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Background: This study investigates whether essential oil-bacteriophage combinations may be screened for food
safety using a transparent qualitative approach, therefore filling a gap in which synergy is frequently reported for
efficacy but seldom examined for safety.

Methods: Hazards of main essential oil elements were profiled in the OECD QSAR Toolbox, translated into
qualitative concern tiers, and aggregated to the oil level using composition weighting and dominance principles.
Bacteriophage safety was evaluated by dossier using eight criteria: genetic integrity, manufacturing and process
quality, stability, host range, effectiveness in food-like settings, regulatory precedent, and uncertainty, with
specific STOP criteria for genomic or manufacturing failures. A conservative maximum rule was used to combine
the essential oil and phage tiers, which were then mapped to screening labels using an FAO/WHO-style matrix
with likelihood categories for purely lytic, Good Manufacturing Practice-grade phages.

Results: When applied to oregano, thyme, and dittany against Escherichia coli, all combinations mapped to Low
screening output, within the qualitative and conservative boundaries of the framework, despite oregano and
dittany presenting Moderate-High essential oil tiers due to cautious QSAR alerts.

Conclusions: The methodology provides an early-stage safety screen that supports feasibility under rigorous in-
clusion criteria, while remaining preliminary and hypothesis-generating. Validation in food matrices and EO-
phage compatibility (titre-stability) confirmation under intended-use circumstances will be required before
practical implementation; formulation solutions may be considered if titre-stability data reveal a major loss of

infectivity at the desired EO dose.

Introduction

Antimicrobial-resistant (AMR) foodborne bacteria are driving
renewed interest in non-traditional, non-thermal interventions that
control microbial hazards without compromising consumer safety
(Chavan and Vashishth, 2025; Farrukh et al., 2025). Increasing regula-
tory scrutiny and consumer demand for alternatives have accelerated
research into natural antimicrobials suitable for food-use applications

(Sambu et al., 2022; Aldabayan, 2025).

Essential oils (EOs) are widely studied as natural antimicrobials, but
their use in food systems is constrained by volatility, sensory impacts,
matrix-dependent efficacy, and dose-limited safety considerations. As
multi-constituent mixtures, EOs also introduce uncertainty because
diminished susceptibility/tolerance can arise after repeated or sublethal
exposure in a strain- and compound-dependent manner (Ben Miri, 2025;
Falleh, 2025)

* Corresponding authors.

In addition to EOs, bacteriophages (phages) have gained popularity
as targeted biocontrol agents, particularly against pathogenic bacteria.
Phages have remarkable specificity, making them a good weapon for
targeting specific pathogens without harming beneficial bacteria (WHO,
2025), and they have been designated Generally Recognized As Safe
(GRAS) by regulatory bodies such as the United States Food and Drug
Administration (FDA) (Pinto et al., 2020). Despite their acknowledged
benefits, phage application faces practical challenges such as the
emergence of resistant bacterial strains, variable efficacy based on
environmental factors, stability issues within complex food matrices,
and ongoing uncertainty about regulatory acceptance and consumer
perception. In the European Union, food safety risk analysis is governed
by Regulation (EC) No. 178/2002 (European Parliament, 2002), which
defines risk assessment as a four-step procedure (hazard identification,
hazard characterization, exposure assessment, and risk characterisation)
and is supported by EFSA scientific views (EFSA, 2026). Within this
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perspective, the current framework is clearly positioned as an
early-stage screening tool designed to establish hazard characterisation
and evidence requirements before any formal exposure assessment or
risk characterisation. Given the complementary strengths and limita-
tions of EOs and phages, recent studies have explored combined
EO-phage application and reported synergistic antibacterial effects
under some conditions (Fokas et al., 2025b). However, reported
EO-phage "synergy" is heterogeneous and context-dependent, and may
vary (or not exist) depending on EO chemotype/constituents, concen-
tration, contact time, temperature, and target matrix; thus, synergistic
performance should be treated as an evidentiary claim rather than a
default expectation. Despite the rising efficacy research, a structured
and transparent hazard-screening strategy for EO-phage combos is still
lacking. Existing research typically reports microbial reductions without
systematically incorporating (i) constituent-level toxicological alerts for
complex EO mixtures and (ii) dossier-style prerequisites for food-use
phage preparations (e.g., strictly lytic lifestyle, WGS-based exclusion
of lysogeny/virulence/AMR genes, and manufacturing quality controls).
This gap hinders the early prioritization of EO-phage candidates for
in-food validation and regulatory discussion. To address this critical gap,
a Codex informed, screening-level hazard assessment workflow was
developed. The Codex paradigm offers an organized and methodical
structure that is particularly suitable for emerging technologies and
formulations where quantitative data remain limited. The objective is to
develop a preliminary safety profile for a hypothetical EO-phage anti-
bacterial combination through a structured synthesis of toxicological
information, safety data, and previous evaluations conducted individu-
ally for essential oils and bacteriophages. This integrated appraisal
highlights potential hazards, explores realistic exposure contexts, and
identifies areas of uncertainty that warrant further investigation.
Beyond filling current knowledge gaps, the work aims to support future
research priorities, inform regulatory discussions, and contribute to the
safe incorporation of EO-phage synergistic approaches within the global
food safety landscape.

The scope is limited to food-use biocontrol EO-phage applications
and does not address clinical/therapeutic phage use or medical safety
endpoints. The methodology is not presented as a substitute for regu-
latory risk assessment, which typically requires exposure assessment and
risk characterization and may include quantitative modelling when
sufficient data are available. The framework operates as an early-stage
qualitative screening tool rather than a definitive regulatory risk eval-
uation, and its outcomes should be interpreted within the limits imposed
by the strict inclusion criteria applied: strictly lytic, genomically veri-
fied, Good Manufacturing Practice (GMP)-grade phages and well-
characterized essential oils used at food-relevant levels. Although the
methodology is pathogen-agnostic, Escherichia coli is utilized as a
working example since there is a relatively strong database for both
essential-oil activity and phage biocontrol in food-relevant scenarios,
allowing for clear tier assignment. The given example is unique to STEC
(with O157:H7 utilized as a conservative reference model), and the same
approach may be used to Salmonella by changing organism-specific
inputs.

This approach provides an initial, transparent structuring of plau-
sible hazards and is intended to guide subsequent in-food validation and
quantitative exposure assessment. The compatibility between EO and
phages is not assumed to be uniformly antagonistic. Published evidence
indicates that essential oils and their constituents can exert variable
effects on bacteriophage infectivity depending on chemotype/constitu-
ent profile, concentration, contact time, temperature, and the food
matrix (Ni et al., 2020; Rathod et al., 2021; Zinno et al., 2023).
Accordingly, the workflow treats EO—phage compatibility (titre stability
under intended-use conditions) as an evidence prerequisite rather than
an a priori assumption. Where compatibility data are unavailable, the
screening output is reported as Conditional, pending confirmation of
titre stability under the target formulation and food-use conditions.
Temperature-time profiles (e.g., immediate freezing vs refrigerated
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storage) are treated as boundary conditions; without efficacy and sta-
bility evidence under the intended temperature regime, no generalizable
conclusion is drawn for frozen-chain products.

2. Materials and methods

This study applies a Codex-informed (FAO/WHO, 1999)
screening-level hazard assessment for food-use applications, divided
into three modules: essential oils, bacteriophages, and their integration,
with food-use conditions serving as the reference scenario.
Codex-informed denotes adherence to high-level Codex risk analysis
principles (structured approach, transparency, explicit assumptions and
uncertainty), rather than endorsement of specific scoring rules. The
screening question is: under intended food-use settings, what is the
screening-level consumer-health concern category for a specific
food-grade EO-phage coupling, assuming it meets the stated inclusion
requirements and is compatible with known evidence? In Codex termi-
nology, EO and phage tiering operationalize hazard characterisation,
whereas exposure assessment is not quantified but represented through
scenario-based qualitative likelihood categories; risk characterisation is
the resulting matrix-derived screening outcome (i.e., concern/risk band)
used to prioritise combinations for subsequent in-food validation and,
where possible, quantitative exposure assessment. Where data is insuf-
ficient for quantitative exposure modelling, the procedure documents
qualitative likelihood categories for screening purposes and expressly
flags evidentiary gaps that must be addressed through further exposure
assessment and (where possible) QMRA. Temperature-time profiles
(including instantaneous freezing and frozen storage) are viewed as
scenario-defining circumstances; hence, application to frozen-chain
items necessitates effectiveness and stability data established using the
anticipated storage-thaw profile. The methodology (Fig. 1) follows
hazard identification and characterization, uses predetermined quali-
tative likelihood categories instead of quantitative exposure modeling,
and maps outcomes in a clear screening matrix. In this paper, concern
tiers correspond to qualitative hazard-concern categories (not proba-
bilities), whereas likelihood categories (EL/VL/L) refer to qualitative
likelihood descriptors used exclusively in the screening matrix; uncer-
tainty implies confidence in tier assignment (Low/Medium/High). Sci-
entific grading denotes the assignment of predefined hazard-concern
tiers to EO constituents (QSAR outputs) and to phage attributes (dos-
sier/WGS/manufacturing evidence) before any risk-management dis-
cussion. Two binary STOP gates are then applied within the phage
module: (i) Genomic safety (WGS consistent with a strictly lytic phage
and absence of lysogeny, virulence/toxin or AMR determinants) and (ii)
Manufacturing/process safety (GMP-grade production and purification
meeting predefined impurity/bioburden specifications). Operationally,
failure of either STOP gate results in “High or not acceptable” classifi-
cation and the pairing is not progressed to scoring/integration.

2.1. Essential oils hazard characterization

We chose three essential oils (EOs) (Table 1) in advance: oregano
(Origanum vulgare ssp. hirtum), thyme (Thymus vulgaris), and dittany
(Origanum dictamnus) because they are consistently reported in the peer-
reviewed literature (Fokas et al., 2025a, 2024) as the most potent
food-relevant EOs, owing to their high phenolic monoterpene content
(notably carvacrol and thymol) and consistently strong antimicrobial
performance against E. coli and other foodborne pathogens. EO tiering in
this workflow is batch-specific and based on the measured GC-MS
profile of the intended food-grade oil. Table 1 provides illustrative Greek
examples and is not claimed to be globally representative.

Bottom-up EO hazards were defined by assigning qualitative hazard
concern tiers to main elements using the OECD QSAR Toolbox v4.8
(QSAR Toolbox, 2025), which were then aggregated to the oil level
according to predetermined procedures. Each ingredient was profiled
using a variety of toxicological profilers (chromosomal aberration, skin
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Hazard Screening Methodology

1. Essential Oil Hazard Profiling
— GC-MS composition

2. Phage Hazard Dossier
— 8 safety/performance factors

— QSAR Toolbox (profilers)
— Tier assignment (1.0-3.0)

— ECS calculation

— STOP gates (genomic/process)
— Tier assignment (1.0-3.0)

— PCS calculation

3. Integration & Consolidated Hazard
Matrix
— Conservative max rule (EO vs. phage)

— EO x phage consolidated hazard grid

4. Screening Output
— Reference-scenario likelihood
categories (EL, VL, L)
— FAO/WHO-qualitative LxC screening
matrix

— Screening labels (Negligible — High)

Fig. 1. Screening workflow for EO-phage combinations. EO constituents are tiered using OECD QSAR Toolbox outputs and composition-weighted to yield ECS;
phages are tiered via dossier/WGS and manufacturing evidence to yield PCS, with Genomic and Manufacturing STOP gates (fail — “High or not acceptable™).
Integration uses ICS and a Likelihood x Consequence screening matrix to produce categorical screening labels.

Abbreviations: ECS, Essential-oil Concern Score; PCS, Phage Concern Score; ICS, Intervention Composite Score; WGS, whole genome sequencing; GMP, Good

Manufacturing Practice.

Table 1

Densities and GC-MS composition (major components, % area) of the three EOs,
with total identified volatiles. Profiles are illustrative and may vary across cul-
tivars/chemotypes and regions, tier assignment therefore requires batch-specific
GC-MS specifications (Economou et al., 2011).

Essential Oil Density ~ Major GC-MS Total Key
Components ( % Identified Reference
area) Volatiles ( %)

Oregano 0.95 Carvacrol (91.3 %) 97.3 (Fokas
(Origanum et al.,
vulgare ssp. 2025a)
hirtum)

Thyme 0.92 Thymol (26.59) 90.6
(Thymus p-Cymene (33.53)
vulgaris) 1.8-Cineole (6.25)

Limonene (5.32)

Dittany 0.95 Carvacrol (54.81) 95.1
(Origanum p-Cymene (13.99)
dictamnus) y-Terpinene (8.33)

sensitization, carcinogenicity-genotoxic and non-genotoxic, HESS
repeated-dose toxicity, DART, acute oral toxicity, aquatic toxicity) and
metabolism simulators (skin, rat liver S9, microbial). For each endpoint,
the Toolbox output was recorded as ALERT/NO (and MET where
applicable), and only results within the applicability domain (AD) were
retained; discordant profiler outputs were handled conservatively by
assigning the higher hazard concern tier. All examples included checks

for applicability domains (AD) and inter-profiler concordance.

QSAR outputs (Table S1, S2, 2) were transformed into qualitative
tiers using the following rule: ALERT in a relevant profiler indicates >
Moderate concern, whereas concordant ALERTs across different pro-
filers/simulators elevate to Moderate-High. NO (no alert) indicates Low,
while MET (metabolite plausibility) is supportive but does not boost the
tier alone. The constituent-level uncertainty was conservatively set at
Medium. This Medium uncertainty tier reflects the reliance on QSAR-
based toxicological prediction rather than comprehensive in vivo data-
sets and therefore tempers the confidence with which negligible-low
screening outputs can be interpreted. Tiers were converted to semi-
quantitative values (Low = 1.0, Low-Moderate = 1.5, Moderate = 2.0,
Moderate-High = 2.5, High = 3.0) and weighted averaged with GC-MS
composition to produce the Essential-oil Concern Score (ECS)

%i . %
ECS = Z<ﬁx.§l> +[1- Z(moﬂ x1.0

i

where the unidentified remainder is fixed at 1.0 (Low).

ECS values were assigned to EO Final Tiers (Table 3) based on pre-
determined thresholds (1.00-1.29 Low, 1.30-1.69 Low-Moderate;
1.70-2.09 Moderate, 2.10-2.49 Moderate-High; > 2.50 High). To pre-
serve worst-case interpretation, dominance rules were applied after ECS
calculation: (i) any Moderate-High constituent > 50 % classifies the EO
as > Moderate-High irrespective of ECS, (ii) any Moderate-High con-
stituent 20-49 % classifies the EO as > Moderate, (iii) if Low-Moderate/
Moderate constituents collectively reach > 60-70 %, the EO tier is raised
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one level above the ECS-based tier. EO-level uncertainty = maximum
constituent uncertainty, composite values are provided to one decimal
with raw values in brackets, and color cues (if used) are illustrative and
have no effect on tiering. Numeric codings are used solely as transparent
screening indices (monotonic mappings of ordinal tiers) and are not
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interpreted as interval-scale measurements or quantitative screening
estimates.

To contextualize the QSAR-derived concern tiers, established regu-
latory approaches for assessing the safety of flavouring substances were
considered. In such frameworks, in silico profilers are used primarily to

Table 2
QSAR-based structural alerts and consolidated concern tiers for key EO constituents.

Key Structural Alerts (food-safety rele-
Overall Concern Uncertainty

Compound vant)

Chromosomal aberration (OASIS alert, Skin

metabolism simulator, Rat liver S9 simula- Moderate Medium

tors, Microbials simulators)

Bioaccumulation — metabolism alerts (Skin

metabolism simulator, Rat liver S9 simula- Moderate Medium

tors, Microbial simulators)

Acute aquatic toxicity (Verhaar, Skin metab-
olism simulator, Rat liver S9 simulators, Mi- Low Medium

crobial simulators)

C 1 . . . :
REYACED Aquatic toxicity (ECOSAR, Skin metabolism

CH,

simulator, Rat liver S9 simulator, Microbial Low Medium

simulators)

Acute oral toxicity (Skin metabolism simula-
Moderate Medium

H CHs tor, Microbial simulators)

Developmental & reproductive toxicity -

DART (Rat liver S9 simulator, Microbial Low-Moderate Medium

simulators)

Keratinocyte gene expression (Rat liver S9
Low-Moderate Medium

simulator, Microbials simulators)

Carcinogenicity (Rat liver S9 simulator, Mi-
Low-Moderate Medium

crobial simulators)

Skin sensitization (Rat liver S9 simulator,
Low-Moderate Medium

GHS, OASIS, Microbial simulators)

(continued on next page)
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Table 2 (continued)
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Repeated dose toxicity (HESS, Skin metabo-
lism, Rat liver S9 simulators, Microbial sim-

ulators)

Moderate-High

Medium

Overall Carvacrol

Moderate-High

Medium uncer-

concern tainty
Bioaccumulation — metabolism alerts (Skin
metabolism simulator, Rat liver S9 simula- Low-Moderate Medium
Thymol
tors, Microbial simulators)
CH; . . i
Skin sensitization (GHS alert, Skin metabo-
H,C Low-Moderate Medium
lism simulator)
HO ’ .. . . .
Carcinogenicity (Rat liver S9 simulator) Low-Moderate Medium
CH3
Repeated dose toxicity (HESS, Skin metabo-
Moderate-High Medium
lism, Rat liver S9 simulators)
Moderate-High Medium uncer-
Overall Thymol
concern tainty
Bioaccumulation — metabolism alerts (Skin
metabolism simulator, Rat liver S9 simula- Low-Moderate Medium
p-Cymene
tors, Microbial simulators)
CH,
H,C Keratinocyte gene expression Low-Moderate Medium
Carcinogenicity (Rat liver S9 simulator) Low-Moderate Medium
CH3
Repeated dose toxicity (Skin metabolism
Low-Moderate Medium
simulator, Rat liver S9 simulators)
Low-Moderate
Overall p-Cymene Medium
concern
Bioaccumulation — metabolism alerts (Skin
metabolism simulator, Rat liver S9 simula- Low-Moderate Medium

tors, Microbial simulators)

(continued on next page)



R. Fokas and A. Vantarakis

Table 2 (continued)
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1.8-Cineole

CH
S CH Repeated dose toxicity (Rat liver S9 simula-
H3C (@) z Low-Moderate Medium
tor)
Low-Moderate Medium uncer-
Overall Cineole
concern tainty
Limonene Bioaccumulation — metabolism alerts (Skin
// CH, metabolism simulator, Rat liver S9 simula- Low-Moderate Medium
HyC tors, Microbial simulators)
Repeated dose toxicity (HESS, species-spe-
Moderate Medium

CHj cific, conservative)

Overall Limonene

Moderate concern

Medium uncer-

tainty
v-Terpinene Bioaccumulation — metabolism alerts (Skin
CH, metabolism simulator, Rat liver S9 simula- Low-Moderate Medium
H,C o
tors, Microbial simulators)
Repeated dose toxicity (Rat liver S9 simula-
Low-Moderate Medium

CH, tor)

Overall y-Terpinene

Low-Moderate

concern

Medium uncer-

tainty

Overall Concern: hazard concern tier derived from QSAR alerts and regulatory precedent. Uncertainty: confidence in tier assignment; Medium indicates QSAR-based

evidence without comprehensive in vivo datasets.

Table 3
EO-level aggregation: weighted scores, thresholds, dominance rules, and final
tiers.

EO Weighted Threshold Dominant Final Tier

score tier Rule

Uncertainty

Oregano 2.4 (2.37) Moderate- > 50 % Moderate- Medium
High Moderate- High

High
(Carvacrol
91.3 %)
20-49 %
Moderate-
High
(Thymol
26.59 %)
> 50 % Moderate-
Moderate- High
High

(Carvacrol

54.81 %)

Thyme 1.7 (1.65) Low- Moderate Medium

Moderate

Dittany 1.9 (1.93) Moderate Medium

ECS: from the final EO tier - map to 1.0-3.0 (Low=1.0, Low-Moderate=1.5,
Moderate=2.0, Moderate-High=2.5, High=3.0).

flag structural motifs of potential toxicological relevance rather than to
yield quantitative toxicity estimates. This provides a transparent, pre-
cautionary basis for interpreting Moderate or Moderate-High concern
tiers arising from structural alerts. Major EO constituents such as
carvacrol and thymol have previously undergone FEMA GRAS evalua-
tions, confirming their safe use as flavouring ingredients at typical food-
use levels (Cohen et al., 2021). These regulatory precedents provide
external consistency and support the qualitative concern tiers derived
from the QSAR profiler.

2.2. Bacteriophages hazard characterization

Bacteriophages were assessed using a dossier-based approach that
mirrors current expectations for food-use phage preparations and phage
therapy medicinal products. For transparency and biological plausibil-
ity, a strictly lytic E. coli 0157:H7 phage belonging to the Myoviridae
(T4-like) was used as the reference model for tiering, because T4-like
phages include well-studied, genomically characterized representa-
tives repeatedly proposed for food-safety applications (Liao et al., 2011).
This organism is merely presented as a working example. The same
dossier-based tiering logic may be modified for Salmonella (and other
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foodborne targets) by replacing pathogen-specific phage dossiers with
matrix-specific performance proof.

Genomic safety was treated as a binary prerequisite. Whole genome
sequencing (WGS) is required (EFSA, 2024) to confirm a strictly lytic
lifestyle and to exclude any genes associated with lysogeny (e.g., inte-
grases, excisionases, repressor/Cl-like regulators), virulence or toxin
production, antimicrobial resistance, or generalized transduction.
Phages failing this screen are excluded at the outset and classified as
“High or not acceptable”, regardless of any other attributes. In contrast,
T4-like phages with clean WGS profiles and well-defined lytic replica-
tion were assigned a Low tier for genomic safety, consistent with pub-
lished evaluations of safe food-use phages.

Manufacturing and process safety were also treated as a prerequisite
and aligned with GMP expectations for biologicals (EMA, 2014). The
phage must be produced on a well-characterized, non-pathogenic pro-
duction strain, under controlled fermentation and purification condi-
tions (Nour El-Din et al., 2025). Process controls should demonstrate
effective reduction of host-derived impurities (e.g., lipopolysaccharide
endotoxin, residual host DNA and proteins), microbiological purity of
the final preparation, and batch-to-batch consistency within predefined
specifications. Preparations meeting these criteria were assigned a Low
tier for manufacturing and process safety, whereas failure to meet them
triggers the second STOP gate and results in a High or not acceptable
classification.

Once the two STOP-gate prerequisites were satisfied, the remaining
six factors were scored: host range and specificity, efficacy in food-like
conditions, resistance dynamics, stability, regulatory precedent, and
uncertainty. Host range was generally tiered as Moderate because in-
dividual phages have narrow host spectra (Bull et al., 2022) and in
practice, cocktails or rotation strategies are often required to cover the
diversity of pathogenic E. coli strains in foods (Fazzino et al., 2020).
Efficacy in food-like matrices was also tiered as Moderate, reflecting
typical log reductions of approximately 1-3 log CFU (Fokas et al.,
2025c¢) under realistic conditions and the need to use phages as part of
multi-hurdle strategies rather than as stand-alone antimicrobials.
Resistance dynamics were scored as Moderate because phage resistance
can emerge but can be mitigated through cocktail design, rotation and
surveillance (Fujiki et al., 2025).

Stability was tiered as Low-Moderate, as lytic E. coli phages are
generally stable at refrigeration temperatures and near-neutral pH, but
lose activity at high heat, extreme pH values or prolonged UV exposure,
which restricts their use to chilled or minimally processed products
(Baginska et al.,, 2024). Regulatory precedent was scored as Low,
reflecting the fact that several phage-based preparations targeting
foodborne pathogens (e.g., Listeria and Salmonella) have been evaluated
and accepted by regulatory authorities for use on foods, provided that
genomic and manufacturing criteria are fulfilled (Fokas et al., 2025b).
Finally, uncertainty was scored as Moderate to acknowledge remaining
gaps related to matrix-specific performance, strain-to-strain variability
and the limited number of long-term, real-world applications.

Each factor was assigned a qualitative tier (Low, Low-Moderate,
Moderate, Moderate-High, High), which was mapped to a numeric
score (1.0-3.0). The Phage Concern Score (PCS) was calculated as the
arithmetic mean of the eight factor scores, provided both STOP gates
were passed; otherwise, the phage was not considered further. The
arithmetic mean is only used to calculate aggregate coded tier scores.
For log-scaled outcomes (e.g., log reductions/titres), summaries should
be generated on the log scale (geometric mean), not as arithmetic means
of raw data. Under the assumptions above for a strictly lytic, GMP-grade,
genomically verified E. coli phage, the PCS corresponded to a Low-
Moderate overall concern level (Table 4), which was then integrated
with the EO tiers in the consolidated matrix. Numeric codings are used
solely as transparent screening indices (monotonic mappings of ordinal
tiers) and are not interpreted as interval-scale measurements (see Sup-
plementary Table S4 for robustness to alternative codings).
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2.3. Combined EO-phage consolidated matrix

The consolidated framework incorporated essential oil and bacte-
riophage variables into a single hazard-screening matrix constructed
using predefined procedures. EO hazards were represented as an ECS
using the tier-to-score mapping (Low = 1.0, Low-Moderate = 1.5,
Moderate = 2.0, Moderate-High = 2.5, High = 3.0). These scores were
then translated into EO Final Tiers according to fixed thresholds and
dominance rules, as described above.

Bacteriophage hazards were evaluated across eight factors: genomic
safety, host range, efficacy in food-like settings, resistance dynamics,
stability, manufacturing and process safety, regulatory precedent, and
uncertainty. Each factor employed the same qualitative tiers and
contributed to a Phage Concern Score (PCS), calculated as the arithmetic
mean.

Cell-specific tiers for each EO x phage-factor pairing followed a
conservative worst-case logic: the cell tier was set to the higher of the EO
Final Tier or the phage-factor tier. This approach aligns with Codex
qualitative principles, in which the most influential hazard dominates
the cell-level interpretation. Two STOP gates were defined a priori:
failure to satisfy genomic safety or manufacturing/process-safety pre-
requisites resulted in automatic classification of the cell as High or not
acceptable, irrespective of other scores. When both STOP gates were
passed, row-level summaries were generated using an Intervention
Composite Score (ICS) defined as max (ECS, PCS). To evaluate sensi-
tivity to the assumed likelihood categories, a simple scenario analysis is
provided (Supplementary Table S3) where likelihood categories are
shifted upward by one level (e.g., EL—VL, VL—L) to represent plausible
deviations from the reference dossier or use-conditions; resulting
screening labels are reported alongside the reference scenario.

In a secondary, visible layer, screening outputs were mapped as
Likelihood x Consequence using qualitative likelihood categories (pre-
defined reference levels) for the reference scenario (strictly lytic, WGS-
verified, dossier-supported, GMP-grade phage preparation). These like-
lihoods are not empirical frequencies they represent scenario-based

Table 4
Bacteriophage factor tiers and Phage Concern Score (PCS).

Parameter Qualitative Numeric One-line rationale

tier score

Genomic safety Low 1.0 Strictly lytic, clean WGS
(lysogeny / virulence required. STOP: any red-
/ AMR / transduction) flag gene = exclude.

Host range & specificity =~ Moderate 2.0 Single phages are narrow.
Cocktails needed to cover
pathogenic diversity.

Efficacy (food-like Moderate 2.0 Consistent but partial
conditions) reductions (~1-3 logs),

use in multi-hurdle
strategies.

Resistance dynamics Moderate 2.0 Resistance can arise,
(emergence & cocktails/rotation &
control) surveillance keep it

manageable.

Stability (formulation, Low- 1.5 Stable at chill/food pH;
pH, temperature, UV) Moderate sensitive to high heat/UV

— apply on raw/chilled.

Manufacturing & Low 1.0 GMP purification controls
process safety LPS, sterile, well-
(endotoxin, sterility, characterized lots.
residuals)

Regulatory precedent Low 1.0 Established acceptance
for well-characterized
food-use phage
preparations

Uncertainty (evidence, Moderate 2.0 Performance varies by
strength, matrix/ matrix/strain; validate
strain variability) and monitor.

Overall phage concern Low- 1.6 (1.5625)

score Moderate
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Table 5

Combined hazard-screening matrix for EO-phage pairs under strictly lytic, GMP-grade assumptions.
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Likelihood Screening output
EO (final tier) Phage factor Hazard (cell tier)
(anchor) (LxC)
Genomic safety 2.5 (High) EL Negligible
Manufacturing / process 2.5 (High) VL Very Low
Oregano (2.5 Stability (formulation, pH, T,
2.5 (High) VL Very Low
(Moderate— Uuv)
High)) Regulatory precedent 2.5 (High) VL Very Low
Host range & specificity 2.5 (High) L Low
Efficacy (food-like) 2.5 (High) L Low
Resistance dynamics 2.5 (High) L Low
Uncertainty 2.5 (High) L Low
Genomic safety 2.0 (Moderate) EL Negligible
Manufacturing / process 2.0 (Moderate) VL Negligible
Stability (formulation, pH, T,
2.0 (Moderate) VL Negligible
uv)
Thyme (2.0
Regulatory precedent 2.0 (Moderate) VL Negligible
(Moderate))
Host range & specificity 2.0 (Moderate) L Very Low
Efficacy (food-like) 2.0 (Moderate) L Very Low
Resistance dynamics 2.0 (Moderate) L Very Low
Uncertainty 2.0 (Moderate) L Very Low
Genomic safety 2.5 (High) EL Negligible
Manufacturing / process 2.5 (High) VL Very Low
Stability (formulation, pH, T,
2.5 (High) VL Very Low
Dittany (2.5 Uv)
(Moderate— Regulatory precedent 2.5 (High) VL Very Low
High)) Host range & specificity 2.5 (High) L Low
Efficacy (food-like) 2.5 (High) L Low
Resistance dynamics 2.5 (High) L Low
Uncertainty 2.5 (High) L Low

Legend — Tier — score: Low=1.0, Low-Moderate=1.5, Moderate=2.0, Moderate-High=2.5, High=3.0. Cell hazard tier = max (oil final tier, phage-factor tier). For L x
C binning, 2.5 is treated as a High consequence proxy and 2.0 as a Moderate consequence proxy. Qualitative likelihood categories (reference scenario): EL=Extremely
unlikely; VL=Very low; L=Low. These are screening-level reference categories (not empirical probabilities) and should be recalibrated for other dossiers or intended-
use conditions. Screening labels (qualitative matrix): Negligible, Very Low, Low, Moderate, High. Interpretation note: likelihood categories represent reference-
scenario plausibility (not measured frequency) and consequence bins are hazard proxies; thus, Table 5 provides screening labels for prioritisation rather than
empirical frequency x severity risk estimates. Sensitivity note: a one-level stress-test (EL—VL; VL—L; L unchanged) is reported in Supplementary Table S3.



R. Fokas and A. Vantarakis

plausibility levels intended to support transparent screening and must be
recalibrated if the phage dossier, food matrix, storage profile, or appli-
cation mode differs. Accordingly, upward or downward reclassification
of likelihood categories under plausible alternative scenarios will shift
matrix outputs, and all categorical outputs reported here apply only to
the stated reference scenario. EO-phage compatibility and APFU per-
formance were treated as evidentiary prerequisites: where titre stability
or efficacy is not demonstrated under intended-use conditions, the
output is reported as an evidence gap requiring confirmation rather than
a definitive screening label. Consequence was binned as a hazard-proxy
category on the EO Final Tier (e.g., 2.5 mapped to High consequence,
2.0 to Moderate consequence), providing a transparent proxy for
maximum toxicological hazard impact within the combined system. A
FAO/WHO-style qualitative matrix was then applied to derive categor-
ical screening outputs (negligible, very low, low, moderate, high). A
one-level likelihood stress-test (EL—VL; VL—L; L unchanged) is reported
in Supplementary Table S3 to illustrate sensitivity of categorical outputs
to the assumed reference likelihood categories.

3. Results

QSAR screening of six major EO constituents revealed Moderate-
High concern for carvacrol and thymol (due to repeated-dose toxicity
alerts and carvacrol's chromosomal aberration), Moderate concern for
limonene (due to repeated-dose alert), and Low-Moderate concern for p-
cymene, 1.8-cineole, and y-terpinene. Aquatic-toxicity warnings were
typically low and had little impact on food safety rankings. All compo-
nents had medium uncertainty since the evidence was QSAR-based. The
constituent-level levels were then utilized to calculate EO-level
weighted scores.

Oregano had a GC-MS weighted score of 2.4 (2.37), thyme 1.7
(1.65), and dittany 1.9 (1.93) (Table 3). Using the predefined dominance
rules, oregano and dittany were classified Moderate-High because a
Moderate-High constituent exceeded 50 % (carvacrol 91.3 % and 54.81
%, respectively), whereas thyme, despite a Low-Moderate weighted
average, was elevated to Moderate because a Moderate-High constituent
accounted for 20-49 % (thymol 26.59 %). Uncertainty is medium across
all EOs.

The matrix shows a consistently negligible-low screening output
band across all EO-phage pairings under rigorous lytic, GMP-grade
phage assumptions. No veto gates were activated. Although oregano
and dittany are classified as Moderate-High consequence (EO tier 2.5),
their risks remain low due to Extremely/Very Low likelihood categories
for genetic integrity, manufacturing, regulatory compliance, and sta-
bility. Thyme (EO tier 2.0, Moderate consequence) has the lowest
overall risk, with genomics, manufacturing, stability, and regulatory
mapping at Negligible and the remaining aspects at Very Low.

4. Discussion

Under the stated reference scenario and screening rules, the frame-
work mapped all evaluated EO-phage pairings to a low screening
concern band (negligible-low). This interpretation applies strictly
within the conservative inclusion criteria and qualitative boundaries of
the framework and should not be read as a regulatory safety conclusion.

This result is significant given the conservative methods used. The
evaluation erred on the side of caution by using a "conservative
maximum rule" to integrate risks, in which the greater hazard level
between each EO and phage predominate. Nonetheless, no combination
surpassed the low screening-output band. In practice, this means that
neither the chemical contents of the EOs nor the biological properties of
the phage caused any substantial safety issues under the settings tested.
These findings reflect feasibility rather than definitive safety and should
be interpreted as preliminary until supported by in-food validation and
quantitative exposure assessment. The significant observation is that
EO-phage combinations may produce antibacterial synergy while not
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elevating consumer-health concerns within this conservative frame-
work, supporting their further exploration as food biopreservation
candidates. This outcome arises partly from the conservative design of
the framework, including alert-driven QSAR tiering for EO constituents
and strict STOP-gate exclusion criteria for phages. The Codex-informed
qualitative matrix produced a negligible-low screening output under the
stated reference scenario; this reflects the framework’s screening inputs
and assumptions rather than a quantitative exposure-based risk esti-
mate. For example, oregano and thyme oils are high in carvacrol and
thymol, chemicals known to be strong antimicrobials (Khwaza and
Aderibigbe, 2025) but with minimal acute toxicity and relatively modest
genotoxic potential (Cohen et al., 2021) (carvacrol is an allowed food
additive (Beninca et al., 2024)). Our QSAR hazard profile revealed no
red-flag toxicants among the major EO constituents, consistent with
published evaluations that apply in silico warnings (per ICH M7 criteria)
to identify genotoxic or higher-concern compounds. The adoption of a
purely lytic, GMP-produced phage minimized inherent hazards
(Bretaudeau et al., 2020). These phages do not integrate into bacterial
genomes, preventing transmission of toxin or resistance genes (Elois
et al., 2023). Taken together, our data indicate that the intrinsic safety
margins of culinary EOs and well-characterized phages may be main-
tained even when combined, supporting prioritisation for further vali-
dation under representative food-use conditions. However, the
negligible-low screening output does not imply absence of hazard, it
reflects that combined hazards did not exceed those of each component
alone under the assumptions applied. The Codex-aligned screening
matrix yields negligible-low screening output under the stated reference
scenario; this should not be interpreted as a quantitative likelihood of
adverse health impacts.

Our findings support and expand on the expanding body of research
revealing synergistic antimicrobial effects when EOs are combined with
bacteriophages. Previous studies have shown that such combinations
reduce pathogens more effectively than each treatment alone. Abdallah
et al. (2021) found that combining thyme EO (1 %) with a lytic anti--
Staphylococcus aureus phage reduced Staphylococcus aureus on chicken
fillets by around 87 % compared to either treatment alone. Elafify et al.
(2025) found that combining a phage cocktail with sub-inhibitory
amounts of cinnamon or thymol resulted in >5-log CFU/mL re-
ductions of E. coli. This also prevented the formation of phage-resistant
mutant. Studies show that EOs can enhance phage infection by desta-
bilizing bacterial cell membranes or defensive systems, whereas phages
offer highly targeted bacterial death - a complementing method of ac-
tion (Fokas et al., 2025b). The screening outputs did not indicate
elevated concern beyond that of each component alone under the stated
assumptions, addressing a common gap in synergy studies that report
efficacy without a transparent hazard-screening structure. This ad-
dresses a missing element in prior synergy studies, which focused on
efficacy but did not incorporate structured hazard or screening or
transparent safety evaluation. Most published synergy studies implicitly
assumed safety based on the long history of EOs in foods and the known
host-specificity of lytic phages, but they did not assess safety using a
Codex-informed, principles-based screening approach (Abdallah et al.,
2021; Elafify et al., 2025; Ghosh et al., 2016; Kim et al., 2024). For
example, writers frequently state that the EOs examined are natural
flavor compounds (Angane et al., 2022) or that the phages utilized are
naturally occurring (Narayanan et al., 2024) and GRAS (Rivera-Lopez
etal., 2025), but a thorough hazard characterisation and screening-level
safety evaluation were beyond their scope.

This study's technique is, to our knowledge, the first to incorporate
computational toxicology and phage safety "dossiers" within a Codex-
informed qualitative screening evaluation for a multi-hurdle antimi-
crobial intervention. The uniqueness is in the combination of two pre-
viously distinct realms of food safety assessment: chemical hazard
profile of natural product ingredients and biological hazard evaluation
of bacteriophages. Rather than relying merely on general GRAS status or
past usage, we found and evaluated toxicological alarms (e.g., structural
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flags for genotoxicity or chronic toxicity) for dozens of specific com-
pounds in each oil. By implementing weighting and dominance rules at
the EO level, our method ensured that major constituents (such as
carvacrol in oregano/dittany and thymol in thyme) with higher con-
centrations had a proportionally greater influence on the hazard
outcome, while also instituting a dominance criterion that required any
single component with an unacceptable high hazard to override others.
This is a significant methodological advance since EOs are complex
mixtures, which our approach captures in a risk-centric manner. Second,
we created a dossier-based phage safety assessment based on eight
essential variables, drawing inspiration from regulatory expectations for
new microbial agents. These factors included the phage's lifecycle traits
(strictly lytic), genomic analysis (absence of virulence, toxin, or anti-
biotic resistance genes), host range specificity, manufacturing purity
(endotoxin levels, absence of microbial contaminants), formulation
stability, dose considerations, and historical or regulatory status.
Implementing "STOP gates" in this assessment, such as automatically
excluding phages with temperate/lysogenic or integrase/toxin genes,
ensured that only phages fulfilling high safety norms were regarded
acceptable. To integrate the two streams (EO and phage hazards), a
conservative maximum-hazard approach was used: rather than
assuming dilution or additive effects, the greatest hazard level between
the EO and the phage determined the combined hazard class. This
precautionary principle assures that the pair's hazard classification is not
underestimated, a single dangerous component on either side would
indicate the need for risk management. We converted the combined
hazard and qualitative probability into an FAO/WHO screening matrix
(FAO, 2020). In doing so, we anchored the likelihood assessment in
real-world expectations: given that the phages are strictly lytic,
host-specific, and manufactured under GMP, the probability of an
adverse effect was deemed very low ('rare/unlikely"), whereas the
severity of any hypothetical hazard from either component was at worst
moderate (e.g., mild irritancy). Likelihood x consequence screening
matrices can be structurally influenced by the chosen likelihood cate-
gories, which may cap outputs if set a priori at low levels; therefore, the
reported categorical outputs are conditional on the stated reference
scenario and should be recalibrated for other dossiers or intended-use
conditions. Dominance and max operators are used as precautionary
hazard-screening rules and do not model mixture toxicology (dose/r-
esponse addition) or interaction under joint exposure. Accordingly, the
framework does not infer additivity, synergy, or antagonism for con-
sumer hazard; interaction-relevant questions require explicit assump-
tions and quantitative exposure assessment.

Given the qualitative and conservative nature of the framework, the
findings should be viewed as an initial screening step rather than a
definitive safety determination. Future study should include in vivo and
in situ validation, such as animal studies and food challenge trials, to
evaluate the safety, microbial reduction, sensory effects, and tox-
icokinetic of co-ingested EOs and phages at realistic doses. Where titre-
stability testing under intended-use conditions indicates a material loss
of phage infectivity at the target EO dose, formulation and delivery must
be optimized to protect phage fitness at low EO levels, such as through
co-encapsulation (Gondil and Chhibber, 2021), edible films (Rindhe
et al., 2024), or active packaging (Wagh et al., 2025), with all materials
verified as food-grade and in line with the negligible-low screening
profile under the stated assumptions. The methodology should be
stress-tested against a broader range of targets, including E. coli spec-
trum, Listeria and Staphylococcus, as well as EOs with varying chemis-
tries, while long-term or repeated-exposure studies track microbiome
endpoints and any subtle hazards associated with chronic consumption.
Early and ongoing regulatory interaction is required to define dossier
expectations, legal categorization, and acceptance criteria, allowing for
faster submissions that include QSAR results, phage genomes, and
effectiveness data. Finally, consumer acceptance necessitates special-
ized study on perceptions, labeling, and communication, with a focus on
natural origin, clean-label positioning, and the benign fate of exclusively
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lytic phages, to ensure that technological safety benefits transfer into
practical commercial adoption.

The food safety community may reliably leverage EO-phage synergy
by pursuing the recommendations, which include in vivo validations,
enhanced formulations, expanded investigations, regulatory alignment,
and consumer outreach. This may enable the development of natural
and effective biopreservatives that tackle both microbial spoilage and
antimicrobial resistance in the food supply. With a solid safety basis in
place, it is evident that these combination actions for enhanced food
security and public health may be thoroughly explored and imple-
mented. These conclusions remain contingent on confirming studies that
evaluate real-world use conditions.

5. Conclusions

This study presents a clear, screening-level approach for organizing
safety-related considerations for food-grade EO-phage combos. Under
the indicated inclusion criteria (batch-characterized food-grade essen-
tial oils and strictly lytic, genomically validated, GMP-grade phages),
the illustrative EO-phage pairings were classified as low concern within
the reference scenario's predefined likelihood anchors. The approach
generates hypotheses but does not substitute in vivo toxicology, quan-
titative exposure assessment, or food matrix validation. To move for-
ward into actual use, compatibility (titre stability) and performance
under intended-use conditions, including applicable storage
temperature-time profiles (e.g., instant freezing), must be confirmed.
Finally, regulatory consultation is required to formalize dossier expec-
tations and decision criteria for food-grade EO-phage preparations.
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