products 
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Table 3. Characterization of Functional Bioharmonist Indicators ("Co-") 

INTERVAL 

INTERPRETATION OF PROCESS INDICES  
Co-viability 

Index 

(CVI = 

sustenability) 

Co-evolution 

Index 

(CEI = 

adaptability) 

Co-

regulation 

Index 

(CRI) = 

stability) 

Coherence 

Index 

(CI = 

harmonized 

elements) 

Co-decision Index 

(CDI = polycentric 

bioharmonistic governance) 

0 – 20 

Non-viable 

system 

(severe 

degradation) 

Inert system 

(evolutionary 

deadlock) 

Critical 

imbalance 

Systemic 

fragmen-

tation 

Critical level: 

highly centralized 

dysfunctional decision 

20 – 40 
Fragile 

viability 

Slow 

evolution 

Structural 

instability 

Weak 

coherence 

Weak emergence with 

reduced coherence between 

decision-making levels 

40 – 60 
Moderate 

viability 

Adaptive 

evolution 

Partial 

regulation 

Functional 

coherence 

Moderate - Transition to 

bioharmonization with 

visible processes of co-

evolution 

60 – 80 
Good 

viability 

Accelerated 

evolution 

Stable 

system 

High 

coherence 

Advanced with functional 

bioharmonization, operates 

on the basis of co-viability 

and co-regulation 

80 - 100 

Optimal 

viability 

(regenerative 

system) 

Synergistic 

co-evolution 

(nature–

society–

technology) 

Homeo-

stasis 

bio-socio-

ecological 

Integrative 

coherence 

(identity + 

functionality) 

Co-decision is expressed 

through optimal 

bioharmonization, with 

long-term sustainability 

and self-regulation 

 

Table 4. Synthetic Interpretation Approached Through Bioharmonic Indicators Composites 

No. INDEX INTERPRETATION 

1 

Bioharmonic 

Convergence Index 

(BCI) 

0 – 20: sharp divergence 

20 – 40: stagnation 

40 – 60: slow convergence 

60 – 80: stable convergence 

80–100: accelerated convergence 

2 

Causal Divergence 

Index 

(CaDI) 

0 – 20: high stability 

20 – 40: moderate variation 

40 – 60: latent instability 

60 – 80: high instability 

80–100: major systemic risk 

3 
Systemic Resilience 

Index (SRI) 

0 – 20: likely collapse 

20 – 40: difficult recovery 

40 – 60: average resilience 

60 – 80: good resilience 

80–100: high systemic resilience 

4 

Index of 

Bioharmonism 

Agro-Rural (IBAR) 

0 – 20: agro-rural area as a functional system 

20 – 40: agro-rural area as a fragile system 

40 – 60: agro-rural area as a transitional system with functional elements 

60 – 80: agro-rural area as a performing system through 

advanced functional bioharmonization 

80–100: agro-rural area as a mature bioharmonistic system 

 

The multitude of these indicators attempts to 

cover the complexity of the development of the 

agro-rural area, ending with the global index, as 

previously mentioned, namely, the Agro-Rural 
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Bioharmonism Index (or more explicitly: Index 

by Bioharmonism of Agro-Rural = IBAR). 

Essentially, this is a multi-dimensional 

composite indicator that quantifies the degree of 

agro-rural bioharmonization through the 

synergistic and emergent integration of 

ecological, technological, economic and societal 

dimensions, evaluated through the processes of 

co-viability, co-evolution, co-regulation and 

coherence, with the aim of optimizing the 

decision through convergence (co-decision-

making), with systemic resilience, or in a 

divergent direction (as the case may be). 

It should be noted that the development of the 

model is directly linked to the level of 

development of the area taken into account, 

taking into account that there are areas where the 

level of societal development is high, medium or 

low. This differentiation can be highlighted 

through the IBAR index through the degree of 

bioharmonization of the area, which is a 

pragmatic assessment that can guide and support 

the strategy of public policies necessary to be 

applied in the analyzed rural space (fig. 4). 

 

 
Fig. 4. Applications of the DARbio model through public policies  

adapted to the level of local rural development 

 

The adaptation of public policies at the zonal 

level (as for example in the mountainous rural 

area) is observed, so that by objectifying the 

applied management, the resulting co-decision 

becomes a diagnostic tool for governance. 

Concretely, a clear transition is reflected: from 

centralized control → to emergent co-decision → 

to polycentric bioharmonization. 

Practically in the bioharmonistic architecture 

of agro-rural development, the ICD (Index of Co-

Decision) and the IBAN (Agro-Rural 

Bioharmonism Index) are complementary, that is, 

the ICD is a process indicator (quality of 

governance and co-decision), and the IBAN is a 

structural-systemic indicator (the level of 

bioharmonization of the agro-rural system). Thus, 

the relationship between them is one of emergent 

cause-effect type, respectively: the increase in 

coherent decision-making processes has as an 

effect systemic bioharmonization. 



Journal of EcoAgriTourism                                     ISSN: 1844-8577                                        Vol. 22, no. 1, 2026 

 

64 

 

In other words, the ICD–IBAN correlation 

highlights the fact that: agro-rural 

bioharmonization cannot exist without functional 

co-decision. ICD is not just an auxiliary 

indicator, but a fundamental determinant of the 

performance of the agro-rural system, providing 

an operational framework for adaptive, 

participatory and sustainable public policies. 

Therefore, the approach to public policies 

necessary for the coherent and efficient 

development of the future development of the 

agro-rural area, offered by the DARbio Model, 

has the capacity to guide and adapt, thus being 

able to propose and set the strategy of the 

Government Policy ("policy-ready") and the 

related Programs, specific to the geographical 

space of our country (table 5). 

 

Table 5. Public Policy Proposals Based on the DARbio Model 

Public Policy 

Group 
Purpose / Opportunity Programms 

I. POLICIES FOR 

CO-VIABILITY 

(ICV) 

Integrated sustainability: 

environmental–

economic–social 

1. National regenerative agroecology program 

2. Local food autonomy policy 

3. Integrated rural services program 

4. Agricultural income stabilization 

II. POLICIES FOR 

CO-EVOLUTION 

(ICE) 

Adaptation, innovation, 

nature-society synergy 

5. Agro-rural innovation ecosystem 

6. Rural climate adaptation strategy 

7. Green technological transition policy 

8. Diversification of the rural economy 

III. POLICIES 

FOR CO-

REGULATION 

(ICR) 

Balance, self-regulation, 

resilience 

9. Production–consumption balance policy 

10. Reduction of external dependence 

11. Participatory rural governance 

12. Rural energy autonomy 

IV. POLITIOCI 

PENTRU 

COERENĂ     

(ICO) 

Alignment of values, 

structures, and actions 

13. Aligning public policies with local 

specificities 

14. Revitalizing rural cultural identity 

15. Strengthening social capital 

16. Rural-urban integration 

V. CROSS-

CUTTING 

INTEGRATION 

POLICIES (IBAR) 

The model generates a 

new type of public policy: 

➡️ from "sectoral" → to 

systemic 

➡️ from "subsidies" → 

to functional balance 

➡️ from "economic 

growth" → to societal 

bio-harmony and 

systemic effectiveness 

17. IBAR national monitoring system 

18. Bio-harmonist budgeting 

19. Bio-harmonist territorial contracts 

20. Education for rural bio-harmonism  

  

 

Essentially, public policies support 

development through a series of high-

performance management perspectives and 

multiple benefits, such as the creation of smart 

village networks ("Smart Villages"), the 

implementation of smart technologies, the 

circular economy, the global connectivity of local 

producers, but also tourism responsible for the 

culture and nature of rural space and, especially 

for the future, renewable energy. 

It is appropriate to mention in summary that 

unlike traditional, sectoral and linear models, the 

DARbio Model proposes an integrative, process-

oriented and emergent approach, based on the 

dynamic co-evolution of ecological, economic, 

technological and societal subsystems. We 

emphasize the originality of the model, which 

supports the ontological reconfiguration of agro-

rural systems as living socio-ecological 

organisms, with an emphasis on bioharmonistic 

coherence and the ability to generate resilience as 

an emergent property. By integrating the 

processes of co-viability, co-regulation, co-

evolution and systemic coherence, DARbio 

provides a basis for regenerative and adaptive 



Journal of EcoAgriTourism                                     ISSN: 1844-8577                                        Vol. 22, no. 1, 2026 

 

65 

 

development in the context of global uncertainty 

and complexity. 

 

CONCLUSIONS 

 
(1) The proposed MODEL of rural 

development is inevitable and strategically 

necessary because the current approach, focused 

on productivity and subsidies, no longer meets 

future needs, taking into account climate change, 

rural depopulation, economic crises and global 

pressures, so it becomes more than appropriate to 

adopt the new model, that of BIOHARMONY 

AGRO-RURAL DEVELOPMENT. 

(2) THE TRANSITION towards 

bioharmonistic agro-rural development is 

essential for the survival and prosperity of rural 

communities through multi-functional and multi-

level integrations, because beyond being an 

ecological ideal, it adopts, through fundamental 

bioharmonistic structures (biological, 

technological, economic and societal harmony) 

and bioharmonization processes (co-viability, co-

evolution, co-adaptation, coherence, co-decision), 

a practical strategy for increasing the quality of 

life and sustainable valorization of local 

resources.  

(3) APPLICATIONS on multiple 

dimensions (economy, environment, technology 

and social life), in a holistic approach to the 

bioharmonistic agro-rural model, have the 

potential to create a zonal ecosystem and a 

sustainable, resilient and adaptable rural 

anthroposystem, based on agroecology, 

digitalization and community participation, as 

benchmark elements of harmonizing dynamic 

balances in an economically efficient and 

systemically effective development.   

(4) PRAGMATIC, the paradigm shift 

through the new model induces a government 

strategy that offers the possibility of applications 

through new public policies and specific 

management, of moving from standard rural 

development to bioharmonistic agro-rural 

development, in short, from centralized planning 

(top-down) to a participatory approach and, at the 

same time, from intensive exploitation of 

resources to co-evolution based on the 

sustainable regeneration of ecosystems and 

communities.  

(5) BIOHARMONIST PUBLIC POLICY is 

not uniform, but calibrated to the state of the 

system, aiming to maximize coherence and 

synergy between dimensions, through a 

continuous process of adaptive co-decision in 

relation to IBAR.    

(6) THE MULTIPLE BENEFITS of the 

bioharmonistic agro-rural model essentially aim 

at the sustainability and resilience of 

development through the dynamics of emerging 

integrations, as follows: 

➢ Increasing the resilience of communities 

and food autonomy. 

➢ Environmental protection and 

regeneration of natural resources. 

➢ Cultural and social valorization of rural 

communities. 

➢ Economic diversification through rural 

tourism, agro-industry and renewable 

energy. 
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Abstract: The German biomaterials market has experienced significant growth, driven by 

advances in medical technology and sustainability-oriented innovations. Start-ups and 

SMEs play a central role in developing and commercializing products such as 

biodegradable plastics, 3D-printed biocompatible scaffolds, spider silk, and nanoparticle-

based therapies. However, these enterprises face unique challenges due to limited 

resources, regulatory complexities, and heightened technological and market risks. This 

study investigates the primary risk factors encountered by start-ups and SMEs in the 

German biomaterials sector using a mixed-methods approach. A literature review of risk 

management frameworks was combined with qualitative insights from eight stakeholders, 

including company managers, a student representative, and a policymaker. Results indicate 

that the most widely applied analytical tools are SWOT, what-if, and worst-case analyses, 

with risk assessments often performed throughout all stages of innovation projects. 

Financial, operational, and market-related risks emerged as the most significant concerns. 

Despite recognizing the value of risk management—such as mitigating project failures and 

supporting decision-making—participants reported inconsistent practices and a lack of 

specialized software tools. Key barriers identified include logistical, financial, and 

regulatory constraints. The study highlights critical mitigation strategies, including 

securing raw material supply, enhancing financial resources through public funding, and 

implementing regularized risk management processes. While limited by a small sample size 

(N = 8), the findings provide valuable insights that can inform managerial practice and 

policy support for innovative enterprises in the biomaterials sector. The paper concludes 

with recommendations for expanding the research through larger, longitudinal studies to 

strengthen the evidence base. 

 

Keywords: Risk Management, Supply Chain Risk Management (SCRM), SMEs / Small 

and Medium Enterprises, Start-ups, Biomaterials 

 

 

1.  Introduction 

 

 The commercial viability of biomaterials is 

constrained by inherent production costs, 

performance limitations compared to fossil-

derived counterparts, and the lack of established 

market infrastructure, resulting in significant 

competitive pressure from petroleum-based 

materials. Small firms must, furthermore, 

contend with raw material and (bio-) chemical 

variability, limited technological data, and 

uncertain market dynamics. These uncertainties 

complicate commercialization and require robust 

approaches to risk estimation and mitigation. 

Within this context, comprehensive enterprise 

risk assessments are essential for identifying key 

risks and designing effective mitigation strategies 

in biobased industries (de Assis et al., 2017; 

Pellicer et al., 2017). 

 Germany has emerged as a leading hub for 

biomaterial innovation, driven largely by start-

ups and small and medium-sized enterprises 

(SMEs). These firms develop high-value 

applications across healthcare, packaging, 

textiles, and advanced manufacturing. Examples 

on sustainability and high-tech innovation in 

bioeconomy are biodegradable leather 

alternatives produced using mycelium as raw 

material source, cellulose-based packaging as 

plastic replacement, and manufacturing of spider 

silk for both medical and industrial utilization 

(Williams et al., 2022; Yaradoddi et al., 2020; 

Hughes-Castleberry, 2023). 

 Current research on supply chain risk 

management (SCRM) mainly focuses on large 
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multinational corporations and large supply 

chains, often overlooking the distinctive 

operational constraints and vulnerabilities of 

SMEs (Vishnu et al., 2019). Risk factors and 

mitigation pathways differ significantly between 

younger and more established SMEs, 

demonstrating that strategies optimized for large 

firms may not be effective for smaller, resource-

limited enterprises (Foli et al., 2022). In the 

German biomaterials market, SMEs often 

struggle includes limited data on customer and 

provider perceptions, unclear regulatory 

pathways, and a lack of financial strategies 

tailored to supply chain disruptions and volatile 

raw material prices. Furthermore, research on 

sustainability and scalability is scarce, especially 

concerning the long-term environmental impacts 

of biomaterials and their potential for mass 

production (Kanyepe et al., 2025; Malesios et al., 

2020). Studying risk management in this sector is 

therefore not only academically relevant but also 

strategically important for business and policy. 

 By equipping start-ups and SMEs with 

effective risk assessment frameworks, Germany 

can reinforce its position as a global leader in 

sustainable innovation while advancing societal 

health and contributing to global sustainability 

goals. 

 This paper builds directly on established 

scholarship on entrepreneurship under 

uncertainty, particularly work highlighting the 

internationalization and innovation challenges of 

SMEs and the resilience required in volatile 

conditions. Research on SMEs shows how 

resource constraints shape innovation strategies 

and collaborative behaviors, while analyses of 

entrepreneurial finance emphasize the role of 

alternative financing and resilience strategies 

during prolonged crises (Audretsch & Guenther, 

2023). The distinctive challenges faced by 

biomaterials start-ups, including technological 

risk, market uncertainty, and high capital 

requirements, echo broader themes in 

entrepreneurial finance research.  

 This study extends Guenther’s insights to an 

emerging field of entrepreneurship at the 

intersection of sustainability and advanced 

manufacturing (Groh et al. 2025, Belitski et al., 

2022). This paper addresses two research 

questions: (1) What major risks affect start-ups 

and SMEs in the biomaterials sector, and how 

can they be mitigated? (2) What financial and 

logistical barriers constrain biomaterial 

innovation, and what solutions can be addressed? 

The topic’s relevance lies in the convergence of 

economic growth, societal well-being and 

environmental sustainability. The biomaterials 

market is projected to grow rapidly, particularly 

in healthcare, packaging, and construction, 

creating opportunities for SMEs to strengthen 

Germany’s competitiveness, generate high-value 

employment, and diversify the economy 

(Gonzales-Gemio et al., 2020; Scheau et al., 

2024). Biomaterials also offer safer and more 

sustainable solutions in medicine, e.g., as 

biocompatible implants, drug delivery systems 

and regenerative scaffolds (Lopez et al., 2010). 

Moreover, biomaterials address environmental 

challenges through biodegradable and recyclable 

alternatives (De Jesus & Mendonça, 2018; 

Mahmud et al., 2024; Parrilli et al., 2023; 

Rajvanshi et al., 2023). 

 

2.  Literature Review 

2.1. Biomaterials and risk management 

challenges for SMEs 

 

 Biomaterials are substances engineered to 

interact with biological systems for therapeutic, 

diagnostic, or technological purposes. They can 

be natural or synthetic, spanning metals, 

ceramics, polymers, and composites, and are 

designed to ensure biocompatibility while 

minimizing adverse immune responses (Agrawal 

et al., 2023; Song et al., 2022). A comprehensive 

definition provided by Williams (2009) described 

biomaterials as substances “…engineered to take 

a form which, alone or as part of a complex 

system, is used to direct, by control of 

interactions with components of living systems, 

the course of any therapeutic or diagnostic 

procedure, in human or veterinary medicine.” 

 This definition was later refined to emphasize 

their role in steering therapeutic and diagnostic 

processes through controlled interactions with 

living systems (Zhang & Williams, 2019).  

Biomaterials play a pivotal role in 

transformation, progressing from passive 

materials to bioactive substances that promote 

wound healing and regeneration. Further 

applications such as tissue-engineering scaffolds, 

drug-delivery systems, and bioresorbable 

implants have been, thus, enabled (Detsch et al., 

2018).  

 In packaging and industrial applications, 

mycelium and circular biomanufacturing 

processes convert organic waste into sustainable 

products such as plastics, lubricants, and 

surfactants (Barta et al., 2024). Emerging 

research also explores microorganisms and 
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enzymes for plastic waste valorization, opening 

new sustainability pathways (Bao et al., 2023). 

Germany plays a central role in advancing 

biomaterials research, supported by 

interdisciplinary institutions such as the Max 

Planck Institute or Fraunhofer Institute. Industrial 

actors are pioneering breakthroughs in 

bioprinting and sustainable biomaterials. Market 

projections indicate rapid growth, with the 

polymeric biomaterials sector expected to reach 

nearly USD 9 billion by 2030 at a CAGR of 

14.6% (Bella et al., 2024). 

 Despite this growth potential, SMEs in the 

biomaterials sector face significant barriers to 

innovation and commercialization. Limited time, 

scarce financial and human resources, and 

insufficient access to tailored guidance often 

constrain their ability to conduct comprehensive 

risk assessments (Bella et al., 2024). 

Entrepreneurs’ attitudes toward risk further shape 

these practices, with smaller firms often relying 

on intuition and qualitative assessments rather 

than quantitative models (Weber & Kokott, 

2024). Particularly start-ups tend to 

underestimate risks, navigating highly uncertain 

environments with swift but less formalized 

decision-making. This aligns with Belitski et al. 

(2022) and Groh et al. (2025) findings on how 

SMEs struggle with resilience under conditions 

of uncertainty, often relying on informal practices 

rather than structured frameworks. 

 Commercializing biomaterials is especially 

challenging given regulatory hurdles, shifting 

healthcare demands, and the need for capital-

intensive research. Strengthening academia–

industry partnerships is therefore critical for 

accelerating translation into viable products. 

Comprehensive risk assessments and tailored 

commercialization strategies are not optional but 

essential to ensure success in areas such as 

implants, regenerative medicine, and tissue 

engineering (Brassesco et al., 2024). This echoes 

Guenther’s work on the ability–willingness 

paradox in small firms, which highlights that 

even when opportunities exist, SMEs may lack 

either the capacity or the willingness to engage in 

collaborations that reduce risk (Guenther et al., 

2023). 

 Within the broader bio-based industries, risk 

analysis practices often rely on simpler 

qualitative tools (e.g., sensitivity analysis) rather 

than probabilistic models, due to ease of use and 

interpretability. Financial risks, especially cost 

and price volatility, are usually prioritized over 

technical, regulatory, or market-related risks (de 

Assis et al., 2017). However, this reliance on 

traditional financial metrics often results in a 

disconnect between formal risk assessment and 

its application in strategic decision-making. This 

is consistent with Groh’s et al. (2025) work, who 

demonstrate that entrepreneurial finance under 

extended crises requires more adaptive, resilient 

approaches to risk management beyond 

traditional financial metrics. 

 Jernström et al. (2017) suggest that SMEs in 

the bio-based sector face particular types of 

challenges and several critical factors were 

identified: (1) funding accessibility: securing 

adequate financial resources is essential for 

SMEs to invest in necessary technologies, 

research, and development within the bio-based 

industry; (2) technological capabilities: 

possessing or developing the appropriate 

technological expertise enables SMEs to innovate 

and remain competitive in the bio-based market; 

(3) market knowledge: a deep understanding of 

market dynamics, customer needs, and industry 

trends allows SMEs to make informed decisions 

and effectively position their products or 

services; (4) regulatory environment: navigating 

complex regulations and compliance 

requirements is crucial, as these can pose 

significant barriers or facilitators to market entry 

for SMEs; and (5) collaborative networks: 

building partnerships with research institutions, 

industry players, and other stakeholders can 

provide SMEs with valuable resources, 

knowledge, and market access opportunities. 

 All together, these insights highlight the tension 

between the scientific and industrial potential of 

biomaterials and the practical limitations faced 

by SMEs. Risk management emerges as a critical 

enabler for bridging innovation and 

commercialization, ensuring that SMEs can 

navigate uncertainty while contributing to 

Germany’s competitiveness in the bioeconomy. 

Building on Günther’s contributions to 

understanding entrepreneurial finance, resilience, 

and SME dynamics, this study positions 

biomaterials innovation as a timely context in 

which her theoretical insights can be extended to 

new sustainability-driven industries. 

 

2.2. Biomaterials innovation and market 

penetration within the German landscape 

 

 The German biomaterial field within the 

biotechnology sector presents a dynamic yet 

challenging environment for innovation. While 

2023 witnessed strong start-up activity and 
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renewed venture capital inflows, turnover and 

employment declined, and access to early-stage 

financing and public markets remains limited. 

Despite these hurdles, prospects for clinical and 

technological advancements are optimistic, 

driven by progress in personalized medicine, 

regenerative therapies, and sustainable 

biomaterials (Ort & Bronsema, 2025). A key 

trend shaping the industry is the adoption of 

automation and digitalization. Bioregions across 

Germany are investing in scalable platform 

technologies, including robotic systems for high-

throughput screening, 3D printing of scaffolds, 

and the integration of artificial intelligence into 

production workflows. These innovations not 

only accelerate research but also improve quality 

assurance and sustainability (Spring & Haase, 

2025). 

 The sector’s diversity requires customized 

strategies. Publicly listed companies such as 

BioNTech, Evotec, and QIAGEN dominate in 

scale, revenues, and employment, while also 

advancing precision medicine. In sustainability, 

firms like BRAIN Biotech are developing bio-

based industrial applications. Venture capital-

backed enterprises, including AmSilk and Formo, 

stand out for biomaterial innovations such as 

spider silk and animal-free cheese, while 

independently funded firms like Miltenyi Biotec 

and NanoTemper Technologies provide critical 

tools and services (Ort & Bronsema, 2025). 

Financing trends indicate growing interest in 

investor. In 2023, twelve industrial biotech firms 

raised a record €207 million to develop 

innovative foods and biomaterials, with Formo 

securing €55 million for animal-free cheese 

production. Regenerative medicine continues to 

drive demand for biocompatible materials in 

orthopedics, ophthalmology, dentistry, surgery, 

and cosmetics, while underutilized resources, 

such as meat industry by-products, present 

opportunities for novel biomaterial constructs 

(Patshina et al., 2021). 

 Despite these opportunities, several barriers 

hinder market penetration. Economic 

competitiveness is constrained by high 

production costs and limited economies of scale, 

necessitating supportive financing mechanisms 

like subsidies and tax incentives (Harris et al., 

2018; Makepa & Chihobo, 2024). Regulatory 

uncertainty, including unclear biocompatibility 

standards and evolving EU requirements, slows 

commercialization (Prestwich et al., 2012). 

Public awareness and acceptance remain low, 

often hindered by misconceptions, greenwashing, 

and inconsistent labeling (Filho et al., 2021; 

Hairon Azhar et al., 2022; Manu et al., 2022). 

Policy imbalances further limit development, as 

biomaterials often lack the structured incentives 

available in other sectors like biofuels (Hermann 

et al., 2011; Dammer et al., 2013; de Vicente 

Bittar & Di Serio, 2023). Intellectual property 

(IP) protection is critical for establishing 

competitive advantage, attracting investment, and 

supporting start-up growth (Beltrán-Urvina et al., 

2025; Balaji & Ponniah, 2023). Finally, 

scalability and technological limitations 

challenge commercialization, with fermentation 

processes and feedstock volatility affecting cost 

competitiveness (Wellenreuther et al., 2022; 

Börner & Zinn, 2024; Hess & Tumuluru, 2024). 

 These dynamics are particularly relevant for 

SMEs, which often operate under higher 

uncertainty and tighter resource constraints. 

Research shows that traditional risk management 

strategies designed for large multinational supply 

chains are not always suitable for start-ups 

(Vishnu et al., 2019). SMEs require tailored 

mitigation strategies that align with their vision, 

capabilities, and critical success factors. 

Financing gaps, regulatory complexity, and 

technological hurdles make robust risk 

management essential for navigating market 

uncertainties and achieving sustainable growth. 

Günther’s research on entrepreneurial finance, 

SME resilience, and innovation under uncertainty 

underscores how smaller firms navigate volatile 

environments, make resource-constrained 

investment decisions, and leverage collaboration 

networks to mitigate risk (Audretsch & Guenther, 

2023; Guenther et al., 2023; Groh et al., 2025). 

By applying these insights to the German 

biomaterials (sustainability-driven and high-tech 

context) sector, this study emphasizes how SMEs 

can successfully commercialize innovative 

biomaterials while navigating financial, 

regulatory, and technological risks, thus 

extending Guenther’s legacy. 

 

2.3. Translating biomaterials from laboratory 

to market 

 

 Biomaterial commercialization depends on a 

set of interdependent strategic factors, playing 

market selection a central role. Decisions 

regarding the initial geographic target for 

regulatory approval influence market size, 

competitive dynamics, regulatory burden, cost 

uncertainty, and reimbursement opportunities. 

Well-informed market entry strategies form a 
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foundation for converting laboratory-stage 

biomaterial innovations into viable clinical or 

commercial products (Balconi et al., 2010). 

Equally critical are scalability and technology 

transfer (TT). Production scalability must 

consider capacity, market readiness, and the 

biomaterial’s ability to retain mechanical 

integrity and biological efficacy during 

upscaling, while integrating environmental safety 

and waste minimization in line with ISO 13485 

standards (2016). TT bridges research and 

commercialization, with Technology Transfer 

Centers (TTCs) in the EU, thus facilitating 

intellectual property management, market 

evaluation, funding acquisition, and interactions 

among researchers, entrepreneurs, investors, and 

policymakers. 

 SMEs face notable barriers in engaging with 

TT activities (Hilkenmeier et al., 2021), 

including, but not limited to: (1) Restricted 

internal R&D capabilities, constraining the 

ability to innovate or absorb new technologies; 

(2) Difficulty identifying suitable collaboration 

partners, especially for SMEs inexperienced in 

research networks; (3) Resource constraints, such 

as limited financial and human capital; (4) 

Limited absorptive capacity, affecting the 

effective integration of external knowledge; and 

(5) Risk perceptions, including CEO turnover, 

revenue volatility, regulatory shifts, competition, 

and succession uncertainties in family firms 

(Glowka et al., 2024). 

 Achieving commercial viability and regulatory 

compliance requires harmonizing safety, 

efficacy, and market demands. Continuous post-

market surveillance is vital for detecting adverse 

effects and guiding product refinement. A robust 

R&D foundation, early stakeholder engagement, 

and adherence to regulatory frameworks, 

augmented by ISO guidance, are essential for the 

effective and sustainable integration of 

biomaterials into products. Iterative assessments 

and strategic early-stage planning are 

indispensable for navigating the complex path 

from innovation to patient or consumer benefit 

(Jurczak et al., 2024). 

 

2.4 Benchmarking Risk Management 

Practices in Biomaterial related SMEs and 

Start-Ups 

 

 Several frameworks and examples provide 

useful benchmarks for SMEs and start-ups in 

managing risks within the biomaterials sector. 

BIORIMA (Biomaterial Risk Management) 

develops an Integrated Risk Management (IRM) 

framework for nano-biomaterials used in 

Advanced Therapeutic Medicinal Products 

(ATMPs) and medical devices. The framework 

offers validated tools for risk identification, 

assessment, and mitigation, including exposure 

monitoring, hazard evaluation, and safer-by-

design approaches. A web-based Decision 

Support System assists SMEs in evaluating 

risk/benefit profiles and accelerating time-to-

market for nano-biomaterials 

(https://cordis.europa.eu/project/id/760928). 

 SME-focused SCRM methodology (Jüttner & 

Ziegenbein, 2009) provides a practical approach 

for SMEs facing global supply chain risks. Based 

on the classical phases of risk identification, 

assessment, and mitigation, the method 

incorporates IT support to address SMEs’ 

resource constraints and organizational 

limitations. While simplified, this model offers a 

structured, actionable framework for smaller 

firms in materials and chemical sectors. 

Clinical translation and regulatory compliance in 

biomaterials introduce additional complexities. 

Modern biomaterials are designed for specific 

clinical functions, requiring strict adherence to 

the EU’s Medical Device Regulation (MDR) and 

In Vitro Diagnostic Regulation (IVDR), 

alongside ISO standards. Adoption of safe-by-

design (SbD) and function-by-manufacturability 

(FbM) principles is increasingly recognized as 

essential to ensure safety, regulatory compliance, 

and efficient product development (Jurczak et al., 

2024). Early integration of these principles 

reduces recalls, supports market access, and 

balances innovation with regulatory 

requirements. These benchmarks illustrate how 

SMEs and start-ups can structure risk 

management practices to navigate operational, 

regulatory, and clinical challenges. 

 

3.  Methodology 

3.1. Supply chain risk assessment instrument 

 

 To evaluate risk management practices in 

SMEs within the biomaterials sector, a Supply 

Chain Risk Management Maturity (SCRMM) 

scale was adapted from Dellana et al. (2022). 

Originally developed to measure organizational 

maturity in managing supply chain risks, this 

scale was refined through expert consultation and 

extensive research. For this study, the SCRMM 

instrument was incorporated into a structured 

questionnaire used during interviews 

(Supplementary Information). The questionnaire 
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was further enhanced by the works of de Assis et 

al. (2021), who examined how organizations in 

the bio-based industry assess and analyze risks in 

capital investment decisions, and by Mechal & 

Boche (2025), who investigated the impact of 

supply chain risk management practices on 

operational performance in pharmaceutical 

manufacturing. These studies helped tailor the 

instrument to the context of German biomaterials 

SMEs, ensuring relevance to both financial and 

operational risk dimensions. Qualitative data 

were collected through in-depth online face-to-

face interviews with six SME representatives 

conducted in June 2025. The structured 

questionnaire served as both a data collection tool 

and a discussion guide, while allowing flexibility 

to capture additional insights. The questionnaire 

comprised five sections: (1) socio-demographic 

profile of the respondent; (2) organizational 

information; (3) risk assessment practices for 

organizations performing risk evaluations; (4) 

risk management practices for organizations not 

conducting formal assessments; and (5) 

additional barriers to biomaterial innovation. This 

approach provided a comprehensive 

understanding of risks, critical success factors, 

and operational challenges within the German 

biomaterials landscape.  

 

3.2. Study population and sampling strategy 

 

 The study targeted managers responsible for 

operations in SMEs and start-ups within the 

German biomaterials sector. Participation was 

voluntary, with assurances of anonymity, 

optional responses, and post-study access to 

results. A mixed-methods approach combining 

quantitative and qualitative data collection was 

conducted between March and August 2025. 

Initially, 18 SMEs and start-ups were contacted, 

of which six participants confirmed involvement. 

 To enrich the sample, the scope was expanded 

to include a biomedicine technology student and 

a local politician from a region actively 

promoting biotechnological firms. Each interview 

followed a preliminary agenda tailored to the 

interviewee’s expertise, focusing on identifying 

and assessing risks and critical success factors. 

Discussions lasted typically between 60 and 90 

min and included both structured questionnaire 

items and an open discussion segment, allowing 

participants to provide additional insights. Table 

A.1 (Supplementary Information – upon request) 

summarizes the invited firms (participant 

anonymity is maintained throughout this study). 

3.3. Data analysis approach 

 

 A mixed-methods approach was employed to 

integrate quantitative and qualitative data 

collected concurrently. Quantitative data from 

Sections 1–4 of the questionnaire were sorted, 

coded, and analyzed in Excel. Due to the small 

sample size, descriptive statistics (including 

frequency, percentage, mean, and standard 

deviation) were used to summarize responses. 

Qualitative data from Section 5 of the 

questionnaire were analyzed manually using a 

mixed-method analysis. Key themes were 

identified, focusing on management of primary 

risk factors such as finance, logistics, 

competition, regulatory frameworks, and policy. 

Findings were then presented narratively, 

complemented by representative quotations from 

participants. This approach enabled triangulation, 

enhancing validity and confirming insights across 

quantitative and qualitative dimensions 

(Kuckartz, 2014; Mayring, 2014). 

 

4.  Results 

4.1. Demographic and organizational profile 

of participants 

 

 Table A.2 (Supplementary Information – upon 

request) summarizes the demographic 

characteristics of the study participants. While 

the small sample size limits generalizations, some 

patterns emerged. The group showed gender 

balance, with half of them being over 40 years 

old. Many held multiple roles within their 

organizations due to the small company size. 

Notably, 50% of respondents had a PhD, and 

62% reported over 10 years of experience in their 

current or related organizations. Table A.3 

outlines the organizational characteristics of the 

participating firms. The sample included 

companies from agro-industry (2), textiles (1), 

construction (1), alternative energy (1), and 

healthcare (1). Half operated exclusively in 

Germany, while the others had offices in 

additional European countries. Founding years 

ranged from 1989 to 2025.  

 All respondents held management positions. In 

terms of financial performance, two firms 

reported no revenue in 2024, two generated under 

€1 million, and two SMEs achieved revenues 

between €10–50 million. 
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4.2. Quantitative Insights from Risk 

Management Practices 

 

 Table 1 presents the quantitative results from 

Section 3 of the questionnaire (Supplementary 

Information). Although the small sample size (N 

= 4–5) limits generalization, several patterns 

emerged. Participants reported agreement that 

their organizations conduct regular risk 

assessments for investments (3.8 ± 0.4) but 

strongly disagreed about having written 

guidelines for these processes (1.3 ± 0.4). While 

some firms had designated risk officers or 

departments, responses varied widely (3.8 ± 1.5). 

Supply chain risk management was consistently 

rated as a priority (4.6 ± 0.5), with agreement that 

managing risks improves competitiveness (3.6 ± 

1.0) and minimizes disruptions (4.6 ± 0.8). 

Information sharing with partners was moderate 

(3.4 ± 0.8), though cost data was rarely shared 

(2.2 ± 1.0). 

 Risk assessments were performed regularly, but 

frequencies differed (weekly, monthly, or 

project-based). Simulation of risk events was 

common (3.5 ± 0.5), yet contingency planning 

remained underdeveloped (3.4 ± 0.4). Neutral 

responses were recorded for supply chain 

flexibility (3.0 ± 1.7) and maturity of systematic 

review processes (3.0 ± 1.2), reflecting the young 

age of many firms. Strong agreement was found 

regarding the importance of internal 

communication: sharing risk information across 

departments (4.8 ± 0.4) and maintaining 

organization-wide awareness (4.4 ± 0.5) were 

viewed as critical to resilience. Firms also 

reported high integration of risk management 

practices (4.2 ± 0.4). 

 Qualitative risk outcomes were prioritized in 

investment decision-making (4.5 ± 0.5), while 

deterministic and probabilistic results played a 

smaller role (both 3.7 ± 0.9). Risk management 

was seen as inclusive and participatory (4.0 ± 

1.3), higher than comparable studies in 

pharmaceutical SMEs (Mechal & Boche, 2025). 

Supply chain audits were regularly conducted 

(4.4 ± 1.2), with strong agreement on the value of 

contingency planning (4.4 ± 0.5) and its 

contribution to loss minimization (4.8 ± 0.4). 

Conversely, insurance was rarely considered 

central to risk mitigation (1.8 ± 1.0), as firms 

often maintained only legally required coverage. 

 

 

Table 1. Analysis of the SCRM practices 
Scale:  1 Strongly disagree, 2 Disagree, 3. Neutral, 4. Agree, 5. Strongly agree N1 Av. md SD Abs 

1. My organization performs a clear and concise risk assessment for investments 

(including, but not limited to) quantitative and qualitative methods 
4 3.8 4 0.4 4 

2. My organization has a written guideline or procedure on how to perform risk 

assessment for investments 
4 1.3 1 0.4 4 

3. A formally dedicated department or employee conducts risk assessments for 

investments in my organization 
5 3.8 4 1.5 3 

4. Managing risks in the supply chain is a top priority in our organization 5 4.6 5 0.5 3 

5. We believe that managing risks in the supply chain makes us more 

competitive. 
5 3.6 4 1.0 3 

6. We believe that managing risks in the supply chain helps to minimize 

disruptions 
5 4.6 5 0.8 3 

7. We typically share risk data with our supply chain partners 5 3.4 4 0.8 3 

8. We typically share costs of risk impacts with our supply chain partners 5 2.2 3 1.0 3 

9. Risk assessment is frequently performed  5 3.2 4 1.5 3 

10. I often simulate risk events to assess our ability to respond effectively 4 3.5 3.5 0.5 4 

11. When a risk event occurs, I usually have a well-defined contingency plan 

available to reduce the impact of the event 
5 3.4 3 0.8 3 

12. Our supply chain employs flexible facilities to cope with changing conditions 

or markets. 
5 3.0 4 1.7 3 

13. Our organization employs a mature systematic process for reviewing and 

improving our risk management system effectiveness 
4 3.0 3.5 1.2 4 

14. We routinely share risk-specific information across departments within our 

organization. 
5 4.8 5 0.4 3 

15. We make sure all employees in our organization have a good understanding of 

our internal risk management process 
5 4.4 4 0.5 3 
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16. Our organization exhibits a high degree of internal integration for risk 

management 
5 4.2 4 0.4 3 

17. Our organization has a mature internal risk management process that ensures 

our internal operations are not easily disrupted 
5 3.8 4 0.7 3 

18. Qualitative risk assessment outcomes (non-numerical outcomes) are 

ALWAYS considered in the investment decision-making process 
4 4.5 4.5 0.5 4 

19. Deterministic outcomes (e.g. sensitivity analysis) are ALWAYS considered in 

the investment decision-making process 
3 3.7 3.0 0.9 5 

20. Probabilistic outcomes are ALWAYS considered in the investment decision-

making process 
4 3.8 3.5 0.8 4 

21. In the organization, risk management practices are inclusive and participatory 5 4.0 5.0 1.3 3 

22. My organization categorizes the supply chain risks as high, medium & low 5 4.0 4.0 0.9 3 

23. My organization undertakes continuous supply chain performance audits 

(quality, cost, delivery) 
5 4.4 5.0 1.2 3 

24. The supply chain contingency planning is a critical element of the Business for 

my organization 
5 4.4 4.0 0.5 3 

25. My organization plan contributes to loss minimization, safe assets and risk 

mitigation 
5 4.8 5.0 0.4 3 

26. My organization considers insurance as a key for mitigating supply chain risks 5 1.8 1.0 1.0 3 

1N=counts; Av.= Average; md=median; SD= standard deviation; Abs = abstentions 

 

4.3. SMEs and Start-up interview analysis 

 

 Sections 3 and 5 of the questionnaire went 

into deeper analysis to determine further 

elements linked to risk management. Participants 

were asked in which project stage(s) risk 

assessment was performed, allowing them to 

check all that apply. Three out of five participants 

confirmed that risk assessment is performed at all 

stages of project development, one mentioned 

only conception, and one mentioned only 

conception and execution. In a similar approach, 

de Assis et al. (2021) determined that from their 

sample in the bio-based industry, 80% perform 

risk assessment during feasibility stages, and less 

than 50% performed it at early stages (initiation 

and conception). This research determined that 

60% of the sample indicated the need to do risk 

assessment at all stages, which agrees with the 

literature, as there is naturally a higher number of 

uncertainties and unknowns at initial project 

phases, with 100% of the sample agreeing with 

the conception of the project. Ergo, decisions 

taken at the early stages will undoubtedly have a 

higher impact on investment value and project 

revenue. 

 All participants mentioned the use of both 

qualitative and quantitative methods combined to 

assess risks. When asked what type of software 

they were using to assess said risk, all of them 

confirmed using Microsoft Excel spreadsheets, 

one mentioned using software developed "in-

house", while other two participants mentioned 

the additional use of specialized software like 

https://osapiens.com or Enterprise Resource 

Planning (ERP). None of the participants 

mentioned using any of the common software 

products (@Risk, Crystal Ball, DPL, etc.). This 

aligns with a statement found widely in the 

literature, that given the size and financial 

restriction of SMEs, usually there is no additional 

investment in software tools for risk 

management. Parallelly, this also shows the great 

abundance, diversity and heterogeneity in risk 

assessment tools used among the participants, 

which corroborates initial thoughts about the 

needs of each firm to have tailor made solutions 

for their own risk assessment needs. 

 Participants also answered what analytical 

approaches are used to perform risk assessment. 

Figure 1 shows that, although a broad diversity of 

analytical approaches was mentioned, the most 

voted ones were SWOT analysis and the What-if 

analysis. This result overlaps with those obtained 

by de Assis et al. (2021). Although sample size 

of N = 5 is too small and not recommendable to 

convert to percentages, as it may result 

misleading, it was used in this case exceptionally, 

in order to have a more comfortable view of the 

results using the data collected in the paper as a 

benchmark or reference value. Interesting, in 

both cases, SWOT analysis received a higher 

voting, probably because qualitative tools are 

generally simpler, requiring less detailed 

information, not relying on advanced software, 

and serving as a foundation for subsequent 
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quantitative analyses. The what-if analysis was in 

this sample studied almost doble as the reference 

value, whereby in the paper, the worst-case 

analysis was two times higher than in the sample 

studied here. Due to the small sample size of this 

study, further quantitative comparisons are 

limited. Cost-benefit analysis does not have a 

benchmark, as the authors excluded it from the 

analysis as it is not really a risk assessment tool. 

Traffic light system was included in this study 

only, as it was one of the answers provided by 

one participant. Raw data values of Figure 1 are 

found in Supplementary Information (upon 

request). 

 

 
Fig. 1. Analytical approaches used to perform risk assessment (N = 5). Blue bars: values from this 

study. Orange bars: reference values from de Assis et al. (2021) 

 

 These results differ, e.g., with those proposed 

by Kheir et al. (2022). Their findings indicate 

that from a sample of seven participating start-

ups (involved in the development, 

commercialization, and quality control of (bio-

)medical devices), they predominantly rely on 

other tools like Failure Mode and Effects 

Analysis (FMEA) and combine it with other 

approaches such as Hazard Analysis, Corrective 

and Preventive Actions (CAPA), or SWOT 

analysis to strengthen risk identification during 

development phases. Overall, their results 

suggest that FMEA is the most widely applied 

method among those participants. 

 Figure 2 shows the answers when participants 

were asked to identify which specific sources of 

risk are considered by their organization when 

performing risk assessment, allowing them to 

check all that apply. The top three sources of risk 

to be considered when performing risk 

assessment are highlighted in pink. Besides 

financial, market and sales, and operational, other 

sources were also mentioned, i.e., TRL, 

resources, timing, SCM, social and 

environmental regulations. Product value and 

resource availability were also mentioned during 

the interview (result not shown). Similar as 

before, and only for comparison reasons, values 

were plotted using reference values provided by 

de Assis et al. (2021). Results overlap with those 

from de Assis, confirming the importance of 

financial risks, followed by market and sales, and 

operational.  

 Noticeably, de Assis’ paper further 

differentiates among type of participant (either 

upper or middle management). As this study does 

not use these criteria, reference values used here 

come from the upper management only. Again, 

the comparison among values is very limited due 

to the small number of participants (N = 5). 

 These results are in agreement to those shown 

by de Assis et al. (2021), where the top three 

sources of risk perceived in their sample were 

financial, market and technology, with 

operational on the fourth position of ranking. 

Similarly, these results also align with those 

published by Kheir et al. (2022), with a sample of 

seven start-ups in the biomedical device field. 
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Fig. 2 Specific sources of risk considered by the organization when performing risk assessment (N = 

5). Blue bars: values from this study. Orange bars: reference values from de Assis et al. (2021). Pink 

shadow indicates the perceived top 3 sources of risk to consider when performing risk assessment 

 

 A key objective of this study was to identify 

concrete strategies implemented by SMEs and 

start-ups to mitigate risks (Section 5 of the 

questionnaire). Participant responses highlighted 

a spectrum of approaches, ranging from relational 

and communication-focused practices to more 

procedural and analytical strategies. Relational 

mechanisms were strongly emphasized. P1 

stressed the role of effective communication and 

organizational agility, while P5 described open 

dialogue, continuous monitoring, and reciprocal 

engagement with producers as critical enablers of 

trust and resilience across supply chains. These 

perspectives align with du Plessis & Linke 

(2022), who identified communication as a 

cornerstone of effective risk management in 

dynamic environments. Other participants 

highlighted more control-oriented strategies. P2 

focused on ensuring raw material quality and 

compliance, underlining the importance of 

supplier reliability, especially in healthcare-

related contexts. P4 described contractual 

agreements and systematic checks to stabilize 

supply chains, while P6 combined contractual 

safeguards with evidence-based methods such as 

three-point estimation and time management 

adjustments. Collectively, these contributions 

illustrate how SMEs employ a hybrid mix of 

relational, contractual, and analytical practices to 

balance flexibility with operational stability. 

 Finally, participants identified the top three 

benefits of conducting risk assessment. The most 

important were reducing project failures and 

developing risk mitigation strategies. Although 

results differ somewhat from de Assis et al. 

(2021), where “better understanding of risks for 

decision-making” was most frequently cited, the 

findings still show strong alignment on the value 

of failure reduction and proactive strategy 

development. Despite the small sample size, 

these results confirm that SMEs in bio-based 

industries recognize risk assessment as a key 

enabler of resilience and continuity. 

 

4.4. Firms Without Formal Risk 

Assessment 

 

 Two participants reported not conducting 

formal risk assessments (Section 4 of the 

questionnaire). While they acknowledged the 

value of having guidelines, they admitted their 

organizations lacked awareness of the tangible 

benefits of frequent assessments. Their approach 

was described as reactive, i.e., “going with the 

flow”, with risks addressed only after arising. As 

one participant noted: “We perceive risk on a 

daily basis… we do not know if we are going to 

be successful at all with this start-up… but the 

general perception is that we do not feel that risks 

are too high.” 
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 This mindset aligns with findings from du 

Plessis & Linke (2022), who observed SMEs 

often treat risk management as part of day-to-day 

operations rather than as a structured process. 

Similarly, de Araújo Lima et al. (2020) 

emphasize that while SMEs are more vulnerable 

due to weaker financial structures and limited 

flexibility, they often lack proactive risk 

management, undermining resilience and long-

term value creation. The participants’ main 

concern was economic viability, particularly 

reducing final product costs. Despite this, they 

did maintain business insurance, reflecting at 

least some risk awareness. Their perceptions echo 

Dvorsky et al. (2021), who argue that optimism 

bias and tolerance for ambiguity often lead 

managers to dismiss risk assessment as 

bureaucratic. For early-stage firms, priorities 

such as fundraising, development, and market 

entry overshadow risk management unless 

externally required. Start-ups in biomaterials face 

further challenges, as many existing frameworks 

are designed for larger corporations, making 

them too complex, costly, or resource-intensive. 

Moreover, codified assessments, i.e., ISO 14971 

(2019), tend to focus on technical product risks, 

often neglecting business or organizational risks. 

Under evolving EU MDR/IVDR requirements, 

this gap may expose start-ups to additional 

vulnerabilities. As argued by Chakabva et al. 

(2021), SMEs must strategically align resources 

to operationalize risk management, strengthen 

resilience, and maintain competitive advantage. 

 

4.5. Perspectives from political and 

educational stakeholders 

 

 To broaden the research scope, two 

complementary perspectives were included: a 

political figure from the Straubing–Lower 

Bavaria region and a medical engineering 

student. The political interviewee emphasized the 

central role of renewable resources and 

sustainability in regional development. 

Institutions such as the Deggendorf Institute of 

Technology, the BioCampus, and the Technical 

University of Munich (TUM) drive innovation, 

with about 40% of activity concentrated in the 

Straubing-Sand harbor area. Key R&D efforts 

focus on bioplastics, polysaccharides, and bio-

based scaling processes, while start-ups face 

persistent capital constraints and market-entry 

barriers. Public skepticism was noted as a 

challenge, highlighting the importance of 

fostering openness toward sustainable 

innovations. 

 Support mechanisms were identified, including 

shared laboratories, municipal coordination 

services, and funding from Bavarian and federal 

sources. Successful regional initiatives, such as a 

biogas plant initially met with public resistance 

but later widely accepted during the energy crisis, 

illustrate how societal acceptance can evolve. 

Nevertheless, the sustainability ecosystem 

remains highly funding-dependent, with calls for 

tax incentives, private investment, and 

interdisciplinary collaboration to reduce 

institutional silos. The medical engineering 

student expressed strong interest in research and 

further study, while recognizing gaps in risk 

management education. Although only a few 

seminars touched upon the subject, the 

participant intuitively recognized the need for 

frequent and adaptable assessments. Identified 

risks included financial, resource, and 

procurement challenges, alongside barriers in 

scaling production and ensuring investor 

confidence. While patents were seen as providing 

strong competitive protection, the participant 

stressed the importance of continuous updates 

about the know-how, policies, and market 

analysis. 

 Overall, these insights complement 

organizational perspectives by showing how 

policy, education, and individual awareness 

intersect with SME and start-up realities. They 

also underline that while institutional support 

exists, financial, educational, and collaborative 

gaps remain critical obstacles in advancing risk 

management practices and biomaterial 

innovation. 

 

4.6 Barriers in risk management 

 

 Section 5 of the questionnaire explored barriers 

in risk management (Figure 3). The data suggest 

that IP protection, policy imbalance, 

technological limitations, and competitors are not 

perceived as major barriers. Competition is 

generally low, as most firms face only one or two 

local or national rivals. Technical barriers were 

mostly linked to digital infrastructure gaps, 

requiring capacity growth to match demand. 

Instead, the most significant barriers identified 

were financial and logistical. Participants 

highlighted the challenges of expanding 

networks, selecting highly specialized suppliers, 

and managing funding constraints, particularly in 

early-stage start-ups. Establishing laboratory 
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infrastructure and diversifying client portfolios 

were also seen as risky, given the limited 

resources available to small firms. 

 

 
Fig. 3. Identification of major limitations experienced by participants (N = 7). Blue bars: number of 

participants (% values related to the same sample are given as a guide at the beginning of the bars) 

 

 One participant noted that regulatory 

frameworks are not barriers but rather clear 

guidelines for manufacturing and provider 

selection, reducing uncertainty. Other barriers 

frequently cited in the literature, such as limited 

R&D capacity, weak collaboration, or 

inconsistent team perceptions of risk, were not 

consistently confirmed in this study, indicating 

they may depend heavily on firm type and 

maturity. Overall, the top three barriers emerging 

from this study were: (1) Financial limitations; 

(2) logistical challenges; and (3) regulatory 

requirements. These findings echo Glowka’s et 

al. (2024) observations that SMEs selectively 

perceive risks, often underestimating broader 

issues such as digitalization or climate change. 

 The authors argue that risk perception itself is a 

crucial dimension in SME risk management, 

shaping how firms manage uncertainty and 

making strategic decisions. Here, future research 

could explore how different types of barriers 

interact to form distinctive risk profiles in 

biomaterial SMEs and start-ups. 
 

5. Discussion 

 

 The biomaterials sector is a highly innovative 

and future-oriented industry with strong growth 

prospects driven by rising demand for sustainable 

solutions. For start-ups and SMEs, survival and 

long-term growth in this uncertain environment 

can be significantly enhanced through effective 

risk management (RM). Insights from diverse 

stakeholders—including managers, 

policymakers, and a student—strengthen the 

practical relevance of this study and demonstrate 

how tailored, holistic RM approaches improve 

applicability for small firms. Moreover, the small 

size of SMEs can be an advantage, enabling 

faster decision-making and more adaptive 

responses to disruptions. Several opportunities 

emerge for biomaterials SMEs. Policy initiatives 

at national and EU levels can ease financial and 

regulatory pressures, while collaboration with 

universities, research institutes, and innovation 

hubs supports knowledge exchange and joint 

solution development. The sector also presents 

scope for SME-specific RM frameworks, 

addressing a gap in both research and practice. 

Growing awareness of sustainability and circular 

economy principles further reinforces the 

relevance of biomaterials within the global 

transition toward greener technologies. However, 

the study also has limitations. The small sample 

size (N = 8) restricts generalizability, and 

reliance on qualitative data introduces 

subjectivity. The diversity of biomaterials 

subsectors is not fully captured, and the absence 

of longitudinal data limits insights into how risks 

and mitigation strategies evolve over time. In 

addition, proposed mitigation measures lack 

quantitative validation, while SMEs continue to 
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face challenges such as regulatory complexity, 

supplier dependence, and underdeveloped 

enterprise risk management systems. 

 External threats further challenge the resilience 

of biomaterials SMEs. Regulatory uncertainty, 

particularly in medical and biotech applications, 

high dependence on external funding, rapid 

technological change, and shifting legislation can 

destabilize business models. Market uptake is 

also constrained by consumer skepticism toward 

novel biomaterial products. Broader global 

disruptions—such as supply chain shocks, energy 

shortages, and geopolitical instability—

disproportionately affect SMEs due to their 

limited buffers, underscoring the need for 

adaptable RM practices. The findings highlight 

several practical implications. While SMEs often 

lack resources to implement comprehensive RM 

systems, RM should be viewed not only as a 

resilience mechanism but also as a strategic tool 

for sustainable growth. Collaboration with 

universities, research centers, and industry 

partners enables access to expertise and 

infrastructure, reduces costs, and fosters 

innovation, with policymakers playing a key 

enabling role. Financial risk remains central due 

to long development cycles and uncertain 

commercialization pathways, requiring integrated 

funding strategies and proactive engagement with 

public support schemes. Digitalization—such as 

real-time monitoring and predictive analytics—

offers additional potential for SME-oriented RM 

solutions. Overall, early and tailored integration 

of RM into business models is essential for 

biomaterials SMEs. Scaled-down, flexible 

tools—such as scenario analysis, SWOT 

assessments, and supplier evaluations—are often 

more effective than complex frameworks 

designed for large firms. Beyond operational 

concerns, social acceptance and reputational risks 

must also be actively managed through 

transparency, stakeholder engagement, and 

responsible innovation. Innovation ecosystems 

and shared infrastructures further strengthen RM 

by enhancing collaboration, legitimacy, and trust, 

reinforcing the link between effective risk 

management, sustainability, and successful 

market integration in the biomaterials sector. 

 

6.  Conclusion 

 

Existing research in the biomaterials sector has 

largely emphasized financial or enterprise-level 

risk management, leaving a gap in integrated 

approaches tailored to SMEs and start-ups. This 

study addresses that gap by examining current 

risk management (RM) practices among German 

biomaterials SMEs and start-ups and 

demonstrating that RM is a critical determinant 

of stability, resilience, and long-term viability. 

While many firms lack formalized frameworks, 

even structured and simplified RM practices can 

generate tangible benefits. Importantly, RM 

should be understood not merely as a compliance 

tool but as a strategic mechanism that supports 

sustainable growth and competitive 

differentiation in resource-constrained 

organizations (Henschel & Lantzsch, 2022; 

Guenther et al., 2023). 

The findings indicate that operational, financial, 

and market risks pose the greatest challenges. 

Key vulnerabilities include feedstock volatility, 

limited access to capital, dependence on 

specialized suppliers, and demand uncertainty, 

while regulatory complexity may constrain 

innovation despite generally being perceived as 

supportive. Risk mitigation therefore requires a 

multi-layered approach combining strategic 

adaptability with structural responses. Although 

participants primarily rely on basic tools such as 

Excel-based analyses, these practices reflect 

early-stage maturity and may evolve as firms 

gain experience. 

Financial and logistical constraints emerged as 

the most significant barriers to innovation. 

Limited capital restricts R&D investment, 

scaling, and supply chain diversification, while 

logistical dependencies heighten operational risk. 

Collaborative solutions—such as strategic 

partnerships, shared infrastructure, and public–

private initiatives—can transform these 

constraints into collective opportunities (Auer & 

Rauch, 2021). From a regional perspective, 

diversified yet technologically related industrial 

environments foster knowledge recombination 

and adaptability, enhancing resilience among 

SMEs operating under high uncertainty (Fornahl 

& Guenther, 2010). The inclusion of perspectives 

from policymakers and a student highlights the 

importance of supportive policy frameworks and 

human capital development. Targeted public 

initiatives can ease financial and regulatory 

constraints, while education and entrepreneurship 

training are essential for preparing future 

innovators to navigate scientific and economic 

uncertainty. 

Overall, the study underscores that proactive 

and holistic RM—combined with collaboration, 

financial foresight, and stakeholder 

engagement—is essential for enabling 
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biomaterials SMEs and start-ups to innovate, 

scale, and contribute to sustainable technological 

transitions. Future research should expand 

sample size, geographical scope, and stakeholder 

diversity to deepen understanding of financial, 

regulatory, and societal dimensions shaping 

innovation and risk management in the 

biomaterials’ ecosystem. 
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Abstract: The role of use of renewable sources will continue to grow after 2025, so that 

electricity production from these sources will account for 40% in 2030. Biomass is seen as 

a major alternative energy source, widely used around the world. Romania has a biomass 

potential estimated at 3.3 PJ (7594 thousand toe) per year, which represents 20% of total 

primary resource consumption in 2020. In order to achieve significant fuel production, it is 

necessary to use all agricultural land, utilize land left in degradation, and reforest 

exploited land. Wood covers more than 10% of primary energy demand in many countries 

in Africa, Asia, Latin America, and Europe (Austria, Finland). China and Brazil have 

become competitors in the energy market in the field of biomass energy production.   

Currently, biomass energy is produced through combustion processes and steam turbine 

power generation, including cogeneration systems. 

 

Keywords: energy density, biomass, wood, briquettes 

 

 

1.  Introduction 

 

 The energy produced from biomass in 2023 

represents 3.1 x 10 5 toe (tons of oil equivalent) 

or 13.6 M for electricity production and 6.2 x 105 

toe or 27.2 MJ for heat production. This amount 

is equivalent to 5% of all energy supplied 

globally, thereby reducing the greenhouse effect 

on the environment. 

      In Europe, renewable energy has an average 

annual growth rate of 3.4% between 2000 and 

2023. Turkey is an energy important country, 

with more than half of its energy consumption 

coming from imports. 

      Energy demand in Turkey has grown by 6-

8% in recent years. In 2023, renewable energy 

sources increased by 15% in terms of energy 

production, of which biomass accounted for 9%. 

Another country that has placed a major 

emphasis on producing energy from renewable 

sources in Hungary. Recently energy production 

from alternative sources has begun to grown in 

Hungary, at a rate of approximately 3.6% with 

estimates that by the end of 2028 it will reach 4% 

of electricity production and 10-11% of total 

energy production will come from renewable 

sources. During the decomposition of biomass 

when volatile substances in the biomass 

evaporate, mineral elements such as magnesium, 

aluminum and calcium are found in the 

remaining ash. 

     Biomass ash consists of zinc, cadmium, 

chromium, and magnesium, which are substances 

that can be affect the environment. 

      Wood from temperate zone is low in ash, 

containing around 0.2-1%, trees from tropical 

zones contain 4% ash.The ash content of wood 

represents the mineral part remaining after 

combustion to a constant, at a temperature of 800 

ºC + 50 ºC, of a sample of the material analyzed, 

incinerated under well-defined conditions. 

       Ash consists of a moisture of soluble 

minerals (10-25% of total ash), composed of 

potassium, chlorides, magnesium, iron and 

insoluble minerals (75-90%) consisting of 

silicates, phosphates, oxides and other inorganic 

chemicals. The ash resulting from biomass is 

considered a residue containing metal oxides 

such as potassium oxide, magnesium oxide and 

sodium oxide. 

 

2.  Materials and method 

 

 The determination of the calorific value is 

almost similar to that of coal (as a solid fuel) and 

with few differences compared to liquid 

(gasoline, diesel) or gaseous (methane gas, 

biogas) fuels. The combustion of wood biomass 
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requires the presence of a flame and oxygen to 

maintain the combustion process. 

 A temperature of 300 ºC is required for dry 

wood to reach a state of ignition. Combustion 

requires a certain amount of air, namely 0.6 kg of 

oxygen for one kilogram of dry wood. 

 Wood combustion is a chemical process of 

decomposition, into its main chemical elements. 

      The main chemical elements found in wood 

fuel are carbon, nitrogen, oxygen and minerals 

for ash. As combustion progresses, the wood 

catches fire and burns, and the gases formed by 

combining the chemical elements of the wood 

with the elements of mater and oxygen are 

burned. 

      Combustion involves a number of stagesː 

- evaporation of mater; 

- ignition; 

- thermal decomposition of chemical elements;  

- combustion of chemical elements to form 

combustible gases and combustible gases; 

- combustion of combustible gases; 

- combustion of carbon.   

 In figure 1 is presented the sketch of a water 

heating system 

 

 

 
Fig. 1. The sketch of a water heating system 

1 - heat water tank; 2 - primary air; 3 - ash grill; 4 - flame; 5 - preheated secondary air; 6 - air direct; 7 - water; 8 - fire ash;  

9 - chimney pot; 10 - heat exchanger; 11 - radiator 

 

 

 Determining the calorific value of wood 

biomass using an explosive combustion 

calorimeter is a difficult method that requires a 

long period of time. 

 Knowing the calorific value of biomass is 

necessary, in order to calculate the amount of 

fuel. The prediction can be obtained by the 

following two methodsː 

- based on chemical elements; 

- based on chemical compounds. 

 The number of tests required by the regulations 

is 10 tested samples (ASTM D 3286-96, DIN 

51900-1, 2000, Dihoiu, 1995). The installation 

used to determine the calorific value of woody 

biomass was the XRY-1C explosive combustion 

calorimeter, produced by Shanghai Changji 

Geological Instrument Co. 

 Before performing the actual test, the 

calorimeter bomb is calibrated with benzoic acid 

(benzoic acid with a known calorific value of 

26463 kJ/kg is used). Figure 2 shows the working 

mehod for perform the test (Figure 2). 

 
Fig. 2. Working diagram 
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Figure 3 shows the sketch for calorimeter 

bomb. 

 
Fig.3. Sketch for calorimeter bomb 

 

 The process of determining the calorific value 

of wood materal refers first to the preparation of 

the raw material and the installation, then to the 

actual determination and finally to obtaing the 

fuel results. Preparing the wood material for 

testing consists of taking a small portion of 

spruce or sugar cane pellets (0.6-0.8 grams of the 

whole material). 

 The weighed sample must have an accuracy of 

0.0002 grams. The sample must be clean, made 

from freshly cut wood because old wood doesn't 
have all the volatile and flammable substances. 

This sample is placed in a porcelain crucible and 

placed in a labortory oven, in order to dry at 

103±2 ºC. It is checked by successive weighing 

until the difference between two successive 

weighing is less than twice the processing 

precision. 

The test sample 1 is tied to the cotton thread 2 

and placed in the bomb crucible 3. Tie the nickel 

wire 4 to the sample and the cotton thread, then 

position the protective cap 5 correctly. The 

crucible is connected to the calorimetric bomb 

lied 6 through 2 electrodes 7 and 8. By screwing 

on the cap of the cylinder 11 is converted to the 

oxygen cylinder through calorimeter bomb 12, 

registering 30 atmospheres. 

 The test contains three different periods, 

respectivelyː 

- The initial period (fore), which aims to 

determine the temperature variations, of the water 

in the calorimeter, due to the exchange of heat 

with the outside before burning. During this 

period, usually 5 minutes, the precision 

thermocuple temperature is displayed and read 

minute by minute.            

- The main period ("main") begins with the 

ignition of the sample and has as a consequence 

the increase of the water temperature in the 

calorimetric vessel, due to the burning of the 

wood particle and the emonation of heat. 

- The final period ("after") aims to determine the 

average temperature variation of the water in the 

calorimeter due to the heat exchange with the 

outside, after combustion. For the oak briquettes 

U= 0%, m= 0.6854 g,  higher caloric power= 

18980 kJ/kg, lower caloric power= 18517 kJ/kg, 

energy density = 13.47 kJ/cm3, burning speed = 

463 kJ/min,  U= 10%, m= 0.3920 g, higher 

caloric power= 16704 kJ/kg, lower caloric 

power= 14820, energy density = 7.12 kJ/cm3, 

burning speed = 313 kJ/min, U = 20 %, m= 

0.1180 g, higher caloric power = 15612 kJ/kg, 

lower caloric power = 13287 kJ/kg, energy 

density = 2.63 kJ/cm3, burning speed = 86 

kJ/min, U= 50%, m = 0.6580 g, higher caloric 

power = 10870  kJ/kg, lower caloric power = 

4913 kJ/kg, energy density = 1.83 kJ/cm3, 

burning speed = 47 kJ/min. The variation of the 

energy density for oak briquettes  is presented in 

Fig. 4.  
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Fig. 4. The variation of the energy density for oak briquettes 

 

For the straw briquettes U= 0%, m= 0.7860 g,  

higher caloric power= 18724 kJ/kg, lower caloric 

power= 17622 kJ/kg, energy density = 15.48 

kJ/cm3, burning speed = 608 kJ/min,  U= 10%, 

m= 0.5830 g, higher caloric power= 15795 kJ/kg, 

lower caloric power= 14984, energy density = 

9.04 kJ/cm3, burning speed = 358 kJ/min, U = 20 

%, m= 0.5320 g, higher caloric power = 11983 

kJ/kg, lower caloric power = 10421 kJ/kg, energy 

density = 7.13 kJ/cm3, burning speed = 228 

kJ/min, U= 50%, m = 0.4560 g, higher caloric 

power = 2893  kJ/kg, lower caloric power = 2167 

kJ/kg, energy density = 1.25 kJ/cm3, burning 

speed = 24 kJ/min.  

The variation of the energy density for straw 

briquettes  is presented in Fig. 5. 

 
Fig.5. The variation of the energy density for straw briquettes 

 

3.  Conclusions 

 

 Combustion is one of the most important 

thermal chemical processes for energy 

production. Combustion processes are only 

possible in the presence of oxygen, which is 

introduced into the firebox through combustion 

air. Increasing the calorific value of biomass 

through the torrefaction process represents a 

current research and investment direction in all 

countries. 
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