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Abstract

Mass food production improves food availability, affordability, standardization, and
distribution efficiency, but it can also magnify the consequences of a localized food-safety
failure. This structured qualitative integrative review examines how biological hazards,
chemical contaminants, allergens and emerging contaminants enter, persist and spread
through large-scale food-production systems, and how these hazards can develop into high-
consequence public-health events. The synthesis draws on 60 peer-reviewed publications
from 2020 through September 2026, supplemented by Codex and ISO framework
documents for benchmarking established food-safety approaches. The evidence indicates
that scale is best understood as a consequence multiplier rather than an independent hazard:
large batches, interconnected equipment, persistent environmental reservoirs, cross-
contamination, centralized distribution and delayed detection can expand both the number
and geographic reach of exposures. Effective mitigation therefore requires a defence-in-
depth architecture that integrates supplier assurance, hygienic design, validated process
controls, sanitation, allergen management, environmental monitoring, rapid diagnostics,
digital traceability, recall preparedness and organizational learning. Emerging technologies,
including biosensors, whole-genome sequencing, high-pressure processing, cold plasma,
Internet-of-Things monitoring and data-driven analytics, can strengthen these layers, but
their evidential maturity and industrial readiness vary and each application requires matrix-
specific validation and governance. The review proposes an integrated risk-amplification
framework that links hazard introduction, persistence, transfer, batch amplification,
distribution, detection delay, exposure and consequence containment while explicitly
positioning the framework as complementary to HACCP and food-safety management
systems.
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Introduction

Modern food systems increasingly depend on industrialized
processing, centralized manufacturing, large production batches,
extended ingredient networks, complex logistics, and wide
geographical distribution. These arrangements generate substantial
economic and social benefits because they allow manufacturers to
produce standardized foods at high throughput and distribute them
rapidly to large consumer populations. At the same time, however,
this architecture changes the consequences of food-safety failure. A
microorganism introduced into a small artisanal production process
may affect a comparatively limited number of units, whereas
contamination introduced into a high-throughput production line can
be transferred across equipment, incorporated into large batches, and
distributed across multiple geographical areas before the problem
is recognized. Consequently, the food-safety challenge associated
with mass production is not simply whether contamination occurs
but whether production and distribution structures amplify its
consequences. '

In this review, mass food production is defined operationally as
a production-and-distribution configuration rather than by a single
numerical threshold. Five dimensions are considered: (1) throughput
and batch or lot size; (2) degree of production centralisation and
automation; (3) connectivity among equipment, rework streams and
successive production runs; (4) breadth and complexity of the supplier

and logistics network; and (5) geographic reach of distribution. An
operation can therefore exhibit high amplification potential without
being equally large on every dimension. This definition matters
because contamination persistence, transfer and detectability differ
across product types and process configurations; scale becomes
safety-relevant when these dimensions increase the number of units,
lots, locations or consumers connected to a single control failure.

The distinction between hazard generation and risk
amplification is central to this review. Large-scale manufacturing
does not necessarily generate fundamentally different pathogens from
those found elsewhere in the food chain. Salmonella, pathogenic
Escherichia coli, Listeria monocytogenes, Campylobacter, Bacillus
cereus, toxin-producing bacteria, allergens, mycotoxins, chemical
migrants, heavy metals and other hazards can originate at agricultural,
processing, storage, packaging, transportation, retail or food-service
stages. What large-scale manufacturing may change is the number of
products, production lots and consumers affected once control fails.
Shared equipment, conveyor systems, processing water, employee
movement, difficult-to-clean niches, recirculated materials and
long production runs may connect initially separate contamination
pathways into a single amplification network.>

Microbiological hazards remain particularly important when
considering acute food poisoning and foodborne disease. Pathogens
can survive or adapt within processing environments, adhere to
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equipment, establish biofilms, withstand environmental stress,
and recontaminate foods after a validated lethality step. Listeria
monocytogenes is especially relevant to ready-to-eat food production
because its environmental adaptability facilitates persistence in
processing facilities, while Salmonella and other organisms can
persist even in relatively dry production environments. Spore-forming
organisms such as B. cereus present a different challenge because
spores may survive processes that effectively control vegetative
organisms and subsequently germinate if storage conditions permit
growth.63

Food contamination nevertheless extends well beyond classical
infectious agents. Mycotoxins, pesticide residues, heavy metals,
process contaminants, substances migrating from food-contact
materials, persistent environmental contaminants, endocrine-
disrupting chemicals, PFAS and micro- or nanoplastics increasingly
occupy the food-safety literature. Some of these contaminants are
associated primarily with chronic or cumulative exposure rather than
rapid outbreaks of vomiting or diarrhoea. It is therefore scientifically
important not to use “food poisoning” as a universal synonym for
every form of food contamination. Acute microbial intoxication,
foodborne infection, IgE-mediated allergic reactions and long-
term chemical exposure represent different risk pathways requiring
different toxicological, epidemiological and regulatory responses.’'?

The growth of global food supply chains creates another layer
of vulnerability. Ingredients may pass through multiple countries,
companies and intermediaries before entering a final product.
Information fragmentation can delay source attribution when a
safety incident occurs. Digital traceability, blockchain architectures,
smart sensors and integrated data platforms have therefore attracted
considerable attention as mechanisms for improving visibility,
information integrity and recall speed. Their potential is significant,
but traceability itself does not make unsafe food safe. A perfect
digital record can rapidly identify a contaminated batch yet does not
compensate for inadequate hygienic design, a failed cooking step or
ineffective sanitation. Digital technologies should thus be treated as
components of a broader prevention and containment system rather
than substitutes for preventive control.’’15

Similarly, compliance documents alone cannot guarantee food
safety. Hazard Analysis and Critical Control Point approaches, Good
Manufacturing Practices, sanitation standard operating procedures,
supplier assurance, environmental monitoring and formal Food Safety
Management Systems provide an essential organizational structure,
but their effectiveness depends on implementation. Research on food-
safety culture increasingly demonstrates that leadership, employee
behaviour, communication, incentives, training, and organizational
priorities influence whether written procedures become routine
practice. Production pressure can compete with sanitation time,
deviations may go unreported, employees may normalize recurring
failures, and managers may underestimate weak signals before a
serious event occurs.'® '

This article therefore asks a broader question than “what
contaminants can occur in mass-produced food?” It asks how hazard
introduction, persistence, cross-contamination, production scale,
distribution scale, and detection delay interact to transform
contamination into high-consequence food-safety events. It further
asks which combinations of conventional and emerging controls can
interrupt this amplification pathway most effectively.

Accordingly, the objectives are to identify major contamination
hazards relevant to mass food production; examine the pathways
through which hazards enter, persist, and spread; explain how
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production scale magnifies exposure; evaluate conventional
food-safety controls; assess emerging detection, processing, and
traceability technologies; integrate technical and organizational
dimensions; and propose a multilayer framework for prevention and
consequence containment. This framing contributes to the literature
by treating mass-production food safety as a systems problem rather
than a collection of unrelated pathogen-, contaminant- or technology-
specific problems.

The proposed risk-amplification framework is not intended to
replace established risk analysis, HACCP, prerequisite programmes,
food-safety management systems, traceability or recall management.
Instead, it adds a consequence-propagation lens: conventional
frameworks identify and control hazards, whereas the amplification
lens asks how far a failure can persist, transfer, multiply across
production, spread through distribution and remain undetected before
containment. This distinction is used throughout the review to clarify
the framework’s incremental contribution. *%!

Literature review

From contamination to foodborne risk

A hazard is not equivalent to risk. Hazard describes the intrinsic
capacity of a biological, chemical or physical agent to cause harm,
whereas risk reflects the likelihood and severity of adverse outcomes
under actual exposure conditions. The same microorganism
can therefore represent different levels of risk depending on its
concentration, food matrix, storage conditions, processing treatment,
intended consumers and opportunity for growth. Likewise, the same
chemical contaminant can create different concerns depending on
concentration, exposure frequency, toxicokinetics and duration of
consumption.

This distinction is crucial when evaluating mass food production.
A large factory does not automatically produce riskier food
than a small operation. Large manufacturers may have greater
technical expertise, validated processes, automated monitoring
and sophisticated laboratories. However, if a critical failure occurs,
production volume and distribution reach can enlarge the number
of exposed consumers. The relevant conceptual relationship is
therefore between probability of control failure and magnitude of
consequences conditional on failure. Formal FSMS implementation
can reduce outbreak occurrence, illustrating that industrialization can
also provide powerful risk-reduction capabilities when systems are
correctly designed and executed.!

A second distinction concerns time horizon and contamination
origin. Acute risks include foodborne infection, microbial intoxication
and IgE-mediated allergic reactions that can produce clinical effects
soon after exposure, whereas chronic risks involve repeated or
cumulative exposure to contaminants such as some heavy metals,
PFAS, endocrine-disrupting chemicals or process contaminants.
Source-related contamination is introduced with raw materials, water,
packaging or environmental inputs; process-related contamination is
generated or transferred during manufacturing, for example through
thermal reactions, shared equipment, rework, post-lethality exposure
or sanitation failures. These categories overlap, but they imply different
detection windows, exposure models and control strategies.*!>?

Biological hazards and acute foodborne illness

Foodborne bacteria differ substantially in ecology, infective dose,
toxin production, thermal resistance and environmental persistence.
Campylobacter is strongly associated with poultry chains and can be
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introduced or transferred at multiple points from primary production
through slaughter and processing. Control consequently benefits
from interventions applied across the chain rather than reliance on
a single terminal measure.” Salmonella similarly possesses multiple
persistence mechanisms and can survive in processing environments,
including low-moisture environments where sanitation procedures
require careful design.®

Listeria monocytogenes represents an archetypal environmental-
persistence hazard. Its ability to tolerate refrigeration, environmental
stress and processing conditions creates concern in ready-to-cat
production because contamination after a lethality step may persist
until consumption. Stress responses may increase environmental
survival, while established biofilms and persistent resident strains
can serve as recurring contamination sources. Contemporary studies
therefore emphasize environmental monitoring, hygienic zoning,
niche identification, effective cleaning and sanitation, and trend
analysis rather than sole reliance on finished-product testing.®**%

Toxin-mediated food poisoning requires separate consideration.
Bacillus cereus is ubiquitous, forms spores and produces toxins
associated with emetic and diarrhoeal syndromes. The organism can
persist despite processing where spores survive and subsequently
germinate under favourable time-temperature conditions. The hazard
is therefore not controlled solely by initial reduction in vegetative
cells; effective management must also consider spore survival,
cooling, storage, reheating and opportunities for toxin formation.?%7?’
Its ecology, virulence determinants and host interactions reinforce
the importance of treating B. cereus as more than a minor quality
defect.?8%

Antimicrobial resistance further complicates biological food
safety. Resistant organisms and resistance determinants can move
through food chains and environmental interfaces. Food is not the
only driver of antimicrobial resistance, but agricultural production,
animal systems, processing environments and food handling can
participate in broader transmission networks. This makes surveillance
and mitigation a One Health concern extending beyond classical
contamination counts.*

Biofilms, environmental
contamination

reservoirs and persistent

The traditional image of contamination as a transient deposit on
a visibly dirty surface underestimates the complexity of microbial
persistence. Biofilms consist of structured microbial communities
associated with surfaces and extracellular matrices that can increase
tolerance to environmental stress and sanitation. In food plants,
biofilms may develop on stainless steel, plastics, rubber, drains,
joints, conveyor components, fillers, slicers and other difficult-
to-clean locations. Established biofilms can intermittently release
cells, converting environmental niches into recurring contamination
sources.>!

The problem is not limited to wet facilities. Research on dry-
surface Dbiofilms demonstrates that apparently dry processing
environments may still contain microscopic surface moisture
sufficient to support survival and localized biofilm processes. This is
particularly important for low-moisture foods because inappropriate
introduction of water during sanitation may itself create additional
risk. Consequently, hygienic design and cleaning strategies must
be matched to the ecology of the facility rather than mechanically
applying wet-cleaning routines across all industries.?

Persistent contamination also exposes the limitation of
finished-product testing. Even extensive sampling examines only
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a small fraction of total production, while microorganisms can be
heterogeneously distributed. Environmental monitoring therefore
provides information about the conditions under which contamination
could occur before contaminated finished products are necessarily
detected. Effective Environmental Monitoring Programs require risk-
based site selection, appropriate indicators or pathogen targets, suitable
methods, trend analysis and predefined corrective-action rules. They
should be dynamic systems updated as equipment, products and risk
profiles change.*

Chemical contamination and emerging hazards

Chemical hazards can enter foods through agricultural inputs,
contaminated soil and water, industrial emissions, processing
reactions, cleaning chemicals, equipment, packaging and storage
environments. Unlike many acute microbiological outbreaks, chemical
hazards often involve repeated low-dose exposure, making source
attribution and causal assessment more difficult. Recent synthesis
of chemical-contamination pathways therefore emphasizes farm-to-
fork prevention, monitoring and regulatory surveillance rather than
exclusive reliance on end-product testing.?

Mycotoxins illustrate the interface between biological production
and chemical toxicity. Fungal contamination may develop before
harvest or during storage, and climate, moisture and temperature
influence fungal growth and toxin production. Aflatoxin contamination
remains especially important in cereals, nuts and other commodities,
while maize can contain multiple mycotoxins across different
stages of the food chain. Prevention therefore requires agricultural,
drying, storage, testing and supply-chain controls rather than waiting
until final manufacturing.’*>* Analytical reliability also depends
on representative sampling and validated extraction and detection
procedures, particularly where multiple or modified mycotoxins may
co-occur.®

Process contaminants introduce a different logic. Acrylamide,
for example, can form during high-temperature processing of
carbohydrate-rich foods. Mitigation must consequently balance
microbial lethality, sensory properties and chemical-contaminant
formation rather than assuming that “more processing” always means
“safer processing.” Product formulation, precursor concentration,
time-temperature conditions and technological interventions can
influence formation.’

Food-contact materials constitute another pathway. Chemical
substances may migrate from packaging, equipment or related
materials into foods depending on material composition, food
properties, temperature, contact duration and barrier characteristics.
Even dry foods cannot automatically be assumed to experience
negligible migration, and analytical identification remains challenging
because food-contact materials can contain complex mixtures,
including non-intentionally added substances.>*!?

Environmental contaminants further complicate the risk landscape.
Heavy metals can move through food webs, creating exposure through
contaminated food commodities.’” PFAS are persistent chemicals
found in environmental and food-related contexts, with analytical
challenges arising from their diversity and low-level occurrence.’*
Endocrine-disrupting chemicals similarly require attention to dietary
exposure pathways and chronic toxicological effects.'?

Micro- and nanoplastics represent a rapidly developing field in
which occurrence is better established than many precise human-
health risk estimates. Foods may become contaminated from
environmental sources, packaging, processing or handling, yet
analytical methodologies remain heterogeneous and susceptible to
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contamination and measurement bias. The appropriate scientific
response is therefore neither to dismiss the issue nor to overstate
certainty. Standardized measurement, exposure characterization and
mechanistic toxicology remain important priorities.'>4%4!

Allergen cross-contact

Foodallergens differ fundamentally from microbial hazards because
very small quantities may provoke clinically significant reactions in
susceptible individuals, while the same material is harmless to most
consumers. In mass production, allergen risk is strongly associated
with shared equipment, rework, ingredient handling, scheduling, dust
transfer, inadequate cleaning, incorrect labels and packaging mix-ups.

Cross-contact control therefore requires mapping allergen
transmission vectors across the production environment. Dedicated
equipment may be appropriate for some operations, while others
rely on validated cleaning, production sequencing, controlled
rework, physical segregation and analytical verification. Dzwolak*
demonstrates the value of structured cross-contact plans, while Jia and
Evans® emphasize that management failures are often behavioural
and organizational as well as technical.

Quantitative allergen risk assessment can improve decision-
making by relating unintended allergen presence to exposure and
clinically relevant reference doses. Nevertheless, it requires reliable
data concerning concentrations, consumption amounts and transfer
mechanisms. Precautionary allergen labelling should not become a
substitute for effective control because indiscriminate “may contain”
statements can reduce the usefulness of risk communication.
Inconsistent precautionary labels can confuse both industry and
consumers, supporting calls for more harmonized, risk-based
approaches. 4

Positioning the amplification framework relative to
established food-safety approaches

Codex HACCP and ISO 22000 provide established architectures
for hazard analysis, prerequisite programmes, operational control,
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verification, corrective action and management-system governance.
The risk-amplification framework proposed here uses these approaches
as its baseline rather than as competing models. Its added unit of
analysis is the propagation of consequences after a control deviation:
how persistence, process connectivity, lot size, distribution reach and
detection delay interact to enlarge exposure. In that sense, HACCP
focuses primarily on preventing or controlling significant hazards at
defined process steps, while the amplification framework makes the
downstream consequence pathway explicit and links prevention to
surveillance and containment.'*?!

Risk analysis, traceability and recall management also remain
distinct but complementary. Risk analysis estimates the likelihood and
severity of adverse outcomes; traceability reconstructs product and
information movement; and recall management removes or contains
affected product. The amplification framework connects these
functions temporally by identifying where a local initiating event
can become a multi-lot, multi-location or population-level event.
This makes the framework particularly useful for high-throughput or
highly connected production systems in which the probability of an
initiating failure may be low but the conditional consequence of an
undetected failure can be large.

Accordingly, the framework’s components are defined as follows:
hazard introduction is the initial entry or generation of a harmful agent;
persistence is survival or retention in a reservoir; transfer is movement
to food or another product stream; production amplification is the
multiplication of affected units, lots or time periods through batch
size and process connectivity; distribution amplification is expansion
across locations or customers; detection delay is the interval during
which exposure can continue before a signal prompts action; and
consequence containment comprises traceability, withdrawal, recall,
investigation and learning actions that limit or prevent recurrence.
These definitions establish the relationships later depicted in Figure 1.

Contamination-to-Consequences Risk-Amplification Framework

How a localized control failure can propagate through a mass-production system
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Figure | Contamination-to-Consequences Risk-Amplification Framework.

Conceptual organizing framework: HACCP and FSMS remain the preventive baseline.

The added lens is consequence propagation, detection delay, and time-to-containment; the framework is not a calibrated quantitative risk model.
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Methods

This study used a structured qualitative integrative literature
review with critical, interpretive and thematic synthesis. The design
was selected because the research question spans several evidence
domains - food microbiology, toxicology, food engineering, analytical
detection, organisational behaviour and supply-chain management -
that use heterogeneous methods and outcomes. The purpose was
therefore explanatory integration rather than exhaustive study
retrieval, pooled effect estimation or meta-analysis. The review is
not presented as a systematic review and does not claim PRISMA-
style completeness; instead, the revised method makes the evidence
assembly and synthesis process sufficiently transparent for readers to
judge scope, relevance and limitations.

The evidence audit was updated on 29 September 2026.
Information sources included PubMed and targeted DOI/publisher-
indexed searches across major journal platforms used by the field,
including ScienceDirect, Wiley Online Library, Taylor & Francis,
MDPI and Frontiers, supplemented by backward citation checks
from high-relevance reviews. The publication window was January
2020 through September 2026, and English-language peer-reviewed
journal articles were prioritised. Earlier or non-journal materials were
used only when they represented normative frameworks needed to
position the analysis, specifically Codex HACCP guidance and ISO
22000.

Searches were conceptually organised in three term clusters. The
first captured production context (for example, ‘mass food production’,
‘industrial food processing’, ‘large-scale food manufacturing’, ‘high-
throughput’, ‘centralised production’ and ‘food supply chain’).
The second captured hazards and amplification mechanisms (for
example, ‘food contamination’, ‘foodborne disease’, ‘biofilm’,
‘cross-contamination’, ‘allergen cross-contact’, ‘mycotoxin’, ‘food-
contact material’, ‘PFAS’, ‘microplastic’, ‘persistence’, ‘batch’,
‘distribution” and ‘detection delay’). The third captured controls
and technologies (for example, ‘HACCP’, ‘food safety management
system’, ‘environmental monitoring’, ‘rapid detection’, ‘biosensor’,
‘whole-genome sequencing’, ‘high-pressure processing’, ‘cold
plasma’, ‘traceability’, ‘blockchain’, ‘IoT” and ‘food safety culture’).
Terms were combined iteratively with AND/OR operators as new
mechanisms or technologies emerged during synthesis.

Articles were included when they provided empirical evidence,
a contemporary review, or a directly relevant analytical framework
for at least one of five domains: hazard architecture; persistence and
cross-contamination; production- or distribution-scale amplification;
prevention, detection and response; or organisational and supply-
chain reliability. Articles were excluded when they were duplicates,
published before 2020 (except the two normative framework
documents), unavailable in English, lacked sufficient relevance to
food-production safety, or addressed a technology without information
useful for hazard control, detection, implementation or industrial
applicability. The final analytical corpus comprised 60 peer-reviewed
journal publications. Codex Alimentarius Commission (2023) and
ISO 22000:2018 were used as normative comparators and were not
counted among the 60 journal publications.

The synthesis used two-stage thematic coding. First-cycle coding
assigned descriptive labels to evidence on hazard entry, source-
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related and process-related contamination, environmental persistence,
biofilm, allergen cross-contact, process failure, time-temperature
control, shared equipment, batch size, production-run connectivity,
distribution reach, detection delay, supplier assurance, sanitation,
environmental monitoring, culture, diagnostics, genomic surveillance,
traceability, recall and organisational learning. In second-cycle coding,
related codes were clustered into higher-order themes corresponding
to the risk-amplification chain. Papers could contribute to more than
one theme, and the synthesis emphasised causal relationships and
boundary conditions rather than the frequency with which a term
appeared.

Credibility was strengthened through domain triangulation and
explicit evidence-maturity distinctions. Claims about persistence were
checked against biofilm and environmental-monitoring literature;
technology claims were considered alongside food-engineering,
analytical-validation and implementation evidence; and established
controls were benchmarked against Codex/ISO principles. Emerging
technologies were categorised qualitatively as (a) established or
demonstrably industrialised for defined applications, (b) promising
with pilot or application-specific validation, or (c¢) predominantly
proof-of-concept or research-stage. This prevented technological
potential from being presented as equivalent to demonstrated industrial
effectiveness and informed the limitations stated in Section 5.10.

Results: Thematic findings
Theme 1: Mass production creates a multi-hazard architecture

The reviewed literature demonstrates that mass food production
should not be analysed using a pathogen-only framework. The
evidence supports four broad hazard families - biological hazards,
chemical contaminants (including process contaminants), allergens,
and physical/emerging contaminants - but their risk pathways are
not interchangeable. They differ in route of entry, ability to multiply
or persist, exposure time horizon, detectability, uncertainty and the
point at which prevention, surveillance or corrective action is most
effective.

Biological hazards are distinguished by their capacity to survive,
multiply or produce toxins. Their risk is strongly affected by
time, temperature, water activity, pH and ecological interactions.
Chemical contaminants generally do not multiply in food but may
persist through processing and accumulate in the diet. Allergens can
remain biologically active at very small concentrations and require
particularly rigorous cross-contact and labelling controls. Emerging
contaminants such as microplastics add analytical uncertainty because
measurement methods and health-risk characterization continue to
evolve.”124

This heterogeneity suggests that “zero contamination” is an
insufficiently precise operational objective. Food-safety systems
instead require hazard-specific acceptance criteria, preventive
controls, detection strategies and escalation procedures. A factory
capable of controlling Salmonella through a validated heat treatment
may simultaneously require entirely different controls for allergens,
acrylamide or packaging migrants. Table 1 makes these differences
explicit and shows why a single amplification mechanism or control
hierarchy cannot be applied uniformly to every hazard class.
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Table | Differential applicability of the risk-amplification framework across hazard families
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Exposure

Hazard class y
profile

Typical origin / route

Scale-amplification
mechanism

Priority control logic

Evidence /
uncertainty

Usually acute;

Biological Raw materials; people; .
) organisms may
pathogens / water; environment; post- )
. . O multiply or
toxins lethality recontamination

produce toxins

Acute reaction
in susceptible
consumers; very
low doses may
matter

Ingredient handling; shared
lines; rework; packaging or
label mix-up

Food allergens

Agricultural inputs;
soil/water; packaging;
environmental
contamination

Often chronic or
cumulative; some
acute exceptions

Source-related
chemical
contaminants

Thermal processing;
cleaning chemicals;
equipment/material
interactions

Often chronic;
depends on dose
and frequency

Process-related
chemical
contaminants

Often uncertain

Emerging Environment, packaging, or chronic;

contaminants / processing or health relevance

novel signals measurement discovery may still be
evolving

Persistence in niches,
shared equipment,
long runs, large lots,
wide distribution,
delayed detection

Cross-contact across
runs; incorrect

labels applied to
large batches; broad
distribution

Large sourcing pools
and blending can
spread low-level
contamination across
many units

Uniform process
conditions can
generate contaminant
across an entire
production run

High-volume
production can
broaden exposure,
but magnitude is
difficult to quantify
when methods are
not harmonised

Preventive +
surveillance: supplier
control, lethality
validation, hygienic
design, sanitation, EMP,
rapid testing

Preventive + corrective:
segregation, sequencing,
validated cleaning, label
verification, controlled
rework, rapid recall

Supplier assurance

+ surveillance:
specifications, sampling,
targeted analysis, source
reduction

Preventive process
optimisation +
verification: formulation
and time-temperature
control, migration
testing

Surveillance + research:
validated sampling,
method standardisation,
exposure
characterisation

Relatively mature
for major
pathogens, but
organism- and
matrix-specific

Dose-response

and individual
susceptibility create
residual uncertainty

Analytical
coverage and
chronic exposure
attribution may be
uncertain

Trade-offs may
exist between
microbial lethality,
product quality and
chemical formation

Higher uncertainty;
avoid equating
occurrence with
established health-
risk magnitude

Theme 2: Contamination enters through multiple nodes

Raw materials are frequently the first pathway. Agricultural
commodities can arrive with microbial pathogens, spores, mycotoxins,
chemical residues or environmental contaminants. Animal-derived
ingredients may carry zoonotic pathogens, while dry ingredients can
introduce organisms into facilities where subsequent wet cleaning
may be undesirable. Supplier approval, specifications, certificates,
testing and risk-based verification therefore represent the first layer
of industrial protection.

However, incoming ingredients are only one node. Water,
air, employee movement, utensils, maintenance activities, pests,
packaging materials, lubricants and equipment can introduce
hazards after ingredients have passed initial controls. Even validated
thermal processing can be defeated by post-process contamination
if exposed ready-to-eat products encounter contaminated surfaces
or environments. This observation shifts attention from individual
critical control points to the connectivity of the whole plant.*?

The processing environment is especially important when
contamination becomes persistent. Biofilms, drain reservoirs,
damaged seals, hollow rollers, cracked surfaces and inaccessible
equipment components can create niches from which microorganisms
repeatedly enter production. The significance of these niches is
disproportionate because they can contaminate successive production
lots. One contaminated ingredient batch may be removed; a persistent
environmental reservoir can contaminate products repeatedly until the
underlying source is found.>>!

Theme 3: Production scale operates as a consequence multiplier

The central finding of this review is that scale should be
conceptualized primarily as a risk amplifier, not automatically as

450

a hazard generator. Several mechanisms explain this amplification.
First, large batch sizes increase the amount of product associated with
a single control failure. If contamination occurs before blending or
mixing, distribution within a large batch can expose far more units
than a small isolated process. Second, continuous production lines
create temporal connectivity: equipment contamination can persist
across hours or production shifts. Third, shared equipment creates
product connectivity because contamination or allergens can transfer
from one product to another. Fourth, centralized distribution creates
geographical connectivity, allowing contaminated products to reach
consumers in widely separated locations. Fifth, detection delay
increases temporal exposure because product may continue to leave
the facility while investigation is ongoing.

These mechanisms can interact. A persistent niche on shared
equipment can contaminate multiple production runs, which are
subsequently distributed through a national supply network before
epidemiological signals trigger investigation. The problem therefore
becomes multiplicative rather than additive.

Within the framework, the relationships are directional but not
strictly linear. Persistence increases the probability of repeated transfer;
transfer can connect products and production runs; batch size and
run duration enlarge the number of affected units; distribution reach
converts production amplification into geographic amplification; and
detection delay determines how long these processes continue before
intervention. Feedback is also possible: surveillance or traceability
can shorten detection delay, while root-cause analysis can reduce
future persistence or transfer. The framework therefore represents a
causal organising map rather than a single deterministic sequence.

Figure 1 conceptualizes this process as an amplification chain.
Its purpose is to distinguish the initial contamination event from
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the downstream mechanisms that determine how severe the event
eventually becomes.

Figure 1 separates initiating hazard control from consequence
propagation. The upper modifiers - throughput, process connectivity,
centralisation, supply-chain breadth and distribution reach - do not
create a hazard by themselves, but they can increase the conditional
consequence of an undetected failure. The lower control bands show
where established HACCP/FSMS prevention and verification act, and
where surveillance, traceability, recall and organisational learning
limit consequences. This makes the framework complementary to
established food-safety systems rather than a replacement for them.

Table 2 Applied examples of amplification pathways and interruption points
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Two applied examples illustrate the framework’s differential
utility. In a ready-to-eat chilled-food facility, a persistent Listeria
niche can repeatedly transfer cells after a lethality step, contaminate
multiple lots and reach geographically dispersed consumers before
environmental or epidemiological detection. In contrast, an allergen
event may begin with an incorrect label or inadequate changeover;
no microbial growth is required, yet one packaging error can expose
an entire batch and make traceability and rapid market withdrawal
decisive. Table 2 maps these examples to the amplification chain.

Applied example Initiating mechanism

Amplification pathway

Critical interruption points

Ready-to-eat chilled
food: persistent
Listeria

Post-lethality environmental
reservoir / niche

Cross-contact during
changeover or wrong
packaging/label

Shared-line allergen /
mislabelling

Persistence -> repeated transfer
-> multi-lot production -> wide
distribution -> delayed detection

Transfer or label error -> large batch
affected -> broad distribution; no
organism growth required

Hygienic design; sanitation; risk-based EMP;
rapid confirmation/WGS; lot traceability;
recall

Segregation; sequencing; validated cleaning;
line clearance; label verification; traceability;
rapid recall

Theme 4: Persistence converts episodic hazards into systemic
hazards

Biofilms and environmental persistence are among the most
important transitions in the amplification pathway. A transient
contamination event can theoretically disappear after cleaning or
removal of the affected product. Once organisms become established
in persistent niches, however, the hazard changes from episodic to
systemic.

Contemporary biofilm research shows why routine sanitation
may fail. Extracellular matrices can reduce penetration of
antimicrobial agents, microorganisms within biofilms may display
altered physiology, and surface properties influence adhesion.
Mixed-species biofilms can add further complexity. The growing
literature on L. monocytogenes emphasizes that eliminating mature
environmental reservoirs may require a combination of mechanical
cleaning, validated chemical sanitation, hygienic redesign, intensified
environmental sampling and root-cause investigation.”** Because
mature biofilms can show reduced susceptibility to disinfectants,
hurdle approaches that combine complementary physical, chemical
and process interventions may provide more robust control than
reliance on a single antimicrobial mechanism.*

Salmonella persistence similarly illustrates why low-moisture
environments cannot be considered intrinsically safe. Organisms may
survive for extended periods under dry conditions, while introduction
of moisture can support localized growth. Pang et al.® therefore
emphasize multiple strategies for controlling resistant biofilms rather
than dependence on a single sanitizer. Environmental monitoring
becomes particularly valuable in this context because it converts
invisible conditions into actionable information. Trends in indicator
organisms or repeated pathogen findings in particular zones can
reveal deteriorating hygienic control before finished-product positives
become frequent. However, an EMP is useful only when results trigger
meaningful investigation; repeated positives that are merely “cleaned
and re-tested” without source elimination can normalize failure rather
than control it.*

Theme 5: Human and organizational factors determine whether
controls function

Food-safety plans operate through people. Training can improve
knowledge and practices, but knowledge does not automatically

produce safe behaviour, particularly when organizational incentives
reward speed, yield or output more strongly than careful compliance.
Meta-analytic evidence shows benefits from food-safety and hygiene
training, yet sustained behavioural change requires reinforcement and
appropriate organizational conditions.*’

Food-safety culture literature extends this observation. Zanin et
al.'® found value in combining qualitative and quantitative approaches
because formal survey responses can overestimate actual culture.
Recent reviews further emphasize leadership, organizational
commitment, communication and multicultural workforce
considerations as determinants of how food-safety expectations are
interpreted and enacted.'® Operationalization is particularly important
because “strong food-safety culture” must translate into observable
actions such as stopping production during deviations, reporting near
misses, following hand-hygiene rules, respecting allergen changeover
procedures and allowing sufficient sanitation time."”

The significance for mass production is substantial. High-
throughput systems frequently operate under time and performance
pressure. Small deviations can be repeated hundreds or thousands
of times before detection. Consequently, organizational tolerance of
minor deviations may become a mechanism of risk amplification.

Theme 6: Detection speed determines how long amplification
continues

Traditional culture methods remain important because they
provide trusted microbiological confirmation, but the time required
for enrichment, isolation and identification can conflict with the speed
of modern production and logistics. By the time a conventional result
is available, large quantities of product may have been manufactured
or distributed.

Rapid detection technologies attempt to reduce this information
gap. Portable biosensors, nucleic-acid amplification, immunological
platforms, microfluidics and point-of-care systems can shorten
analytical turnaround and support decentralized testing. Microfluidic
lab-on-chip platforms are particularly relevant because they can
integrate sample handling and detection into miniaturized systems,
although matrix effects, enrichment requirements and industrial
validation remain important constraints.** More generally, rapid
methods still face limitations related to sample preparation, detection
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limits, cost, method validation and implementation at industrial
scale.®!

Biosensor research targeting Listeria, Salmonella, Campylobacter
and E. coli illustrates the transition toward more rapid and potentially
on-site analysis.” High-throughput sensing platforms further offer
the possibility of simultaneously examining multiple targets or
large sample numbers,*® while CRISPR-based and other advanced
molecular approaches are increasingly discussed as components
of future detection systems.*® Whole-genome sequencing adds a
complementary surveillance capability by enabling high-resolution
pathogen characterization, source tracing and reconstruction of
transmission pathways during food-safety investigations.>

Predictive microbiology provides a complementary function.
Instead of identifying contamination after it occurs, mathematical
modelling estimates microbial responses to environmental conditions.
Incorporating food microstructure and matrix effects remains an
important development because microbial behaviour in actual foods
cannot always be predicted adequately from simplified laboratory
media.>® Figure 2 positions detection within a broader surveillance
architecture. The key concept is that detection should occur at multiple
points rather than being concentrated exclusively at finished-product
release.
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Figure 2 Multi-Layer Surveillance Architecture for Mass Food Production.

Figure 2 illustrates the difference between testing and surveillance.
Testing is an individual measurement; surveillance integrates
repeated measurements into a decision system. The greatest value of
rapid diagnostics therefore emerges when laboratory information is
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connected with process history, environmental trends, supplier data
and distribution records rather than treated as an isolated result.

Theme 7: Emerging processing technologies add barriers but
require validation

Nonthermal and novel processing technologies can strengthen
pathogen control while preserving sensory and nutritional quality, but
evidence maturity differs markedly by technology and application.
High-pressure processing has demonstrated commercial industrial
use for selected refrigerated and ready-to-eat products, whereas
cold plasma remains more application-specific and sensitive to
treatment geometry, food composition, oxidation, sensory effects and
regulatory requirements. Therefore, technological capability should
be distinguished from validated process efficacy in a defined product
and from routine industrial usefulness.’”’

The same distinction applies to monitoring technologies. Whole-
genome sequencing is already established in many surveillance
and source-attribution contexts, while biosensors, CRISPR-
enabled detection, Al-supported analytics, smart packaging and IoT
architectures span a continuum from laboratory proof-of-concept
to pilot deployment and routine use. Recent reviews emphasise
continuing constraints involving matrix interference, calibration,
reproducibility, standardisation, interoperability, cost and field
robustness. Accordingly, this review treats these technologies
as enabling layers whose practical value depends on validated
performance and integration into decision processes, not as stand-
alone guarantees of food safety.®*®! The broader lesson is that
emerging technology adds barriers to food-safety systems; it does not
remove the need for supplier assurance, sanitation, hygienic design,
storage control, competent personnel or management discipline. A
technology should be adopted only when its target hazard, decision
threshold, validation status and role in the control architecture are
explicit. This qualification avoids conflating technological promise
with demonstrated reduction in industrial risk.

Theme 8: Traceability limits consequences after prevention fails

Food traceability historically focused on identifying product
movement between suppliers, processors and customers. Digital
technologies increasingly extend this function by integrating sensor
data, cloud platforms, IoT devices, immutable records and potentially
genomic information. Blockchain research emphasizes transparency,
security and tamper resistance, but implementation must be evaluated
against cost, interoperability, governance and the quality of input
data. Blockchain cannot correct inaccurate information entered into
the system. Therefore, its value depends on integration with reliable
identification, sensor and verification systems.'* !

Smart traceability provides a broader concept. Yu et al.? describe
systems combining portable detection, intelligent indicators, sensors,
IoT and data-assisted methods. Within the risk-amplification
framework, the major benefit is reduction of time-to-intervention.
If contaminated products can be identified and geographically located
rapidly, recalls can become more targeted and faster, reducing the
duration and size of population exposure.

Figure 3 integrates preventive, detective and responsive controls
into a defence-in-depth structure. The arrangement emphasizes
that prevention, verification, response and organizational learning
should operate as mutually reinforcing barriers rather than as isolated
programs.
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Figure 3 Defence-in-Depth Architecture for Contamination Mitigation.

The figure demonstrates why food safety should not depend on one
“perfect” critical control point. Each layer addresses different failure
modes. Supplier controls reduce hazard entry; hygienic design reduces
persistence; processing reduces hazard concentration; monitoring
reveals loss of control; traceability limits downstream exposure; and
root-cause analysis prevents recurrence. The architecture becomes
resilient when failure of one barrier is detected or compensated for
by another.

Discussion and analysis
From contamination control to amplification control

The principal conceptual implication is not that conventional food-
safety thinking should be replaced, but that consequence propagation
should be made more explicit within it. Established risk analysis,
HACCP and FSMS approaches are designed to identify hazards,
establish controls, verify performance and manage deviations. The
amplification lens adds a systems-level question: conditional on
a control failure, which features of the production and distribution
architecture determine how many lots, locations and consumers can
become connected to that failure before detection and containment?
This emphasis is especially relevant when low-frequency failures can
have high-consequence outcomes.'*-!

A simplified conceptual expression can therefore be proposed
to summarize the interacting dimensions of amplification risk. The
expression is intended as a conceptual organizing device rather than
as a validated quantitative risk model.

R, ocP(H)xI x1 xS

pers trans

R xD xV

X
batch dist det pop ( 1 )

Copyright:
©2026 Judijanto. 453

In Equation (1), R_sys denotes systemic food-safety risk; P(H)
represents the probability of hazard occurrence; I pers and I trans
represent persistence and transfer intensities; S_batch represents
batch-scale exposure; R _dist represents distribution reach; D det
represents detection delay; and V_pop represents population
vulnerability. The proportionality sign is used deliberately because
the expression is conceptual and does not imply that the factors
have been empirically calibrated or are dimensionally equivalent.
Preventive controls, sanitation, hygienic zoning, production planning,
distribution architecture and rapid diagnostics can each reduce one or
more components of the amplification pathway.

The model helps explain why rare failures can produce major
events. Industrial food safety cannot be judged solely by the frequency
of deviations. A very low-probability event can justify substantial
investment when consequence magnitude is extremely large.

Prevention and containment

different functions

consequence are

The literature supports a useful distinction between prevention
controls and consequence-containment controls. Supplier
assurance, hygienic design, validated lethality treatments, allergen
segregation, sanitation and preventive maintenance seek to stop
unsafe food from being produced. Environmental monitoring and
rapid detection identify emerging loss of control. Traceability, recall
and outbreak investigation limit consequences once unsafe products
may have entered commerce.

Organizations frequently prioritize prevention and underestimate
containment because recall systems are activated only during crises.
Yet mass production creates circumstances in which no preventive
system can be assumed infallible. Recall readiness should therefore
be tested in the same manner as emergency-response plans in other
high-reliability industries.

Digital traceability can shorten the interval between problem
identification and market withdrawal. However, effective recall also
requires accurate lot coding, distribution records, communication
protocols, decision authority and coordination with regulators and
customers. A technologically sophisticated blockchain without
accurate lot segregation offers limited practical protection.

HACCP/FSMS as the baseline, amplification analysis
as a complementary lens

HACCP remains foundational because it directs attention toward
significant hazards, preventive controls, critical limits, monitoring
and corrective action. ISO 22000 and broader FSMS architectures
extend this logic through prerequisite programmes, communication,
verification, management responsibility and continual improvement.
The proposed amplification framework begins from these established
controls and asks an additional question: what is the consequence
trajectory ifa control is missed, bypassed, defeated by an environmental
reservoir, or detected only after product release?

That additional question is important because important failure
modes may be distributed across organisational and supply-chain
boundaries rather than concentrated at a single critical control point.
Environmental persistence, allergen changeover, packaging accuracy,
upstream chemical contamination, hygienic design, data integrity
and recall readiness can all shape the scale of consequences. These
functions are already compatible with modern FSMS; the contribution
of the amplification lens is to connect them within one consequence-
propagation model rather than to establish a parallel compliance
system.
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Accordingly, the framework should be used as a stress-testing layer
during hazard analysis, management review and recall preparedness.
A facility can ask which single failure could contaminate many
units, which persistent source could affect multiple runs, which
data delay could allow continued release, and which distribution
pattern would make a recall difficult. Evidence that formal FSMS
implementation can reduce outbreak occurrence supports retaining
established management architecture while strengthening attention to
consequence connectivity.'*!

Environmental monitoring should function as an early-
warning system

EMP design should move beyond periodic compliance swabbing
toward risk-based surveillance. High-risk sites should be selected
according to product exposure, traffic patterns, hygienic zoning and
historical findings. Trend analysis is at least as important as individual
results. An increase in indicator organisms or repeated positives near
a high-care area may represent a deteriorating system even when
finished-product tests remain negative.

The literature also implies that “seek and destroy” philosophies
are preferable to cultures in which positive environmental results are
discouraged. If employees fear that finding contamination will be
treated as personal failure, organizations inadvertently incentivize
under-sampling and superficial investigation. Strong food-safety
culture instead treats early detection as evidence that the monitoring
system is functioning.

This illustrates the interaction between technical and cultural
controls. Sampling plans are scientific instruments, but the quality
of surveillance depends on organizational willingness to discover
uncomfortable information.

Allergen management demonstrates the importance
of cross-system thinking

Allergens reveal limitations of microbial analogies. A validated
cooking process that eliminates bacterial hazards does not necessarily
remove allergenicity. Therefore, allergen control is driven more
strongly by segregation, changeover cleaning, formulation control,
rework management and labelling accuracy.

Mass production can amplify allergen risk through shared
equipment and packaging lines. A single incorrect packaging roll
or formulation error may mislabel a large quantity of otherwise
microbiologically safe product. Cross-contact assessment must
therefore extend through equipment, personnel, airborne powders,
scheduling and supply-chain information.*>*

Quantitative risk assessment offers a route toward more
proportionate management because it attempts to relate unintended
presence to clinically meaningful exposure rather than treating every
detectable molecule as equivalent. Nevertheless, uncertainties remain,
and precautionary labelling practices require harmonization to avoid
both under-warning and excessive warning.*

Chemical risk requires a longer time horizon

Mass-food-safety discussions often focus on outbreaks because
outbreaks produce visible clusters of illness. Chemical risk frequently
develops differently. Exposure may be widespread but low-level,
consequences may be delayed, and individual cases may not be easily
linked to a single meal or product.

The appropriate control architecture therefore differs. Mycotoxin
prevention requires field and storage interventions; packaging
migrants require material compliance and migration testing; heavy
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metals require environmental and ingredient monitoring; PFAS
requires sophisticated targeted and non-targeted analytical strategies;
and microplastics require improved methodology before precise
quantitative health-risk estimates can be made.

A mature food-safety system should consequently distinguish
acute incident management from long-term exposure management
while connecting both within an integrated chemical-risk surveillance
program. This distinction is especially important because chronic
chemical exposure may require longitudinal monitoring, source
reduction and regulatory intervention even when no discrete outbreak
is observed.*

Technology should shorten the food-safety information
cycle

The most important strategic contribution of new detection
technology may be understood through the concept of the
information cycle. Traditional systems often follow the sequence:
sample — transport — enrichment — laboratory analysis — reporting
— investigation — intervention. Each stage takes time. In a high-
throughput factory, production continues while information is being
generated.

Portable biosensors, microfluidics and molecular methods attempt
to reduce this delay, but their strategic value depends on where they sit
on the evidence-maturity continuum. A fast assay that remains matrix-
sensitive or insufficiently validated may be useful for screening but not
for final release decisions; conversely, mature laboratory or genomic
methods may support definitive confirmation and source attribution
even if they are not instantaneous. The relevant performance question
is therefore whether a technology shortens the actionable information
cycle without sacrificing analytical reliability, interpretability or
governance.

However, rapid results that are inaccurate can cause unnecessary
recalls or false reassurance. Industrial implementation therefore
requires analytical validation, quality assurance, matrix-specific
evaluation and predefined decision thresholds. “Faster” must not be
confused with “better” unless sensitivity, specificity and operational
reliability are appropriate.

Building a digitally enabled food-safety system

Digital food safety should be designed as an information architecture
rather than as a collection of fashionable technologies. Sensors
can capture temperature, humidity and other process parameters;
laboratory systems can capture analytical results; enterprise systems
contain supplier and production information; traceability systems
record lot movement; and external surveillance may identify outbreak
signals. Artificial intelligence and machine-learning tools can support
anomaly detection, predictive control and supply-chain traceability,
but their value depends on data quality, governance and context-
appropriate validation.®> The central challenge is therefore to connect
these data streams so that meaningful anomalies generate timely,
reviewable action.

Figure 4 presents a conceptual architecture for digitally enabled
contamination prevention and response. It shows how heterogeneous
data streams can be integrated into analytics, expert review, corrective
action and organizational learning without eliminating human
accountability. The central feature of Figure 4 is the human decision
layer. Automation can identify deviations, but governance remains
necessary to determine escalation thresholds, evaluate uncertainty
and decide whether production should stop or products should be
recalled. Digitalization therefore complements rather than eliminates
professional judgement.
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Implications for developing economies

The proposed model is especially relevant to rapidly industrializing
food systems. Developing economies may experience simultaneous
growth in industrial processing, modern retail, central kitchens,
catering systems and long-distance distribution while laboratory
capacity, surveillance infrastructure and regulatory enforcement
develop unevenly. Importing the most sophisticated technology is
not necessarily the optimal first investment. A facility with weak
sanitation or poor equipment design may gain more safety from
correcting fundamental hygienic failures than from installing
blockchain infrastructure. Prioritization should therefore follow risk
hierarchy.

A pragmatic sequence begins with safe water, sanitation, hygienic
design, supplier controls, basic process validation, training and
management accountability. Environmental monitoring and rapid
detection should then be strengthened according to risk. Digital
traceability becomes particularly valuable as distribution systems
expand. Advanced analytics and novel processing technologies
can be adopted where they address clearly identified residual risks.
Resource limitations also increase the importance of prevention
because large recalls can impose severe economic losses on firms and
public authorities. Investments in basic food-safety systems should
therefore be regarded not merely as compliance expenditure but as
risk-reduction capital.

Limitations of the review and proposed framework

This review has several limitations. First, it is a structured
qualitative integrative review rather than a systematic review;
although the revised search process is transparent, the iterative and
concept-driven approach does not guarantee exhaustive retrieval and
may favour well-developed literatures or highly cited review articles.

The English-language and 2020-September 2026 publication window
may also exclude relevant earlier, regional or non-English evidence.
The final corpus of 60 peer-reviewed publications should therefore be
interpreted as a purposive contemporary evidence base rather than a
complete census of food-safety research.

Second, the evidence is heterogeneous in design, food matrix,
geography and technological maturity, which limits direct comparison
across hazards. Biological outbreaks, allergen events and chronic
chemical exposure do not share a common time scale or endpoint,
and emerging contaminants may have substantial measurement
uncertainty. Similarly, evidence for high-pressure processing or
genomic surveillance is more mature in defined applications than
evidence for many Al-enabled, CRISPR, smart-packaging or next-
generation biosensor applications. The review therefore avoids
treating technological potential as equivalent to demonstrated
industrial effectiveness.

Third, the risk-amplification framework and Equation (1) are
conceptual rather than empirically calibrated. The variables are
not assumed to be dimensionally equivalent or multiplicatively
independent, and no universal threshold is proposed for what
constitutes ‘mass’ production. The framework should be used to
structure comparative reasoning, stress testing and research design;
quantitative validation is still required before it can support prediction,
scoring or regulatory decision thresholds.

Future research agenda

Several research priorities emerge from the synthesis. First, future
studies should develop quantitative models linking production scale
to outbreak consequences. Existing microbial risk assessments often
model dose and exposure, but greater attention could be paid to
connectivity among equipment, batches and distribution networks.
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Second, multi-hazard frameworks are needed. Food-safety
scholarship  remains  strongly = compartmentalized between
microbiology, allergens, toxicology and packaging science. Industrial
managers, however, operate one production system in which these
hazards coexist.

Third, more research is required on environmental-persistence
thresholds and predictive indicators. Monitoring programs generate
large quantities of data, but methods for converting repeated low-
level findings into actionable early warnings require refinement.
Fourth, rapid diagnostics need stronger evidence under real industrial
conditions. Laboratory detection limits do not automatically translate
into reliable performance in complex food matrices. Research should
therefore emphasize sample preparation, enrichment reduction,
multiplexing, field robustness and economic feasibility.

Fifth, digital technologies require evaluation based on measurable
safety outcomes rather than adoption alone. Studies should test
whether [oT, blockchain or Al actually shorten recall times, improve
source attribution, reduce contamination or prevent outbreaks. Sixth,
emerging contaminant research should improve standardization.
Micro- and nanoplastic studies particularly require harmonized
sampling, contamination control, extraction and measurement
methods before robust comparisons across foods and populations are
possible.

Finally, organizational research should investigate how production
incentives influence food-safety decisions. Technical failures often
become serious because employees, supervisors or managers respond
inadequately to weak signals. Food-safety culture should therefore be
studied as a causal component of system reliability, not merely as an
employee-attitude survey.

Conclusion and recommendations

Mass food production is not inherently unsafe. Industrial facilities
candeploy process validation, automation, monitoring and professional
food-safety management at a level that may be difficult to reproduce
in fragmented production. The synthesis nevertheless shows that high
throughput, process connectivity and broad distribution can increase
the conditional consequences of a control failure, particularly when
persistence, cross-contact or detection delay connect many units or
production periods to the same initiating event.

The analysis demonstrates that biological contamination remains
the dominant concern for acute outbreaks and conventional food
poisoning, but a comprehensive food-safety strategy must also
incorporate allergens, mycotoxins, processing contaminants,
packaging migrants, heavy metals, PFAS and emerging contaminants.
These hazards differ in exposure mechanisms and health consequences,
making hazard-specific controls essential.

The most effective strategy is therefore defence in depth.
Prevention should begin with supplier assurance and hygienic design
and continue through validated process controls, sanitation, allergen
management and environmental monitoring. Rapid diagnostics
should shorten the time required to identify emerging problems, while
traceability and recall systems should minimize population exposure
when preventive controls fail. Novel technologies such as cold plasma,
high-pressure processing, advanced biosensors and digital traceability
can strengthen the system but should not substitute for fundamental
hygienic and managerial controls.

Food-safety culture forms the organizational infrastructure
connecting these technical layers. Employees must be able and
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expected to report deviations, halt unsafe production and escalate
abnormal findings. Management should reward early detection rather
than concealment of problems.

The central recommendation is therefore to complement
contamination-control practice with explicit amplification analysis.
Food producers and regulators should evaluate not only whether a
hazard can enter or arise in food, but also whether it can persist, transfer
across production, affect multiple lots, travel through distribution
networks and remain undetected long enough to expand exposure.
This lens is designed to sit within HACCP and FSMS processes,
strengthening stress testing, surveillance design, traceability and
recall preparedness rather than replacing established food-safety
frameworks.

Future food-safety systems should increasingly combine preventive
engineering, microbial ecology, toxicological surveillance, validated
rapid analytics, digital traceability and organisational learning.
However, technology choices should follow evidence maturity and
application-specific validation: commercially established controls
and surveillance tools should be distinguished from promising pilot
systems and research-stage concepts. The proposed framework is
therefore best interpreted as a conceptual organising tool for prevention
and consequence containment, with quantitative calibration and
comparative validation remaining priorities for future research.
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