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Antimicrobial resistance is a major global health threat, characterized by the ability
of microorganisms to withstand the effects of antimicrobial agents. Biofilms, as
unique microbial communities, significantly contribute to this threat. They provide
a protective environment for pathogens, facilitate horizontal gene transfer, and
create an ideal setting for the persistence and evolution of resistant bacteria.
This issue can be particularly important in low-income settings and vulnerable
communities, such as formal and informal refugee and migrant camps. These
settings usually have limited access to healthcare resources and appropriate
treatments, contributing to the selective pressure that promotes the survival and
proliferation of resistant bacteria. Thus, biofilms formed in wastewater in these
areas can play a critical role in spreading antimicrobial resistance or acting as
hidden reservoirs for future outbreaks. While emerging efforts focus on detecting
antibiotic resistance genes and planktonic bacteria in wastewater, biofilms may be a
source of under-appreciated antimicrobial resistance, creating a significant gap in
our understanding of resistance dynamics in wastewater systems. Incorporating
biofilm surveillance into wastewater monitoring strategies in vulnerable settings
can help develop a more comprehensive understanding of resistance transmission
and more effective intervention measures in these settings.
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1 Introduction

Antimicrobial resistance (AMR) is a critical global health threat characterized by the
ability of microorganisms to resist the effects of antimicrobial drugs. Especially during the last
decade, there has been a dramatic increase in the number of multidrug-resistant bacteria (1),
with estimates of up to 10 million deaths annually by 2050 (2). The cause of this emergence is
related to several factors, including misuse and overuse of antimicrobials in humans and
animals, mainly due to inadequate regulation of antibiotic use, leading to accumulation of
antimicrobials in the environment and further enhancing resistance in microorganisms found
in soil and water (3). The development of antibiotic-resistant bacteria primarily occurs after
exposure to sub-inhibitory antibiotic doses because of the selective pressure these doses have
on bacteria. The rapid spread of AMR is particularly pronounced in low-income settings—
including urban slums, refugee camps, or forcibly displaced communities—where inadequate
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resources, high population density, exposure to infection and
pathogens, limited or restricted access to healthcare, or incorrect
treatment protocols contribute to accelerating the development and
transmission of resistant pathogens (4).

1.1 Wastewater biofilms as reservoirs of
AMR

A significant factor contributing to AMR is the presence of
biofilms, which represent the preferred mode of life for bacteria and
other microorganisms in wastewater environments. Biofilms are
communities of microorganisms that generally grow attached to both
biotic and abiotic surfaces and secrete a self-produced matrix of
extracellular polymeric substances (EPS). The matrix provides a
strong skeleton for biofilms to attach to pipes, tanks, and sediments,
allowing them to persist over time. Additionally—and more
critically—the EPS matrix acts as a barrier against the penetration of
antibiotics or antimicrobials, providing a unique protective
environment for microorganisms (5). The EPS matrix can also
chemically adsorb and neutralize antimicrobial agents, reducing their
efficacy and leading to sub-inhibitory concentrations of antibiotics
within the biofilm. Other biofilm-mediated resistance mechanisms
include quorum-sensing communication between cells to coordinate
and synchronize gene exchange (6). These complex mechanisms
within  biofilms can significantly enhance resistance to
antimicrobials—up to 1,000 times more than in planktonic cells—
quickly, leading to the development of multidrug-resistant bacteria (7).

Wastewater, residential, industrial, or healthcare sewage, is often
considered a reservoir of antibiotic-resistant genes (ARGs). These
genes are fragments of DNA that bacterial communities can exchange
to acquire resistance. One of the primary mechanisms enabling this
exchange is horizontal gene transfer, either through direct contact
(conjugation), uptake of free DNA from the environment
(transformation), or transfer
(transduction) (4).

antibiotic residues from human and animal waste, and while

of DNA via bacteriophages
Additionally, wastewater typically contains

wastewater treatment plants (WWTPs) are designed to reduce
contaminants and improve water quality, conventional technologies
are not fully equipped to remove low concentrations of
pharmaceuticals—including antibiotics—leading to their release into
surface waters. This can create a selective pressure that promotes the
survival and proliferation of resistant bacteria (8-10). Although
cutting-edge technologies—such as advanced oxidation processes like
ozonation and photocatalysis, membrane filtration (e.g., reverse
osmosis and nanofiltration), and activated carbon adsorption-are
being explored for their ability to remove antibiotics, no single method
has proven entirely effective (11-13). As a result, wastewater can play
a significant role in the spread of AMR and has gotten increased
attention lately (14, 15).

Wastewater serves as a rich and diverse habitat for a wide
combination of environmental microorganisms, including bacteria,
protozoa, fungi, and even viruses. These microorganisms often form
complex communities, with biofilms being a particularly common
feature that contributes to an ecosystem that allows all these
microorganisms to coexist (16, 17). These biofilms feed on the
nutrients and contaminants present in wastewater and can help
degrade and remove several components, such as nitrogen and
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phosphorus compounds, complex organic compounds, and even
heavy metals (18). For that reason, many WWTPs include biofilm-
based biological treatments to remove contaminants, mainly due to
their potential to provide practical, low-cost, and environmentally
friendly solutions over chemical treatments (19, 20). However,
although biological systems in WWTPs are initially intended to
remove contaminants, an underexplored challenge presented in these
biofilm-based systems is their capacity to protect potential pathogens
and enhance the transfer of ARGs, making them ideal settings for the
development and spread of AMR (9). In particular, the high cell
density present in biofilms promotes close interactions between
bacteria, facilitating gene exchange through conjugation at a faster rate
and greater efficiency than planktonic cultures (21-23). Common
biofilm-forming bacteria that can develop in wastewater include
Staphylococcus aureus, Klebsiella pneumoniae, or Pseudomonas
aeruginosa, which are considered some of the most relevant
multidrug-resistant pathogens associated with mortality and
morbidity around the globe (24). However, past research in this area
has primarily focused on AMR in biofilms downstream of wastewater
sites, particularly in freshwater biofilm communities (25-28), with
comparatively little attention given to biofilms within wastewater
systems themselves (29, 30).

1.2 AMR in vulnerable settings

The misuse and inappropriate prescribing of antibiotics in
vulnerable settings such as refugee camps or migrant shelters have
resulted in a global crisis of antibiotic resistance due to limited access
to healthcare, lack of regulation, and poor sanitation and hygiene in
these regions (31). At the same time, 75% of forcibly displaced persons
are housed in low and middle-income countries (LMIC), which
frequently face challenges related to AMR (32). In addition, many
migrant shelters often lack adequate wastewater treatment facilities
and infrastructure, and the surface drainage that most camps have
typically results in water stagnation. These issues often lead to
increased bacterial growth and create ideal conditions for biofilm
development, potentially increasing the rates of AMR (33). These
factors, when taken together, showcase the heightened risk that
vulnerable and marginalized populations face across the globe. The
severity of AMR challenges in displacement contexts has also been
increasingly studied in recent years. For instance, studies have revealed
an increased prevalence of multidrug-resistant organisms in refugee
camps in the Middle East and Sub-Saharan Africa, often linked to
inadequate water, sanitation, and hygiene infrastructures and limited
healthcare access (34). Similarly, past research has shown that in crisis-
affected communities, AMR hotspots often emerge at the intersection
of overcrowding, poor sanitation, and limited practices to promote the
responsible use of antibiotics. This highlights the urgent need to
improve surveillance tools like biofilm sampling in these high-risk
environments (35).

Health monitoring strategies can vary by location and resources,
often more commonly implemented in high-income regions than in
vulnerable communities of LMIC. For instance, a study on Lebanon,
Jordan, and Uganda found that all relied on modeling rather than local
data collection, highlighting the need for standardized practices to
better understand refugee health (36). Similarly, the U.S.-Mexico
border region faces disparities in wastewater infrastructure usually
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exist between twin cities like Ciudad Juarez-El Paso and Tijuana-San
Diego, commonly leading to inconsistent treatment processes and
frequent discharge of untreated or poorly treated wastewater,
ultimately increasing environmental contamination of shared water
resources such as the Rio Grande (37, 38). Many other areas along the
border also lack comprehensive WWTPs, increasing public health
risks. This affects vulnerable communities on both sides of the border,
including migrant shelters and underserved rural areas, where
exposure to pathogens and pollutants increases the spread of drug-
resistant infections. Given the limited efficiency of antibiotics and
rapid infection rates within these communities, biofilms formed in the
surrounding wastewater are likely to harbor and protect high
concentrations of pathogenic bacteria, increasing the rates of AMR
development (39).

1.3 The need for wastewater monitoring:
going beyond COVID-19

Due to the presence of high concentrations of microorganisms
and contaminants, as well as resistance patterns in wastewater,
monitoring it more closely becomes crucial for understanding and
managing population health risks. In this context, wastewater
surveillance, also known as wastewater-based epidemiology (WBE),
is a valuable decision-support tool mainly intended to monitor
municipal, clinical, and industrial sewage. With a primary focus on
monitoring infectious diseases, WBE enables early detection of
potential outbreaks in a specific region, even before individuals can
show symptoms, allowing for early intervention and control (40). For
instance, WBE emerged as a vital tool during the COVID-19
pandemic, offering non-invasive monitoring of community-level
infection trends and early warning of outbreaks, often before clinical
cases were reported (41). Its success has also highlighted the potential
for broader applications in monitoring other public health threats,
such as the growing AMR, as it can be implemented to detect and
monitor the presence of ARGs over time and in different regions to
further implement improved treatments or policies to mitigate
AMR (40).

There are currently no standardized or specific methodologies for
conducting WBE to monitor AMR. Common practices include single
or a 24-h sample collection-grab or composite sampling, respectively—
or taken from various locations within the same wastewater stream,
providing a snapshot of AMR status at a specific point in time (42). A
significant challenge present in these types of WBE for monitoring
AMR is that the samples are generally affected by variations in
wastewater flow rates. Storms or excessive rainfall can dilute samples
or increase flow rates, reducing hydraulic retention times and
temporarily washing out slow-growing microorganisms, obscuring
trends in detecting antibiotic-resistant bacteria or ARGs. Additionally,
and particularly in migrant shelters, the population tends to fluctuate
rapidly, with individuals staying only temporarily. This constant
population movement can lead to rapid changes in AMR patterns,
making it challenging to capture consistent trends. Therefore, it is
essential to implement a more comprehensive sampling methodology
to accurately monitor AMR, ensuring that the dynamic nature of these
settings is reflected in the results. Furthermore, WBE can also emerge
not only for tracking AMR trends but also as a valuable tool to better
understand the mechanisms driving the rise of AMR in wastewater.
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2 A more robust WBE strategy:
introducing biofilm sampling

Despite their critical role in AMR, current WBE methodologies
largely overlook biofilm sampling, potentially underestimating the
total concentration of ARGs in wastewater systems. This omission may
represent a significant gap in the true extent of AMR spread within the
environment. Since resistance mutations require time to establish and
propagate, ARGs in traditional WBE samples do not necessarily imply
acquired resistance in a host or the development of resistant bacterial
strains (24). However, as biofilms are inherently providers of ideal
environments for the persistence and retention of microorganisms,
their presence ensures the required time for growth and establishment
of large enough groups of microorganisms. Biofilm’s long-term
protection features also help prevent sampling dilution or washout of
slow-growing microorganisms during increased flow rates caused by
heavy rainfall, increasing the retention times of microorganisms. This
makes biofilms particularly useful in tracking different types of
resistant organisms, especially in systems where environmental
variability may otherwise obscure critical data, as it is less influenced
by temporary changes in wastewater composition and flow. Biofilms
can also provide more significant concentrations of DNA material
than planktonic cells in standard WBE sampling techniques due to the
number of cells present in biofilm clusters, helping to an early
detection of ARB with low sample concentrations, which might not
be possible through routine sampling of water or environmental
surfaces alone. Consequently, the cell protection advantages that
biofilms provide, along with their capability to retain diverse microbial
communities and the large numbers of cell-to-cell interactions, allow
for higher rates of exchange of genetic materials.

Figure 1 summarizes the key factors that make biofilms essential
in the development of AMR; the combination of high cell densities,
along with the protective environment provided by biofilms EPS
matrix, allows for long-term retention of organisms, enhances
horizontal gene transfer and prevents washout, enabling the long-term
persistence of AMR. Therefore, biofilms may constitute hidden or
understudied long-term reservoirs of resistance, potentially
contributing to an underexplored public health threat. Introducing
biofilm sampling into WBE may thereby allow for a more accurate
estimate of the status of AMR and offer a more reliable and robust
strategy compared to current WBE methodologies.

In contrast to conventional WBE approaches that focus primarily
on planktonic bacteria in a given moment, biofilm-based surveillance
may offer a more stable and integrative perspective of AMR. Because
biofilms accumulate and retain microorganisms over time, they
provide a continuous record of resistance dynamics, capturing core
communities less affected by short-term fluctuations in wastewater
composition (43). This enables the detection of low-prevalence ARGs
that might be missed in standard grab samples and offers insights into
long-term trends, bridging the gap between transient signals and the
underlying, persistent reservoirs of resistance (44).

2.1 Biofilm sampling near migrant and
refugee settlements

Biofilm WBE could be especially valuable in migrant shelters and
refugee camps, where biofilm formation and increased AMR are
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FIGURE 1
Biofilms as robust tools for AMR detection.

likely to occur. In addition, these dynamic settings experienced in
migrant shelters due to frequent movement and population
variability complicate the tracking of AMR trends. Here, biofilms
offer a relatively stable environment for microorganisms, enabling
the consistent collection of AMR data and resistant bacteria despite
changes in the population. In addition, given the lack of proper
infrastructure or climate disasters such as extreme flooding, these
communities might be likely affected at a higher scale than other
settings. Sampling biofilms in these cases could help capture resistant
bacteria and ARG that may otherwise be highly diluted or washed
out, preventing the capture of accurate trends. In addition,
inadequate waste management and wastewater treatment are
common issues in vulnerable communities. The surrounding
environment is commonly exposed to significant concentrations and
types of contaminants such as heavy metals, microplastics, and
pharmaceutical residues. Recent studies suggest that these
contaminants may contribute to the increased AMR observed in
wastewater (45-47). Although the precise mechanisms are not yet
fully understood, biofilms may play a key role in AMR dynamics in
these environments due to their active interactions with wastewater
components. Therefore, a biofilm-based WBE approach could
be critical for understanding how AMR interacts with contaminants
and spreads in such vulnerable settings.

An accurate and effective implementation of biofilm-based WBE
needs standardized sampling protocols, including careful selection of
sampling sites (e.g., pipe surfaces, sediment traps, or biofilm carriers
in treatment reactors) and consistent sampling frequency to account
for seasonality and hydraulic variability. Techniques such as employing
removable coupons or scraping biofilm from defined areas can yield
replicable samples, while molecular tools like gPCR or metagenomics
can facilitate ARG detection and quantification (48). The limited
resource availability and the complexity of low-income settings, along
with biofilm complexity and heterogeneity, may pose challenges,
emphasizing the need for simple and cost-effective methods, as well
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as training for local personnel to ensure accurate and sustainable
sampling efforts (49).

2.2 Ethical and social dimensions

All research and implementation of biofilm-based surveillance in
vulnerable settings, particularly among people on the move, must
adhere to strict ethical standards to avoid stigma and discrimination.
Data collection and analysis should prioritize improving living
conditions, access to healthcare, and infrastructure for affected
populations. Therefore, prior engagement and agreement of
community members are essential to understanding the root causes
of AMR within migrant shelters and developing effective strategies to
mitigate it (50). Biofilm-based WBE involves sampling near
communities that often lack agency in surveillance decisions.
Therefore, informed consent and transparent communication about
the research’s purpose, methods, and intended benefits are crucial to
building trust and avoiding stigmatization (51).

The data obtained can help guide actionable interventions, such
as improvement of infrastructure and treatment protocols or better
practices of antibiotics usage, ensuring that surveillance efforts
translate into tangible health benefits for the affected populations.

3 Conclusion

AMR is a growing global concern that threatens public health and
disproportionately affects vulnerable communities, including
locations that host migrants and refugees. Within this context,
biofilms are significant contributors to the persistence and spread of
AMR, acting as key reservoirs of antibiotic-resistant genes in
wastewater environments. Despite this, the role of biofilms in the
spread of AMR has often been overlooked. Regular monitoring and
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control of ARG occurrence in biofilms should be prioritized, especially
in vulnerable settings, current hotspots for AMR, and where biofilm
development may accelerate dissemination rates.

Biofilm sampling can offer a unique advantage in tracking
resistance, as it can capture the adaptive responses of microbial
communities and ARGs despite rapid environmental changes,
potentially providing a more accurate snapshot of resistant pathogens
present in wastewater systems, compared to conventional surveillance
strategies. Additionally, the high cell density within biofilms enables
the effective detection of ARGs even at low concentrations, requiring
smaller sample volumes than traditional methods. Furthermore, the
significantly higher concentration of ARGs in biofilms compared to
water samples suggests a more accurate and representative assessment
of AMR. Therefore, biofilm-based monitoring could serve as a more
robust and reliable approach for tracking AMR trends in wastewater.
We encourage the scientific, public health and global health security
community to explore biofilm-targeted approaches in wastewater
surveillance, as they can help better understand and manage the
adaptive processes that drive the spread of AMR in critical and
vulnerable environments and mitigate global risk, while still protecting
vulnerable communities.
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