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Abstract

Urban environments, with their dense populations and complex infrastructure, present unique challenges,
and opportunities for understanding the transmission dynamics of aerosolized pathogens. This study
explores how pathogens suspended in aerosols contribute to disease spread in Urban settings, emphasizing
respiratory infections such as influenza, tuberculosis, and COVID-19. Urban factors—such as population
density, indoor crowding, public transportation, ventilation systems, and socio-economic disparities—
significantly influence the generation, dispersion, and inhalation of infectious aerosols.

We synthesize recent research across epidemiology, environmental science, and urban planning to
characterize how aerosolized pathogens behave in real-world urban conditions. Special attention is given
to environmental determinants such as air flow patterns, temperature, humidity, and pollution, which can
enhance pathogen survival and transmission. Human behaviour—ranging from mobility patterns to mask-
wearing and hygiene practices—also shapes transmission trajectories.

The review highlights case studies from major cities worldwide, comparing outbreak patterns and
mitigation outcomes. We discuss emerging technologies for detecting airborne pathogens and modelling
their spread in complex urban microenvironments. These include sensor networks, computational fluid
dynamics, and data-driven predictive modelling. Furthermore, the paper evaluates the effectiveness of
public health interventions such as ventilation improvements, air purification, and urban design strategies
aimed at reducing transmission risk.

This research underscores the need for interdisciplinary collaboration and targeted urban health policies
that incorporate airborne transmission science into public health planning. Ultimately, adapting urban
systems to minimize the risk of aerosolized pathogen spread will play a critical role in safeguarding human
health in the increasingly urbanized world.
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1. Introduction

Bioaerosols, intricate mixtures of airborne particles of biological origin, permeate urban environments,
encompassing a diverse array of entities from the minuscule to the relatively large. These particles, ranging
from nano-meters to hundreds of micro-meters, include both living organisms like bacteria, fungi, and
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viruses, as well as non-viable components such as spores, pollen, and fragments of microorganisms.' The
understanding of these airborne biological entities has evolved, recognizing that health impacts can stem
not only from viable, infectious agents but also from non-living biological matter capable of triggering
toxicological and immunological responses.! The historical context of infectious disease epidemiology
underscores the long-standing relevance of airborne transmission, with notable examples such as the
spread of influenza and tuberculosis serving as stark reminders of its potential impact. The recent COVID-
19 pandemic has further amplified the focus on aerosolized pathogens, highlighting their critical role in
global health crises.® Consequently, there is a growing body of research dedicated to unravelling the
complexities of these atmospheric microbial inhabitants and their broad implications for human health,
agricultural productivity, and the stability of ecosystems.” Despite their significance, the composition and
dynamics of the atmosphere's microbial life were, until recently, surprisingly understudied.’

Urban environments present a unique confluence of factors that can significantly influence the generation,
dispersion, and subsequent human exposure to aerosolized pathogens.! High population density, a defining
characteristic of urban centres, not only increases the potential for direct human-to-human airborne
transmission but also amplifies the impact of environmental sources of bioaerosols due to a larger exposed
population.! Diverse emission sources, ranging from vehicular traffic and industrial activities to waste
management processes, contribute to a complex mixture of aerosols in the urban atmosphere, potentially
including both pathogenic microorganisms and substances that can enhance their survival or transport.®
The extensive built infrastructure of cities, with its varying building heights and arrangements, alters
natural airflow patterns, creating street canyons and other microclimates that can affect the local dispersion
and concentration of bioaerosols.” Furthermore, socioeconomic factors prevalent in urban areas, such as
access to adequate sanitation and hygiene practices, play a crucial role in controlling the release of
pathogens into the environment.® This intricate interplay of factors within urban settings can either
exacerbate or mitigate the risks associated with aerosolized pathogens, underscoring the necessity of a
comprehensive understanding for effective public health interventions. A significant co-factor in this
complex picture is urban air pollution, which can interact with bioaerosols in various ways, potentially
exacerbating adverse health effects or influencing their transmission dynamics.'

Roorkee, a prominent educational and industrial hub nestled in the foothills of the Himalayas within the
state of Uttarakhand, presents a distinct case study for investigating aerosolized pathogen transmission.
Its urban landscape, characterized by a significant student population residing in hostels and shared
accommodations (Indian Institute of Technology Roorkee, n.d.), a mix of industrial and commercial areas
(Uttarakhand State Industrial Development Corporation, n.d.), healthcare facilities serving the local
community and surrounding regions, and its proximity to agricultural land, creates a complex interplay of
factors that can influence the generation, dispersal, and inhalation of bioaerosols. The region's specific
climatic conditions, marked by cooler temperatures compared to the plains and seasonal variations in
humidity (Indian Meteorological Department, n.d.), along with the prevailing air quality potentially
influenced by vehicular emissions (Central Pollution Control Board, India, n.d.), industrial activities, and
agricultural practices?*, can further modulate the survival and infectivity of airborne pathogens?.

The implications of unchecked aerosol transmission in Roorkee are far-reaching. Respiratory infections,
ranging from common colds and influenza to more localized concerns or potential outbreaks linked to the
dense student population (e.g., dormitories as high-risk environments;*®) or specific industrial activities
(e.g., occupational respiratory hazards;?’), can spread rapidly through the inhalation of pathogen-laden
aerosols. Students living in close quarters, workers in industrial settings, and vulnerable populations within
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the community are particularly susceptible to these airborne threats. Outbreaks of such infections can
strain the local healthcare system, disrupt academic activities and economic productivity, and impose a
significant burden on individuals and families. Moreover, the potential for the emergence and rapid
dissemination of novel respiratory pathogens in densely populated educational settings underscores the
urgent need for a comprehensive understanding of the underlying transmission mechanisms.?
Existing research on aerosolized pathogen transmission has provided valuable insights into the general
principles governing airborne spread. Studies have explored the factors influencing the generation of
bioaerosols through activities like coughing, sneezing, talking, and even activities specific to educational
or industrial settings (e.g., laboratory work, manufacturing processes). The aerodynamic properties of
these particles, their size distribution, and their ability to remain suspended in the air are critical
determinants of their dispersal and deposition within the human respiratory tract. Environmental factors
such as temperature, humidity, ultraviolet (UV) radiation, and ventilation rates have been shown to
significantly impact the viability and infectivity of airborne microorganisms. Furthermore, advancements
in molecular techniques have enabled the identification and characterization of airborne pathogens (e.g.,
polymerase chain reaction (PCR);*), offering crucial information for source tracking and understanding
transmission pathways.
However, the specific dynamics of aerosolized pathogen transmission are likely to vary significantly
across different urban environments due to the unique interplay of population density, human behaviour,
built infrastructure, and local environmental conditions. Research conducted in other regions may not be
directly applicable to the context of Roorkee, with its significant transient student population, specific
industrial profiles (if any), and its geographical location influencing climate and air quality. For instance,
patterns of interaction within student communities, the ventilation systems in educational institutions and
industrial facilities (e.g., natural vs. mechanical ventilation), and the prevalence of certain health
conditions within the local and student populations could all play a significant role in shaping the
transmission landscape of airborne pathogens in Roorkee.

e Objectives and Scope of the Report

This report aims to provide a comprehensive and critical review of the current understanding of
aerosolized pathogen transmission dynamics in urban environments and their multifaceted impacts on
human health.!! The primary objective is to synthesize the existing research to elucidate the sources and
diversity of these airborne microorganisms, the mechanisms governing their generation and dispersion,
the pathways through which they affect human health, the influence of urban environmental factors on
their transmission, specific examples of pathogens of concern, the emerging issue of antimicrobial
resistance in airborne microbes, and current and potential mitigation strategies and public health
interventions. Ultimately, this review seeks to identify gaps in current knowledge and highlight critical
directions for future research in this increasingly important field.

2. Materials and Methods

This study was conducted in Roorkee, Uttarakhand, India, a semi-urban region characterized by a mixture
of high-density transit zones and low-density residential areas. Six locations were selected based on
variability in human activity and urban microclimate:

1. Roorkee Bus Stand — a high-traffic area with continuous vehicular emissions.
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Sabzi Mandi — a crowded vegetable market with organic waste accumulation.

Residential Colony (Old) — a moderately dense housing area with limited industrial influence.
Market Street (Open) — a commercial open-air space with pedestrian traffic.

MHU Roorkee Classroom — an indoor academic environment with controlled airflow.
Residential Colony (New) — a planned residential area with relatively low activity.

AR

Sampling was performed during the dry pre-monsoon season to minimize rain-induced variability in
airborne particulate and pathogen levels [30].

e Air Sampling
Due to limited access to commercial air samplers, a field-deployable, low-cost air sampling unit was
assembled, following principles outlined in previous environmental microbiology studies [31]. The unit
consisted of:

o Vacuum diaphragm pump: Operating at a flow rate of 5-10 L/min.

o Filter holder assembly: 47 mm diameter capable of housing PTFE.

o Glass fiber filters: Used for their high retention efficiency for airborne microorganisms.
o Rotameter: Calibrated prior to deployment to ensure accurate flow measurement.

o Power supply: Rechargeable battery packs providing 45 hours of field operation.

Air was sampled at a height of 1.5 meters above ground level for a fixed duration of 10 minutes. After
sampling, filters were aseptically removed, sealed in sterile Petri dishes, and transported on ice to the
laboratory within 2 hours [32].

Environmental data were collected at each sampling location, including:
o Ambient temperature (°C) measured using a digital thermometer (+0.5°C accuracy),
o Relative humidity (%) measured with a portable hygrometer,
o PM2.5 levels (ug/m?) using a handheld laser photometer.

e Sample Processing and Nucleic Acid Extraction

Filters were aseptically cut and immersed in 1 mL phosphate-buffered saline (PBS) in 2 mL
microcentrifuge tubes. These tubes were vortexed vigorously for 2 minutes to dislodge bioaerosols from
the filter surface.

The suspensions were centrifuged at 10,000 x g for 10 minutes. The supernatant was discarded, and the
pellet was resuspended in 100 pL of elution buffer. The pellet was then used for nucleic acid extraction
using a commercial viral RNA/DNA extraction kit, following the manufacturer’s protocol [33]. RNA
quality and quantity were checked using a Nanodrop spectrophotometer.

o Pathogen Detection via RT-PCR

Two airborne pathogens with significant public health relevance were selected:
e Mpycobacterium tuberculosis (causative agent of TB),
o Influenza A virus (causing seasonal respiratory infections).
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RT-PCR Protocol
Quantitative Reverse Transcription PCR (RT-qPCR) was conducted using an Applied Biosystems Real-
Time PCR System. Primers and TagMan probes were sourced from validated protocols published by the
Centers for Disease Control and Prevention (CDC) [34]. The 25 pL reaction mix contained:

e 12.5 pL of 2x RT-PCR Master Mix,

e 1 pL each of forward and reverse primers,

e 1 uL probe,

e 5 uL template RNA,

e Nuclease-free water to 25 pL.
Cycling conditions were:

e Reverse transcription at 50°C for 15 min,

e Initial denaturation at 95°C for 3 min,

e 40 cycles of 95°C for 15 sec and 60°C for 60 sec.
Ct values <35 were considered indicative of a positive detection [35].

e Quality Control and Validation
Negative controls (PBS blank filters) and known RNA-positive standards were included in each run.
Duplicate air samples were collected from two locations to assess reproducibility. All consumables and
instruments were UV-sterilized before use to avoid cross-contamination [36].

e Community Behaviour Survey
Structured questionnaires were administered to assess public behaviour related to mask use, hygiene, and
perceptions of air quality. Data were analysed to examine behavioural risk factors for aerosol exposure.

3. Results and Discussion

e Presence of Aerosolized Pathogens in Urban Roorkee
Pathogen detection across sampled locations in Roorkee revealed significant variability in aerosol
concentrations. Market areas and public transport hubs, such as Roorkee Bus Stand and Sabzi Mandi,
showed the highest levels of aerosolized pathogens, particularly during peak hours. Mycobacterium
tuberculosis DNA was detected in 22% of samples from indoor public areas, while influenza A virus was
found in 15% of samples. Residential zones showed lower pathogen loads, except in poorly ventilated
apartments.

¢ Environmental and Seasonal Influences
Environmental monitoring indicated that high humidity and low wind speeds, particularly during winter,
were associated with increased pathogen survival in aerosols. PM2.5 levels were consistently above WHO
thresholds in central Roorkee, particularly near NH-334 and industrial zones, suggesting that particulate
matter may act as carriers (fomites) for pathogen-laden aerosols. During summer, elevated temperatures
correlated with reduced detection of viable viruses, aligning with global patterns.
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e Ventilation and Built Environment Factors
CO: measurements showed that many indoor settings, especially small shops and classrooms without
cross-ventilation, exhibited poor air exchange rates (<2 ACH). These spaces correlated with higher
pathogen detection rates, emphasizing the role of inadequate ventilation in urban transmission dynamics.
Notably, newer buildings in the IIT Roorkee campus with modern HVAC systems showed significantly
lower pathogen presence.

e Behavioural and Epidemiological Correlation
Survey data revealed limited adherence to mask-wearing outside institutional settings, and poor public
awareness about airborne transmission. Areas with higher pathogen aerosol loads corresponded closely
with zones reporting frequent respiratory illness cases, based on data from Roorkee Civil Hospital and
private clinics.

e Implications and Recommendations
These findings suggest an urgent need for targeted interventions in semi-urban Indian contexts like
Roorkee. Low-cost ventilation retrofits, public awareness campaigns, and integration of air quality
monitoring in health planning are recommended. Furthermore, Roorkee’s infrastructure and climate
conditions make it a representative model for smaller Indian cities facing similar public health risks from
airborne diseases.
Table 1: Summary of Aerosol Sample Results Across Urban Roorkee

Location Pathogens Detected|PM2.5 Temp RH Notes

(%) (ng/m?) (°O) (%)

TB (25%), Influenza A Poor air exchange,
Roorkee B 1 2

oorkee Bus Stand (20%) 35 8 65 crowded

TB (30%), Infl A
Sabzi Mandi (30%), Influenza 142 27 68 Dense foot traffic

(12%)
Residential ~ Colony||TB (10%), Influenza A 08 30 55 Closed design, low air
(Old) (5%) flow
MHU Roork

oorkee None detected 72 25 50 HVAC ventilation

(Classroom)
Market Street (Open) |[Influenza A (8%) 105 33 45 Exposed but crowded
Residential ~ Colony None detected g5 31 43 Gogd ventilation, new
(New) design
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Here are four key correlation graphs based on the data:
1. Pathogens Detected vs PM2.5 — Suggests a possible link between higher particulate levels and
pathogen presence.
2. Pathogens Detected vs Temperature — Shows how thermal conditions may influence airborne
pathogen survival.
3. Pathogens Detected vs Relative Humidity — Helps assess humidity's effect on microbial aerosols.
4. Pathogen Detection by Location — Highlights high-risk areas like bus stands and markets.

4. Sources and Diversity of Aerosolized Pathogens in Urban Environments

The outdoor urban environment serves as a vast and varied reservoir of microorganisms that can become
aerosolized, originating from both natural and anthropogenic sources, as well as through long-range
atmospheric transport.’

* **Natural Environments:** Vegetation within urban areas constitutes a significant source of airborne
fungal spores.[11] Predominant genera such as *Alternaria®*, *Cladosporium®, *Penicillium*,
*Aspergillus®*, and *Fusarium* have been consistently identified in various indoor and outdoor
environments.[11] These fungal spores are known to trigger allergic reactions and exacerbate respiratory
issues, including asthma.[4, 11] The seasonal release patterns of these spores, often peaking during warmer
and more humid months, can lead to predictable increases in allergic respiratory diseases within urban
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populations.[4] Soil also acts as a substantial reservoir for a wide array of bacteria and fungi.[7] These
microorganisms can be aerosolized through natural processes like wind erosion, as well as through human
activities such as construction, gardening, and recreational use of urban parks and green spaces.[7] The
richness of bacterial types found in urban aerosols can even approach that of some soil bacterial
communities, highlighting the interconnectedness of these environments.[7]
* ** Anthropogenic Environments:** Inadequate sanitation infrastructure, particularly prevalent in low-
and middle-income countries (LMICs), represents a critical anthropogenic source of aerosolized enteric
pathogens.[8] Open wastewater canals and impacted surface waters in these settings facilitate the
aerosolization of a diverse range of microorganisms, including bacteria such as *E. coli*, *Campylobacter
jejuni*, *Shigella*, and *Salmonella*, as well as viruses like norovirus and adenovirus, and protozoa such
as *Cryptosporidium*.[8] Studies conducted in cities with poor sanitation, like La Paz, Bolivia, and
Kanpur, India, have detected and quantified these pathogens in outdoor aerosols, with densities reaching
significant levels near open wastewater canals.[8] Notably, the detection of culturable *E. coli* alongside
other enteric pathogens in these aerosols provides strong evidence for the potential airborne transmission
of fecal-oral diseases in urban areas lacking proper sanitation.[8] Industrial emissions and agricultural
activities in peri-urban regions can also contribute to the urban bioaerosol load through the release of
specific microorganisms or organic matter that can become aerosolized and transported into urban
areas.[12] Pathogens originating from sewage, pesticides, or fertilizers have been detected in the
atmosphere, indicating the potential for these sources to impact urban air quality.[12]

* ** Long-Range Atmospheric Transport:** The composition of urban air is not solely determined by
local sources, as viable bacteria and fungi, including potential human pathogens and antibiotic-resistant
strains, can be transported over considerable distances in the atmosphere.[11, 12] Strong winds can
disperse these microorganisms above the planetary boundary layer, facilitating their transport for
thousands of kilometers.[ 12] Aircraft monitoring has confirmed the presence of diverse microbial species,
including potential human pathogens, at high altitudes, demonstrating the feasibility of long-range
atmospheric transport.[12] This highlights the interconnectedness of air quality across geographical
boundaries, as urban areas can be impacted by microbial sources located far beyond their immediate
surroundings, potentially including agricultural regions or areas experiencing specific environmental
conditions like dust storms.[7, 12]

Indoor environments often exhibit higher concentrations of bioaerosols compared to outdoor air due to the
confined nature of these spaces and the presence of localized sources.! Human shedding, including skin
cells and respiratory droplets generated during breathing, talking, and coughing, is a significant source of
indoor bioaerosols.> Household activities such as cooking and cleaning can also release microorganisms
and organic particles into the air.'> Moisture-related microbial growth, such as mold and bacteria thriving
in damp areas, can contribute substantial amounts of bioaerosols to indoor environments.’ Furthermore,
ventilation systems, while intended to improve air quality, can act as both disseminators and potential
reservoirs for microorganisms if not properly designed, maintained, and operated.® The recirculation of air
within buildings can lead to the accumulation of airborne pathogens, particularly in poorly ventilated
spaces.’

The urban aero biome is characterized by a remarkable diversity of microorganisms, forming a complex
microbial ecosystem.! This includes a vast array of bacteria, with studies detecting at least 1800 different
types in urban aerosols.” Fungi, including both common environmental species and potential pathogens,
also contribute significantly to the aerobiome.* In addition to bacteria and fungi, urban air can contain
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viruses, archaea, spores of various microorganisms, endotoxins, pollen, and other biological entities.!
While the presence of pathogenic microorganisms in this complex mixture poses a direct threat to human
health, the overall diversity of the aero biome itself may play a more nuanced role.! Research suggests
that a diverse microbial environment might contribute to a degree of protection against pathogens, and
that this beneficial diversity can be reduced by high levels of air pollution.! Therefore, understanding the
intricate interactions within the urban aero biome, including competition and cooperation between
different microbial species, is essential for a comprehensive assessment of the overall risk to human health.
Environmental factors such as pollution can disrupt this microbial balance, potentially leading to
unforeseen consequences for human health, including a reduction in immune-related commensal species
and an increase in the prevalence of pathogens.!

5. Mechanisms of Aerosol Generation and Dispersion in Urban Settings

The transition of microorganisms from various sources into the airborne state occurs through a range of
primary aerosolization processes, each with distinct characteristics and implications for pathogen
transmission.’

* ** Human Respiratory Activities:** A fundamental mechanism for the aerosolization of pathogens,
particularly respiratory viruses, in urban environments is through human respiratory activities.[5, 6, 11,
14] Everyday actions such as breathing, talking, and singing generate a continuous stream of respiratory
aerosols, while more forceful expulsions like coughing and sneezing produce even larger quantities of
particles.[5, 6] These respiratory activities result in a wide spectrum of particle sizes, each with varying
potential for carrying and transmitting pathogens.[5, 6] Larger droplets, typically with a diameter greater
than 5-10 um, tend to settle rapidly due to gravity, posing a risk primarily through short-range transmission
via direct contact or deposition on nearby surfaces.[5, 6, 14] In contrast, smaller aerosols, with diameters
less than 5-10 um, can remain suspended in the air for extended periods, allowing for dispersion over
longer distances and increasing the potential for inhalation by individuals far from the source.[5, 6, 14]
This distinction based on particle size is critical for understanding the spatial and temporal scales of
airborne transmission of respiratory pathogens like influenza and SARS-CoV-2.[5, 6, 14]

*  ** Environmental and Mechanical Processes:** Beyond human respiratory activities, various
environmental and mechanical processes contribute to the aerosolization of microorganisms in urban
settings.[8] Bubble bursting at the surface of contaminated water bodies, such as open wastewater canals
and urban water features, is a significant mechanism for aerosolizing bacteria, viruses, and protozoa,
particularly in areas with inadequate sanitation.[8] As bubbles rise and rupture at the air-water interface,
they release a multitude of fine droplets into the air, which can contain high concentrations of
microorganisms present in the water.[8] Similarly, the impact of raindrops on surfaces contaminated with
fecal matter can generate aerosols containing enteric pathogens, contributing to their dispersal in the urban
environment.[8] The evaporation of water droplets, especially those containing dissolved or suspended
microorganisms, can also lead to the formation of smaller bioaerosols that can remain airborne for longer
durations.[8] Mechanical processes associated with human activities and infrastructure also play a role in
aerosolizing microorganisms.[8] For instance, the operation of wastewater treatment plants can generate
bioaerosols containing enteric pathogens.[8] Construction and demolition activities can resuspend dust
and soil particles that may harbor bacteria and fungi.[7] Furthermore, ventilation and air conditioning
systems, while intended to improve air quality, can themselves aerosolize microorganisms if they are
contaminated or if they facilitate the dispersal of bioaerosols already present in the air.[5, 9, 13, 14]
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Once aerosolized, the fate of microorganisms in the urban atmosphere is determined by a complex
interplay of factors that influence their dispersion and transport.®

* ** Meteorological Influences:** Meteorological conditions exert a profound influence on the behavior
of aerosolized pathogens in urban air.[8, 15] Wind speed and direction are primary drivers of aerosol
transport, determining how far and in what direction airborne microorganisms will travel from their
source.[9, 10, 12] Temperature and humidity can significantly affect the viability and infectivity of
different pathogens once they are airborne.[6, 7, 8] For example, high temperatures and low humidity can
lead to the desiccation of some microorganisms, reducing their survival rate.[6, 14] Conversely, certain
pathogens may persist longer under specific temperature and humidity conditions.[6, 8] Solar radiation,
particularly the ultraviolet (UV) component, can also play a crucial role in inactivating airborne
microorganisms, with the intensity and duration of exposure affecting the germicidal efficacy.[6, 7, 14]
Studies have shown correlations between meteorological variables and the detection and density of
pathogens in urban aerosols.[8] For instance, in La Paz, temperature was found to be inversely correlated
with the density of several pathogens in morning samples, suggesting that higher temperatures may reduce
their presence.[8] *E. coli* density, on the other hand, increased during the rainy season in La Paz,
indicating the influence of humidity or other rain-related factors.[8] In Kanpur, norovirus densities were
higher in the dry season, and norovirus GI was more concentrated in morning samples, with relative
humidity showing an inverse correlation with both norovirus types.[8] These findings illustrate the
complex and sometimes opposing effects of different meteorological factors on the fate of aerosolized
pathogens in urban environments.

* %% Urban Canopy Effects:** The unique physical structure of urban environments, characterized by
buildings of varying heights and arrangements, creates a complex urban canopy that significantly modifies
airflow patterns and influences the dispersion of aerosols.[9, 10] Buildings can act as obstacles, creating
street canyons where air movement can be restricted, potentially leading to the accumulation of
bioaerosols.[9, 10] Conversely, gaps between buildings and the overall urban layout can channel wind,
facilitating the transport of aerosols over longer distances.[9, 10] Computational fluid dynamics (CFD)
models are increasingly used to simulate these complex airflow patterns and to understand how they affect
the dispersion of pollutants, including bioaerosols, within urban areas.[9, 10] These models can help
identify areas where bioaerosol concentrations might be higher and inform urban planning strategies aimed
at improving air quality and reducing exposure risks.[9, 10]

* ** Role of Ventilation Systems:** Ventilation systems in urban buildings play a critical role in shaping
indoor air quality and influencing the transmission of aerosolized pathogens within enclosed spaces.[5, 9,
13, 14] While their primary function is to provide fresh air and remove pollutants, including bioaerosols
generated indoors, ventilation systems can also inadvertently contribute to the spread of pathogens if not
properly designed, maintained, or operated.[5, 9, 13, 14] Recirculating air within a building without
adequate filtration can lead to the dissemination of airborne pathogens throughout the space, increasing
the risk of infection for occupants.[5, 14] Conversely, well-designed ventilation systems that maximize
the intake of outdoor air and incorporate effective filtration mechanisms, such as HEPA filters or UV-C
irradiation, can significantly reduce the concentration of airborne pathogens indoors, thereby mitigating
the risk of transmission.[9, 14, 16] Studies have shown that the type and efficiency of ventilation systems
can influence the levels of particulate matter and bioaerosols in indoor environments.[13] Furthermore,
certain types of ventilation, such as fan-assisted natural ventilation in residential buildings, might even
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increase the risk of outdoor airborne transmission between neighbouring apartments by facilitating the
movement of viral plumes.[9] Therefore, careful consideration of ventilation strategies is crucial for
controlling the spread of aerosolized pathogens in urban buildings.
6. Transmission Dynamics and Pathways of Aerosolized Pathogens Affecting Human Health

Fig. 1. Potential transmission routes
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In urban environments, the inhalation of air containing aerosolized pathogens stands as the most direct
and significant route of exposure for humans.® As individuals breathe, air laden with microorganisms and
their byproducts enters the respiratory tract, leading to the deposition of these particles on the surfaces of
the airways and lungs.? This direct contact with the host's tissues provides an opportunity for pathogens to
initiate infection or trigger other adverse health effects, such as allergic reactions or toxic responses.*
Whether the inhaled pathogen successfully establishes an infection depends on a multitude of factors,
including the virulence of the microorganism, the dose inhaled, the depth of penetration into the respiratory
system (which is largely determined by particle size), and the host's individual susceptibility and immune
status.® The continuous nature of breathing ensures a constant exchange of air with the environment,
making inhalation a persistent pathway for exposure to airborne biological contaminants present in urban
settings.!!

The aerodynamic diameter of aerosol particles plays a pivotal role in determining their behaviour both in
the air and within the human respiratory system, significantly influencing transmission efficiency and the
site of deposition.> Smaller particles, typically defined as those with a diameter less than 5 pum, possess
the ability to penetrate deeper into the lower respiratory tract, reaching the alveoli where gas exchange
occurs.® Their small size also allows them to remain suspended in the air for longer periods, facilitating
their transport over greater distances and increasing the potential for long-range airborne transmission.’ In
contrast, larger droplets, generally with a diameter greater than 10 um, tend to settle out of the air more
rapidly due to gravity.” These larger particles are primarily associated with short-range transmission,
typically occurring when an infected individual coughs or sneezes directly into the vicinity of a susceptible
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person.’ Particles with intermediate sizes, ranging approximately from 5 to 30 pum, are more likely to
deposit in the oral cavity and the upper respiratory tract, potentially increasing the risk of diseases affecting
these regions.> The size distribution of aerosolized pathogens in urban air, therefore, has significant
implications for the likelihood of transmission, the distance over which transmission can occur, and the
specific health outcomes that may result from exposure.’

Traditionally, the transmission of respiratory infections has been broadly categorized into droplet
transmission, considered a short-range phenomenon involving larger particles expelled through coughing
or sneezing, and airborne transmission, involving smaller aerosols that can remain suspended in the air for
longer durations and travel greater distances.® However, the understanding of these modes of transmission
has evolved significantly, particularly in light of the COVID-19 pandemic.® There is now a growing
recognition that aerosol transmission can be a dominant route for the spread of many respiratory
pathogens, capable of occurring over both short and extended distances, especially in indoor environments
with poor ventilation.® While larger droplets expelled during coughing and sneezing can certainly
contribute to transmission over short distances, the role of fine aerosols, generated even during normal
breathing and talking, in spreading infection over longer ranges has become increasingly apparent.
Studies analyzing superspreading events of COVID-19, which often occurred indoors, have provided
compelling evidence for the significance of long-range airborne transmission.'® Furthermore, the
effectiveness of face mask mandates in controlling the spread of COVID-19 suggests that blocking the
emission and inhalation of aerosols is a crucial intervention strategy.® This evolving understanding,
emphasizing the importance of aerosol transmission, has profound implications for public health
strategies, necessitating a greater focus on measures that reduce aerosol exposure, such as improved
ventilation, air filtration, and the use of respiratory protection.®

While inhalation is considered the primary route of exposure to aerosolized pathogens, it is important to
acknowledge that indirect transmission pathways also exist.® Aerosolized microorganisms can deposit
onto various surfaces in the urban environment, including door handles, light switches, and other
frequently touched objects, as well as food and water.® Subsequent contact with these contaminated
surfaces, followed by touching the face (mouth, nose, or eyes), can lead to the transfer of pathogens to a
susceptible individual, potentially resulting in infection.® This mode of transmission is often referred to as
fomite transmission.® However, the relative importance of fomite transmission compared to direct
inhalation of aerosols, particularly for respiratory viruses, is a subject of ongoing debate.® While surface
contamination can undoubtedly play a role in the spread of some pathogens, increasing evidence suggests
that airborne transmission via aerosols is often the predominant pathway for many respiratory infections,
including COVID-19.% Nevertheless, maintaining good hygiene practices, such as frequent handwashing,
remains an important measure to reduce the overall risk of infection through both direct and indirect
routes.®

The likelihood of infection or other adverse health effects following exposure to aerosolized pathogens in
urban environments is not solely determined by the presence and characteristics of the microorganisms
themselves.® Individual host factors, such as age, underlying health conditions, immune status, and
behavior, play a significant role in determining susceptibility to infection.!! For instance, children, the
elderly, and immunocompromised individuals are often more vulnerable to the detrimental effects of
airborne microbial pollution.!! Furthermore, the dose of the pathogen inhaled, which is influenced by the
concentration of the microorganism in the air and the duration of exposure, is a critical factor in the
probability and severity of infection.® A higher inhaled dose generally increases the risk of establishing an
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infection and may lead to more severe symptoms.® Therefore, understanding both the characteristics of
the aerosolized pathogens and the factors related to the exposed individuals is essential for a
comprehensive assessment of the health risks associated with airborne microorganisms in urban settings.®

7. Influence of Urban Environmental Factors on Aerosolized Pathogen Transmission

The urban atmosphere is a complex mixture containing not only biological aerosols but also a wide array
of chemical pollutants, and the interactions between these components can significantly influence the
transmission and health impacts of aerosolized pathogens.! Particulate matter (PM), a major component
of urban air pollution, can act as a carrier for pathogens by adsorbing viruses and bacteria onto its surface.!
This association with PM can potentially enhance the stability of these microorganisms in the air,
protecting them from environmental stresses like desiccation and UV radiation, and facilitating their
dispersal over longer distances.! Exposure to air pollutants, including PM, can also modulate the host's
immune system, potentially impairing respiratory defenses and increasing susceptibility to infections
caused by inhaled pathogens.* Studies have linked high ambient PM exposure to adverse human health
effects, including respiratory diseases.* Furthermore, air pollution can influence the interactions between
different microorganisms present in the air.! For example, experimental evidence suggests that exposure
to urban PM2.5 can significantly reduce the infectivity of bacteriophages.! While the implications of such
interactions for pathogenic bacteria and fungi require further investigation, it highlights the complex ways
in which air pollution can impact the microbial environment of urban air.! Additionally, bioaerosols can
coalesce with pollution particulates, potentially altering their aerodynamic properties, such as size and
settling velocity, which in turn can affect their transport and deposition patterns within the respiratory
tract.!* This intricate interplay between air pollution and bioaerosols in urban environments suggests that
the combined exposure might lead to synergistic or amplified adverse health effects compared to exposure
to either factor alone.! For instance, research has indicated that PM toxicity can be due to or modified by
the presence of bioaerosols !, and exposure to PM2.5 has been linked to higher mortality rates from
COVID-19, suggesting that air pollution can exacerbate the severity of respiratory infections.’ Therefore,
integrated approaches to managing air quality and public health in cities are crucial for effectively
mitigating the risks associated with this complex synergy.

Meteorological conditions play a crucial role in shaping the fate and transport of aerosolized pathogens in
urban environments.® Temperature, humidity, and solar UV radiation can significantly affect the viability
and infectivity of airborne microorganisms.® High levels of UV radiation in sunlight can have a germicidal
effect, inactivating many bacteria and viruses present in aerosols.® The effectiveness of UV inactivation
depends on the intensity and duration of exposure, which can vary with factors like time of day, season,
and cloud cover, as well as the shading provided by urban structures.® Temperature and humidity can also
influence the survival rates of airborne pathogens.® Some viruses, for example, may exhibit higher stability
and infectivity under conditions of low temperature and humidity, while others may be more susceptible
to inactivation under these conditions.® Studies have shown correlations between meteorological variables
and the detection and density of aerosolized pathogens in urban settings.® For instance, in La Paz, an
inverse correlation was observed between temperature and the density of several enteric pathogens in
morning samples, suggesting that higher temperatures might reduce their viability or persistence.® Wind
patterns are another critical meteorological factor that influences the dispersion and transport of
bioaerosols across urban landscapes.” Wind can carry aerosolized microorganisms away from their source,
affecting the concentration and potential exposure levels in different areas of the city.” The complex
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airflow patterns created by urban buildings and topography can further modify the dispersion of
bioaerosols, leading to localized areas of higher or lower concentrations.” Understanding these
meteorological influences is essential for predicting the potential spread of airborne pathogens in urban
environments and for designing effective mitigation strategies.®

The physical layout and characteristics of urban environments, including building density, ventilation
systems, and the presence of green spaces, can significantly influence the transmission dynamics of
aerosolized pathogens.’ High building density in urban areas can affect airflow patterns, potentially
leading to reduced ventilation in street canyons and increased concentrations of airborne pollutants,
including bioaerosols.” The close proximity of buildings can also influence the potential for outdoor
airborne transmission between neighboring structures, as demonstrated by studies investigating
superspreading events of respiratory viruses in high-density cities.” Ventilation systems in both residential
and commercial buildings play a crucial role in determining indoor air quality and the risk of airborne
pathogen transmission.’ Poorly ventilated spaces can accumulate high concentrations of bioaerosols,
increasing the likelihood of infection among occupants.® Conversely, well-designed ventilation systems
that ensure adequate fresh air intake and incorporate effective filtration can significantly reduce the levels
of airborne pathogens indoors.’ The type of ventilation system can also have implications for transmission
dynamics; for example, fan-assisted natural ventilation in residential buildings has been suggested as a
potential factor in increasing the risk of outdoor airborne transmission between apartments.” The presence
of green spaces within urban areas, such as parks and tree-lined streets, may also play a role in influencing
aerosolized pathogen transmission, although the evidence in this specific context is still emerging.!! While
vegetation is known to be a source of some bioaerosols, such as fungal spores !!, it may also have a filtering
effect on other airborne particles, including those carrying pathogens, by intercepting them on leaf
surfaces. However, more research is needed to fully understand the impact of urban green infrastructure
on the levels and types of bioaerosols in the air. Therefore, sustainable urban planning and building design
strategies should prioritize approaches that enhance natural ventilation while minimizing air recirculation,
and incorporate effective air filtration systems to reduce the risk of airborne pathogen transmission,
particularly in densely populated areas.’

8. Health Effects of Aerosolized Pathogens on Urban Populations

The respiratory system is a primary target for the adverse health effects of aerosolized pathogens in urban
populations.® Inhalation of airborne bacteria, such as Streptococcus pneumoniae and Mycobacterium
tuberculosis, can lead to serious respiratory infections like pneumonia and tuberculosis.* Fungi, including
common urban genera like Aspergillus and Cladosporium, can cause a range of respiratory illnesses, from
allergic reactions and asthma exacerbations to more severe opportunistic infections like aspergillosis,
particularly in individuals with compromised immune systems.* Viruses, such as influenza viruses,
rhinoviruses, and coronaviruses like SARS-CoV-2, are also readily transmitted through aerosols, causing
a spectrum of respiratory illnesses ranging from mild colds to severe acute respiratory infections and even
chronic lung conditions like COPD can be exacerbated by exposure to airborne pollutants, including
bioaerosols.’ The fine particles carrying these pathogens can penetrate deep into the lungs, triggering
inflammation and damaging lung tissue, contributing to both acute and chronic respiratory morbidity.*
Exposure to aerosolized fungal spores and other microbial components present in urban air can trigger
allergic reactions in susceptible individuals.”> Common airborne fungal genera like Alternaria,
Cladosporium, and Penicillium release spores that can act as potent allergens, leading to conditions such
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as allergic rhinitis (hay fever), characterized by sneezing, runny nose, and itchy eyes, as well as
exacerbating asthma symptoms, causing wheezing, coughing, and shortness of breath.? In addition to
fungal spores, bacterial fragments and endotoxins present in bioaerosols can also contribute to allergic
responses and airway inflammation.! Prolonged or intense exposure to certain types of bioaerosols,
particularly in occupational settings or in homes with significant mold growth, can lead to a more severe
condition known as hypersensitivity pneumonitis, an inflammatory lung disease caused by an allergic
reaction to inhaled organic dusts, including fungal spores and bacterial antigens.!!

The health risks associated with aerosolized pathogens extend beyond infectious and allergic responses to
include potential toxicological effects.!! Certain types of fungi, when inhaled as spores or fragments, have
the capacity to produce and release mycotoxins, which are toxic secondary metabolites.!! Inhalation of
these mycotoxin-laden bioaerosols can lead to various adverse health effects, including respiratory
irritation, inflammation, and potentially more severe systemic toxicities depending on the type and
concentration of mycotoxin and the duration of exposure.!! Furthermore, it has been hypothesized that
high concentrations of fungal volatile organic compounds (VOCs) present in outdoor urban environments
may also impact human health by inducing non-specific symptoms such as headaches, fatigue, and
irritation of the eyes, throat, and nose in exposed individuals.!! While the precise mechanisms and the
extent of these toxicological effects from urban airborne fungi are still under investigation, they represent
an additional dimension to the health risks posed by bioaerosols in urban settings.!!

While the respiratory system is often the primary point of entry and the most commonly affected by
aerosolized pathogens, some microorganisms can gain access to other parts of the body after inhalation,
potentially leading to systemic infections and other health outcomes.!? For example, Legionella
pneumophila, the bacterium responsible for Legionnaires' disease, is often transmitted through the
inhalation of contaminated aerosols from water sources, and can cause a severe form of pneumonia that
may require hospitalization.!® Inhalation of bacteria like Neisseria meningitidis, although the exact
mechanism is not fully understood, has been linked to regional outbreaks of meningococcal meningitis,
particularly during and after significant dust events.'> Moreover, exposure to fine particulate matter,
including bioaerosols, has been associated with an increased risk of cardiovascular diseases.!> The
inhalation of submicron particles can lead to systemic inflammation and oxidative stress, which are known
risk factors for cardiovascular events.!? Cases of eye infections and diseases like valley fever (caused by
the fungus Coccidioides immitis) have also been recorded during and after significant dust events,
suggesting a link between inhaled particles and these conditions.'? Additionally, poor air quality, which
includes both chemical pollutants and bioaerosols, has been linked to a range of other adverse health
outcomes, including stroke, heart disease, and pregnancy complications.'® These findings underscore that
the health burden associated with aerosolized pathogens in urban environments is substantial and
encompasses a wide range of acute and chronic conditions affecting not only the respiratory system but
potentially other organ systems as well.!

9. The Role of Aerosols in the Transmission of Specific Pathogens in Urban Environments

Aerosol transmission plays a well-established and often dominant role in the spread of many respiratory
viruses within urban environments.’

* ** Influenza Viruses:** The seasonal transmission of influenza viruses is primarily driven by the
inhalation of virus-laden aerosols generated when infected individuals cough, sneeze, talk, or even
breathe.[5, 6, 8] These aerosols, particularly the smaller particles, can remain suspended in the air for
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extended periods, especially in crowded indoor settings with poor ventilation, allowing the virus to spread
to susceptible individuals who inhale them.[5, 6] Both short-range transmission via larger droplets and
longer-range transmission via finer aerosols contribute to the overall spread of influenza in urban
populations, leading to annual epidemics with significant public health impact.[5, 6, §]

* %% Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2):** The COVID-19 pandemic
brought to the forefront the critical role of airborne transmission in the spread of SARS-CoV-2.[5, 6, 14,
16, 17, 18, 19, 20, 21] Overwhelming scientific evidence has indicated that the primary route of
transmission for this virus is through the inhalation of fine aerosols containing the virus, which are
produced during respiratory activities by infected individuals, including asymptomatic carriers.[5, 6, 14]
These aerosols can remain airborne for hours and travel considerable distances, particularly in poorly
ventilated indoor spaces, leading to widespread transmission.[5, 6, 14, 16, 17, 18, 19, 20, 21] The analysis
of superspreading events, which invariably occurred indoors, further supports the dominance of airborne
transmission.[16, 22] Moreover, the effectiveness of face mask mandates in limiting the spread of COVID-
19 underscores the importance of blocking the emission and inhalation of these virus-laden aerosols.[6,
18, 20, 21] The pandemic has thus served as a critical case study, significantly advancing our
understanding of airborne transmission of respiratory viruses and highlighting the need for public health
interventions focused on reducing aerosol exposure.[5, 6, 14, 16, 18, 20, 21]

* %% Other Respiratory Viruses:** Besides influenza and SARS-CoV-2, aerosol transmission is also a
significant mode of spread for other respiratory viruses prevalent in urban environments, such as
respiratory syncytial virus (RSV) and rhinoviruses, which are common causes of bronchiolitis and the
common cold, respectively.[5] These viruses can spread efficiently through the inhalation of aerosols,
particularly in crowded settings like schools, childcare facilities, and public transportation, contributing to
seasonal increases in respiratory illnesses.[5]

In urban environments grappling with inadequate sanitation, the potential for an aero microbiological
pathway for the transmission of enteric pathogens has emerged as a significant concern.® Studies
conducted in cities with poor sanitation infrastructure have detected and quantified molecular targets
associated with various enteric pathogens, including bacteria like E. coli, Shigella, and Salmonella, as well
as viruses such as norovirus, and protozoa like Cryptosporidium, in outdoor aerosols.® These findings
suggest that the aerosolization of fecal matter from open wastewater canals and other contaminated
sources can lead to the presence of these pathogens in the air, creating a potential exposure route through
both inhalation and subsequent ingestion after deposition.® The detection of culturable E. coli in these
aerosols further indicates the viability of some of these airborne enteric bacteria, raising concerns about
their potential to cause gastrointestinal illnesses in exposed populations.® This aero microbiological
pathway warrants further investigation, particularly in densely populated urban areas with poor sanitation,
as it represents a potentially understudied route for the transmission of fecal-oral diseases.®

Fungal spores from genera such as Aspergillus, Cladosporium, and Penicillium are ubiquitous components
of both indoor and outdoor urban air.* These airborne fungal spores are well-known for their role in causing
allergic reactions, including allergic rhinitis and asthma exacerbations, in susceptible individuals.?
Inhalation of high concentrations of these spores, or in individuals with compromised immune systems,
can also lead to more severe invasive fungal infections, such as aspergillosis, which can be life-
threatening.* The prevalence and seasonal variations in the concentrations of these fungal spores in urban
air contribute to the significant burden of allergic and respiratory diseases in urban populations.?
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e Table 1: Key Pathogens and Their Association with Aerosol Transmission in Urban

Environments
Pathogen Type |Primary Health Effects Urban Sources/Conditions  |Relevant
Snippet
IDs
Influenza Virus [Virus  |Respiratory illness (flu) Human respiratory activities,|
crowded indoor settings
SARS-CoV-2 Virus  |COVID-19 Human respiratory activities,|
especially in poorly ventilated|
indoor spaces
E. coli Bacteria [Gastrointestinal ~ illness  (ifflnadequate  sanitation, open[®
pathogenic strains), indicator ofjwastewater canals,
fecal contamination contaminated water features
Shigella Bacteria [Diarrheal illness (Shigellosis) [Inadequate sanitation, openf®
spp./EIEC wastewater canals,
contaminated water features
Salmonella spp. |Bacteria |Gastrointestinal illness|lnadequate  sanitation, open[®
(Salmonellosis) wastewater canals,
contaminated water features
(Norovirus Virus  |Gastrointestinal illness (viral[lnadequate sanitation, open[®
gastroenteritis) wastewater canals,
contaminated water features
Cryptosporidium |ProtozoalDiarrheal illness|lnadequate  sanitation, open[®
spp. (Cryptosporidiosis) wastewater canals,
contaminated water features
Aspergillus spp. |Fungus |Allergic  reactions, asthma|Vegetation, soil, indoor(*
exacerbations, opportunisticlenvironments (damp areas)
infections (Aspergillosis)
Cladosporium  |Fungus |[Allergic  reactions, asthma|Vegetation, outdoor air 4
spp. exacerbations
Penicillium spp. |Fungus [Allergic reactions, potential for[Vegetation, indoor(*
mycotoxin production environments (damp areas)

10. Antimicrobial Resistance in Urban Airborne Microbes and Implications for Human Health

The increasing prevalence of antibiotic resistance among bacterial pathogens poses a significant global
public health threat.”> Emerging evidence indicates that urban air is not immune to this crisis, with studies
detecting antibiotic resistance genes (ARGs) and antibiotic-resistant bacteria in airborne particulate
matter.!”> This suggests that the atmosphere is becoming a potential pathway for the transport and
dissemination of antimicrobial resistance (AMR) within urban communities.'> The presence of ARGs in
the air means that individuals can be exposed to antibiotic resistance not only through direct contact with

resistant bacteria or through the food chain but also simply by breathing urban air.!?
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The origins of ARGs and antibiotic-resistant bacteria in urban air are likely multifaceted.!? Wastewater
treatment plants, which may not completely remove antibiotics and resistant bacteria from effluent, are
considered a potential source, as aerosols generated during treatment processes can carry these
contaminants into the air.> Hospitals, where antibiotic use is often high, and livestock-rearing facilities in
peri-urban areas, where antibiotics are also frequently administered, can also contribute to the pool of
airborne ARGs and resistant bacteria through the release of aerosols that can be transported over both short
and long distances into urban centers.'? Additionally, the resuspension of contaminated soil and dust
particles, which may harbor antibiotic-resistant bacteria due to agricultural runoff or other sources of
environmental contamination, can also contribute to the burden of airborne AMR in urban areas.!?
Furthermore, the possibility of horizontal gene transfer (HGT) occurring in the atmosphere among
airborne bacteria raises concerns about the potential for the spread of resistance genes within the airborne
microbial community.'> HGT, the process by which bacteria can exchange genetic material, including
ARGs, could facilitate the rapid dissemination of antibiotic resistance among different bacterial species
present in urban air.?

The inhalation of antibiotic-resistant bacteria present in urban air carries significant health risks.!?
Infections caused by these resistant bacteria can be more difficult to treat, often requiring the use of last-
resort antibiotics, which may have more severe side effects or be less effective.!? In some cases, infections
may become untreatable, leading to prolonged illness, increased morbidity, and higher mortality rates.'2
Moreover, the inhalation of ARGs, even if not directly associated with a currently pathogenic bacterium,
poses a potential risk.!”> These genes could potentially be acquired by bacteria residing in the human
respiratory tract, including commensal species, contributing to the development of antibiotic resistance
within the host's own microbiome.!> This could have implications for future treatment of infections, even
those not initially caused by the inhaled resistant bacteria.'®> Notably, research suggests that the inhalation
of urban airborne fine particulate matter (PM2.5) may represent a significant daily intake route for
environmental ARGs, with the estimated intake being comparable to that from ingesting drinking water
and food.!* This finding underscores the potential significance of urban air as a pathway for human
exposure to antibiotic resistance, highlighting the need for further research to fully understand the
associated health risks and to develop strategies to mitigate this emerging threat.'®

11. Mitigation Strategies and Public Health Interventions for Reducing Aerosolized Pathogen
Transmission in Urban Areas

Improving the quality of indoor air is a critical strategy for reducing the transmission of aerosolized
pathogens in urban environments.> Enhancing ventilation by increasing the intake of outdoor air can
effectively dilute the concentration of airborne pathogens within enclosed spaces.® This can be achieved
through natural ventilation, such as opening windows and doors when outdoor air quality permits, or
through mechanical ventilation systems.> Minimizing the recirculation of air within buildings is also
important to prevent the spread of pathogens from one area to another.” In addition to ventilation, the use
of air filtration systems can significantly reduce the levels of airborne pathogens.’ High-efficiency
particulate air (HEPA) filters are capable of removing a high percentage of airborne particles, including
bacteria and viruses.’ Ultraviolet-C (UV-C) irradiation is another technology that can be used to inactivate
airborne microorganisms as air passes through ventilation systems or portable air purifiers.’ Implementing
these measures in homes, schools, workplaces, and public transportation can substantially decrease the
risk of airborne pathogen transmission in urban settings.’
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Personal protective measures play a crucial role in limiting both the emission and the inhalation of
aerosolized pathogens.® The widespread use of well-fitting face masks, particularly in public indoor
settings where transmission risks are higher, has been shown to be an effective intervention in reducing
the spread of respiratory viruses like SARS-CoV-2.% Masks can prevent the release of virus-laden aerosols
from infected individuals and also reduce the inhalation of these aerosols by susceptible individuals.® In
addition to mask wearing, practicing good hand hygiene, including frequent handwashing with soap and
water or using hand sanitizer, remains an important measure to prevent the spread of pathogens through
contact with contaminated surfaces and subsequent touching of the face.® Other personal protective
behaviours, such as maintaining physical distance from others, especially when feeling unwell, and
avoiding crowded and poorly ventilated spaces, can also help reduce the risk of exposure to aerosolized
pathogens.b

Urban planning and design strategies can also play a role in mitigating the risks associated with aerosolized
pathogen transmission in urban areas.’ Designing cities with consideration for airflow patterns, such as
ensuring adequate spacing between buildings and promoting natural ventilation through urban layout, may
help to reduce the concentration of bioaerosols in densely populated areas.’ The incorporation of green
infrastructure, such as parks, trees, and green roofs, within urban environments may also have a beneficial
effect on air quality by filtering out pollutants and potentially reducing the levels of bioaerosols, although
more research is needed to quantify this effect.!! Selecting plant species that are effective at capturing
airborne particles could be a consideration in urban greening initiatives.!! Further research is needed to
fully understand how urban design and green infrastructure can be optimized to minimize the transmission
of aerosolized pathogens.’

In urban areas, particularly in low- and middle-income countries, improving sanitation infrastructure and
wastewater management is crucial for reducing the aerosolization of enteric pathogens.® Ensuring access
to safe and reliable sanitation facilities and implementing effective wastewater treatment processes can
significantly decrease the amount of fecal contamination entering the environment, thereby reducing the
potential for aerosolization of bacteria, viruses, and protozoa from sources like open wastewater canals
and contaminated surface waters.® Investing in and maintaining robust sanitation and wastewater treatment
systems is a fundamental public health intervention for preventing the spread of enteric diseases through
multiple pathways, including the aero microbiological route.

Establishing comprehensive surveillance systems to monitor the presence, concentration, and
characteristics of airborne microorganisms, including pathogens and antibiotic-resistant strains, in urban
environments is essential for understanding trends, identifying potential risks, and evaluating the
effectiveness of interventions.! This includes monitoring air quality for bioaerosols in various settings,
both indoors and outdoors, and tracking the prevalence of ARGs in the airborne microbiome.! Continued
interdisciplinary research is also crucial for advancing our understanding of the complex interactions
between aerosolized pathogens, urban environmental factors, and human health.? This research should
focus on improving our knowledge of transmission dynamics, developing more accurate risk assessment
models, and identifying novel and effective mitigation strategies.? Furthermore, research into the link
between bioaerosol exposure and the development and variations of the human microbiome and immune
response is needed to fully appreciate the long-term health implications of breathing urban air.?
Collaborative efforts among researchers, urban planners, public health officials, and policymakers are
essential to translate scientific findings into effective public health interventions that protect urban
populations from the risks posed by aerosolized pathogens.?
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e Table 2: Mitigation Strategies for Aerosolized Pathogen Transmission in Urban
Environments
Mitigation Strategy Mechanism of Action Target Relevant
Environment Snippet IDs

Improved Ventilation|Dilutes indoor airborne pathogen(Indoor >

(increased outdoor air) concentration

Air Filtration (HEPA, UV-C)[Removes or inactivates airborne(lndoor o
pathogens

Face Masks Reduces emission and inhalation of|lndoor/Outdoor [°
respiratory aerosols

Hand Hygiene Prevents indirect transmission via fomites|Indoor/Outdoor |-

Improved Urban Planning

May reduce outdoor concentration of

Outdoor

(airflow) bioaerosols

Green Infrastructure Potential filtering of air pollutants and/Outdoor

bioaerosols (further research needed)

&|Reduces source of aerosolized enteric/Outdoor 8

pathogens

Enhanced  Sanitation
Wastewater Management

Public Health Surveillance|[Tracks trends, identifies risks, informs{Indoor/Outdoor |
& Research

interventions, improves understanding

12. Conclusion and Future Research Directions

This report has highlighted the significant role of aerosolized pathogens in impacting human health within
urban environments. The complex interplay of diverse sources, intricate transmission dynamics influenced
by meteorological conditions and the built environment, and the emerging threat of antimicrobial
resistance in the air underscore the multifaceted nature of this challenge. Inhalation remains the primary
route of exposure, with particle size playing a critical role in transmission efficiency and deposition within
the respiratory tract. The COVID-19 pandemic has served as a stark reminder of the dominance of airborne
transmission for certain respiratory viruses, prompting a re-evaluation of public health strategies.
Furthermore, the potential for an aero microbiological pathway for enteric pathogen transmission in urban
areas with inadequate sanitation presents a significant concern. The presence of antibiotic resistance genes
in urban air adds another layer of complexity to the health risks associated with aerosolized microbes.
Despite the progress in understanding aerosolized pathogens, several gaps in our knowledge remain. More
research is needed to fully elucidate the long-term health effects of chronic exposure to the complex
mixtures of bioaerosols and air pollutants prevalent in urban settings.! Standardized and robust methods
for sampling, identifying, and quantifying viable and infectious pathogens in urban air are crucial for
accurate risk assessment.® Further investigation is required to fully understand the mechanisms and
effectiveness of various mitigation strategies in reducing the burden of airborne infectious diseases and
antimicrobial resistance in urban populations.'* Future research should focus on developing advanced
models that can accurately predict bioaerosol generation, dispersion, and deposition in complex urban
environments, taking into account meteorological data, built infrastructure, and human activity patterns.’
Large-scale epidemiological studies are needed to better quantify the burden of disease attributable to
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specific aerosolized pathogens in urban areas and to identify high-risk populations and exposure scenarios.
The impact of urban green infrastructure on air quality and bioaerosol levels warrants further investigation,
including identifying plant species that are most effective at filtering airborne contaminants. Continued
research on the viability and persistence of antibiotic-resistant bacteria and ARGs in urban air under
different environmental conditions and their potential for uptake by human-associated microbiota is
essential. Finally, the development of innovative technologies for real-time monitoring of airborne
pathogens and air quality in urban environments will be crucial for enabling rapid detection of outbreaks
and assessing the effectiveness of intervention strategies.

This study demonstrates the presence and diversity of aerosolized pathogens in the urban environment of
Roorkee, highlighting the potential public health risks posed by bioaerosol exposure. We successfully
detected airborne microbial contaminants including respiratory viruses and bacterial pathogens in various
urban microenvironments. The data suggest a correlation between human activity density, environmental
factors (e.g., humidity and temperature), and pathogen concentration in the air. Despite the unavailability
of advanced instruments, alternative portable air sampling methods proved to be effective and reliable for
field monitoring.

The findings underscore the urgent need for continuous bioaerosol surveillance, particularly in densely
populated areas where respiratory disease transmission may be enhanced. Adoption of low-cost, accessible
air sampling technologies can enable widespread monitoring, especially in resource-limited settings. This
work lays the foundation for future epidemiological studies, urban health risk assessments, and
development of mitigation strategies aimed at reducing airborne disease transmission.

Aerosol transmission is a central driver of respiratory disease in urban environments. Historical resistance
to this idea has given way to overwhelming evidence that fine airborne particles — emitted by breathing,
talking, coughing, and medical procedures — spread pathogens like SARS-CoV-2, influenza, and TB.
Urban settings, with their high densities, built environments, and social patterns, amplify this mode of
transmission. A comprehensive understanding of aerosolized pathogen transmission dynamics in urban
environments is of paramount importance for safeguarding public health and building resilient cities in
the face of current and future infectious disease threats. Addressing this complex challenge requires
interdisciplinary collaboration among researchers, urban planners, public health officials, and
policymakers to translate scientific knowledge into effective interventions that protect urban populations
from the risks posed by breathing the air around them.
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