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BSL-3 laboratories are fundamental for the safe handling of infectious microorganisms that require high-containment measures.
Through a literature review, this work was aimed at highlighting the importance of these laboratories in supporting research and
public health responses, especially during health emergencies. The review presents an overview of the global distribution of BSL-3
facilities, the impacts of the COVID-19 pandemic on laboratory investments, and future perspectives on their role in national
development. It was observed that the pandemic exposed limitations in laboratory capacity, leading many countries to operate
in suboptimal environments, underscoring the need for strict biosafety standards and preparedness infrastructure. This review
also identifies disparities in global BSL-3 capacity—particularly in low- and middle-income countries—and examines the
Brazilian context, where the absence of a unified regulatory framework hinders progress. By synthesizing international trends
and Brazil’s recent initiatives, including the development of its first BSL-4 laboratory, this work contributes to understanding
the challenges and opportunities for strengthening biosafety infrastructure in support of equitable pandemic preparedness.
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1. Introduction

Human infectious diseases, even after the advent of vaccines,
are still responsible for substantial morbidity and mortality
rates. This century has witnessed a wave of severe outbreaks
of infectious diseases, which developed into a pandemic with
a significant impact on lives and livelihoods, like the
COVID-19 pandemic [1]. Cases such as this one call into
question the thought that infectious diseases would no lon-
ger be a significant public health problem; however, the
emergence of new human pathogens and resurgence of
infections indicate the continuity of health problems associ-
ated with these diseases, as well as point to the need for bet-
ter structuring and preparation of countries facing outbreaks

[2]. Investing in robust infrastructure, such as biosafety level
(BSL) laboratories, is paramount for effective disease man-
agement and research.

BSL laboratories are classified based on the risk level of
the microorganisms handled. As each level progresses, addi-
tional considerations are included at the previous level in the
form of necessary equipment and infrastructure, aligning the
physical design with infectivity, disease severity, transmissi-
bility, and the nature of the work performed [3]. Biosafety
Level 1 (BSL-1) works with agents that do not cause human
disease. These pose no potential risk to people or the envi-
ronment; for example, experiments using nonpathogenic
Escherichia coli. Biosafety Level 2 (BSL-2) works with micro-
organisms that generate moderate risk for the laboratory and
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the community; for example, Hepatitis A. Biosafety Level 3
(BSL-3) works with agents that can lead to severe and poten-
tially lethal diseases through the respiratory tract, such as
Mycobacterium tuberculosis that causes tuberculosis. Finally,
Biosafety Level 4 (BSL-4) is the highest BSL, designed for
work with agents that may be transmitted via aerosol, which
leads to fatal diseases in humans and for which there are no
vaccines or treatments available, such as the Ebola virus [4].

Recently, the importance of these facilities gained great
notoriety with the onset of the COVID-19 pandemic, due
to the demand for a rapid response to the healthcare emer-
gency through suitable locations for the development of
research endeavors by those studying the disease, rapid
diagnostic and spanning from its identification to the explora-
tion of prevention methods [5]. Private or public healthcare
laboratories and research laboratories must constantly dem-
onstrate vigilance regarding the dangers associated with the
cultivation and spread of infectious agents [6]. With this in
perspective, there is an increasing need for adopting a har-
monized approach to biosafety management in places
exposed to potential pathogens, as well as in areas and
countries that still lack dedicated facilities to address emerg-
ing risks. This can directly contribute to addressing global
public health concerns [7].

The COVID-19 pandemic highlighted the critical role of
BSL-3 facilities in rapid diagnostics, research, and vaccine
development [8]. The implementation of these structures,
especially in countries that lack this investment, would be
of fundamental importance to deal with the emergency risk
of this and other respiratory diseases, which are currently
drawing attention to the prospects of causing outbreaks
and possible outbreaks due to the potential dissemination
associated with infection by these types of pathogens [9].
Brazil, for instance, grapples with numerous viral pathogens,
including arboviruses, and would significantly benefit from
expanded BSL-3 capacity [10].

Given the events of the past, it is possible to show where
the health systems have acted successfully. However, it is
also possible to identify where there have been failures in
facing the outbreaks of respiratory viruses. One of them
was the lack of infrastructure in some countries, particularly
BSL-3 laboratories, mobile diagnostic units, and genomic
surveillance platforms, which led to the adaptation of less
suitable environments [11, 12]. This review is aimed at
emphasizing the importance of preparedness through strate-
gic investments in BSL-3 laboratories and other essential
measures. By doing so, decision-makers and stakeholders
can better navigate future health challenges and protect pop-
ulations from the devastating impact of infectious diseases.

2. BSL-3 Laboratories: Structure, Use, and
Regulatory Issues

BSL-3 laboratories are specialized facilities meticulously
designed for the safe handling of Risk Group 3 microorgan-
isms. These pathogens pose a high individual risk, though
the community risk is generally moderate and often has
available treatments and preventive measures. BSL-3 labora-
tories are crucial for research involving infectious agents
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transmissible through aerosols, which can cause severe or
life-threatening diseases in humans or animals [13].

The architecture and engineering controls of a BSL-3
laboratory prioritize the containment of pathogens and the
safety of personnel and the surrounding environment.
Guidelines and manuals, such as those published by the
World Health Organization (WHO) Laboratory Biosafety
Manual [13], the CDC Microbiology and Biomedical Labora-
tory Biosafety Manual [4], the National Institutes of Health
(NIH) Design Requirements Manual [14], and the World
Organization for Animal Health (OIE) Terrestrial Animal
Health Code [15], outline stringent requirements for labora-
tory design and operation. These requirements are aimed at
reducing and preventing operator exposure to aerosols, pre-
venting accidental escape of stored or manipulated patho-
gens, reducing or eliminating the risk of accidents that
may lead the operator to direct exposure to the manipulated
pathogens, and preventing biosafety violations of pathogens
with a severe risk of causing diseases with considerable mor-
bidity and mortality [16].

It is noteworthy that the WHO, in its most recent labo-
ratory biosafety manual, has transitioned away from the tra-
ditional BSL terminology [13]. Instead, the WHO now
employs a risk group classification system that considers
not only the pathogenicity of the microorganism but also
factors such as the availability of preventive measures and
treatments and the potential for community transmission.
This shift reflects a more comprehensive approach to bio-
safety, acknowledging the multifaceted nature of risk associ-
ated with infectious agents.

While high-containment laboratories are vital for pan-
demic preparedness and research, their proliferation also
increases the potential for adverse events, including acciden-
tal exposures and intentional misuse of pathogens [17-19].
Implementing robust reliability measures is essential to mit-
igate these risks. These measures encompass access and
inventory controls; surveillance systems; strict protocols for
handling, transport, and disposal of microorganisms; and
geographic risk assessments.

It is possible to discuss some reliability measures that can
be applied to the context of high-containment laboratories,
such as establishing access and inventory controls, restrict-
ing access to areas involving personal identification systems,
and keeping up-to-date records of all biological agents
stored, respectively. Monitoring through the implementa-
tion of surveillance systems should also be carried out, in
addition to other safety procedures to establish clear and
strict protocols for the handling, transportation, and dis-
posal of microorganisms. Another measure that should be
considered is carrying out an analysis of the geographical
distribution of these laboratories, exploring factors such as
population density and proximity to urban areas, since this
knowledge can help minimize the risk of accidental exposure
in the event of failures in the containment system [18, 20].

Regarding the use of protective equipment, for BSL-3, it
is essential to have primary barriers (personal protective
equipment—PPE) and secondary barriers (architecture,
building, installation) to carry out activities safely in the lab-
oratory. PPE such as gloves, lab coats, coveralls, respirators,
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hoods, face shields, goggles, shoes, or boots constitute the
primary barrier, as well as equipment such as boilers for
effluent treatment, autoclaves, emergency showers, and eye
washers. However, the primary barrier in a BSL-3 environ-
ment is the biosafety cabinets (BSCs), equipment used for
handling infectious microorganisms, which, if used cor-
rectly, will not compromise the protection offered to the
user. The secondary barrier is related to the physical infra-
structure aiming to protect the environment from infectious
materials and provide safe conditions for users in the execu-
tion of activities and operations. It is essential to highlight
that the air conditioning and exhaust system must be
designed for operation with exclusive dedication to func-
tionalities and permanent monitoring of the parameters to
provide an adjusted balance of the system based on the air-
flow (always in a single direction, that is, from the least con-
taminated area to the most contaminated area) [21]. Table 1
shows a set of the critical requirements to be considered for a
BSL-3 facility [21].

BSL-3 laboratories are versatile, serving clinical, diagnos-
tic, teaching, research, and production purposes [22]. They
play an indispensable role in diagnosing infectious diseases,
understanding pathogen biology, developing vaccines and
treatments, producing biological agents, and responding to
epidemics and pandemics [10].

It is crucial to acknowledge that despite the existence of
WHO guidelines, there is currently no overarching interna-
tional authority responsible for monitoring or regulating the
operation of high-containment facilities such as BSL-3 labo-
ratories. Consequently, the onus of implementing appropri-
ate biosafety policies falls upon individual countries and
institutions [23].

In the United States, for instance, two primary regula-
tory frameworks exist: the Select Agent Program and the
NIH Guidelines for Research Involving Recombinant or
Synthetic Nucleic Acid Molecules. However, neither pro-
gram comprehensively covers all BSL-3 activities. The Select
Agent Program, administered by the US Department of
Agriculture, focuses on agents posing a severe threat to pub-
lic, animal, or plant health, potentially excluding BSL-3
pathogens deemed to have a lower risk of misuse [23, 24].
The NIH Guidelines for Research Involving Recombinant
or Synthetic Nucleic Acid Molecules provide comprehensive
requirements for experiments involving such materials.
However, these guidelines are primarily focused on recombi-
nant and synthetic nucleic acids and may not explicitly cover
all types of biological research conducted in BSL-3 laborato-
ries, particularly those that do not involve genetic manipula-
tion [25]. Likewise, the Federal Select Agent Program
regulates a defined list of biological agents and toxins con-
sidered to pose a severe threat to public, animal, or plant
health [23]. Therefore, BSL-3 activities not involving select
agents or recombinant DNA may be subject to institutional
biosafety oversight rather than direct federal regulation.

BSL-3 laboratories serve a critical and multifaceted role
in combating infectious diseases, from diagnosis to vaccine
development. However, the lack of a centralized interna-
tional regulatory body highlights the current reliance on
individual nations and institutions to uphold biosafety stan-

dards. The regulatory frameworks in the United States, such
as the Select Agent Program and NIH Guidelines, primarily
focus on specific categories of high-risk agents and recombi-
nant research [25]. As a result, oversight of BSL-3 laborato-
ries may vary depending on the nature of the work and the
institutional biosafety policies in place. As the global land-
scape of infectious diseases evolves, understanding the distri-
bution and operational status of BSL-3 laboratories
worldwide becomes increasingly vital, paving the way for a
more comprehensive assessment of global preparedness
and potential vulnerabilities.

2.1. Identifying BSL-3 Laboratories Worldwide. To estimate
the global distribution of BSL-3 laboratories, a 2022 survey
conducted by the Center for Security and Emerging Tech-
nology (CSET) investigated publications in the PubMed
Central database. The study identified 57 countries with
BSL-3 laboratories, with a notable concentration in the
United States and China. Among these, only eight countries
reported more than 10 unique institutions possessing BSL-3
capabilities [23]. It is crucial to recognize that while some
laboratories may be colocated, others might exist that were
not captured in this research.

The United States’ prominence in BSL-3 infrastructure
can be attributed to its stringent federal oversight of high-
risk pathogen research. This oversight is often linked to fed-
eral grants, mandating publication of research findings,
detailed methodological descriptions, and transparent
reporting of safety measures [26, 27]. In contrast, China’s
substantial BSL-3 capacity likely stems from its prioritization
of biotechnology research and development (R&D), with
infectious diseases and public health identified as key gov-
ernmental focuses. Strategic plans, such as the Medium
and Long-Term Science and Technology Strategic Program
(2006-2020) and the 13th Five-Year Science and Technol-
ogy Innovation Plan, have driven significant investment in
biotechnology-related infrastructure, including BSL-3 labo-
ratories, research and innovation centers, and technical
training facilities [28].

Given that the research was based on accounting for lab-
oratories based on the number of scientific publications, it is
to be expected that countries with strict regulatory supervi-
sion which encourage their researchers to publish the results
of their research would be more representative, as high-
lighted in the CSET report. However, this also draws atten-
tion to the fact that if these structures had not been
counted based on the number of scientific publications,
countries with less rigorous supervision would likely have
been able to count a greater number of laboratories, since
they do not require more robust facilities with greater con-
trol, which could be more widespread.

Figure la,b illustrates the geographical distribution of
BSL-3 laboratories and associated institutions, highlighting
North America’s dominance with 157 institutions, 148 of
which are in the United States. Asia follows with 140 institu-
tions, primarily concentrated in China. In South America,
Brazil stands out with five identified BSL-3 institutions.

This investigation carried out by CSET was based on the
search for publications carried out by the institutions with
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TABLE 1: Requirements for the installation of a BSL-3 laboratory.

Aspect

Requirements

The structure must have sufficient space for the allocation of equipment and the safe development of

activities

The primary access must have a structure compatible with a BSL-2 laboratory

Double-door antechamber that defines access flow and must be self-closing

Physical structure

Controlled, restricted, and secure access to the BSL-3 area

Exclusive technical floor

Exclusive engineering facilities and systems

Dedicated and dedicated emergency power system

Voice and data communication system

Specific, exclusive, and independent air-conditioning system for the BSL-3 area

The air-conditioning system must ensure the parameters of the differential pressure gradients and airflow

The airflow in the facility should always be in a single direction, that is, from the least contaminated area to

Air-conditioning and exhaust
system

the most contaminated area

Alarm for airflow monitoring to alert laboratory and engineering staff of any control set parameters

Extract air may not be recirculated within the room or to any other area of the building

Filtration through HEPA® filters

Inflation and exhaust systems should be designed to maintain operational balance and perfect compatibility

with BSC

Class II BSC is available inside the BSL-3 area
Barrier autoclave provided inside the laboratory

Specific washing/expurgation area

Effluent treatment system

Emergency showers and eye wash were provided at the exit sluice

Sink, if existent, with hands-free tap
Windows should be fixed and sealed

Equipment and internal
arrangements

Penetrations and finishes in the BSL-3 area should be sealed
Luminaires, diffusers, and roof grilles should have their joints sealed to control air leakage from the

containment environment

Doors should allow for tightness during biological decontamination processes

Benches and chairs should be waterproof and resistant to disinfectants, acids, alkalis, organic solvents, and

moderate heat

Furniture and equipment must allow for decontamination

The finished floor should be impervious to liquids, with sealed seams, resistant to chemicals, and have a
surface that reduces the danger of slipping

“HEPA (high-efficiency particulate air): technology used in air filters with high efficiency in particle separation. In controlled environments, it is important for
keeping the air free from contamination and preventing the spread of pathogens.

BSL-3 laboratories. Thus, it is essential to emphasize that
this number may vary since institutions that do not publish
their research or that do not appear in the database inves-
tigated may not have appeared in the results. To compare
the data found and bring another perspective to BSL-3 lab-
oratory identification worldwide, a screening carried out by
Global BioLabs is presented. According to their screening,
57 laboratories are categorized as BSL-3+ (or plus/
enhanced). BSL-3+ are laboratories that have adopted
additional physical and operational biosafety measures to
conduct higher-risk research activities (usually to operate
with animal pathogens classified as 3 or 4 biological risks).
According to this research, all these laboratories are active,
except for a unit located in Brazil, which is being planned
[29] (Figure 1).

Europe boasts the highest number of BSL-3 laboratories
(n=21), predominantly focused on animal pathogens like
the H5NI1 avian influenza virus. These laboratories are
divided between public health and university research set-
tings. Additionally, at least 69 BSL-4 laboratories, represent-
ing the highest level of biocontainment, were identified
globally, with most dedicated to human health research [29].

Discrepancies between this survey and other reports can
be attributed to variations in BSL-3 definitions, outdated or
incomplete data, the inclusion of nondesignated BSL-3 facil-
ities, and differing search methodologies [30]. Data on labo-
ratories may be outdated or incomplete due to a lack of
access to more in-depth information or the availability of
real-time data. This may involve the relocation or closure
of structures or a change in BSL over time. In addition, some
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North America:
(i) No. of locations: 4
(ii) Institutions with BSL-3: 157

South America: Africa:
(i) No. of locations: 5

(ii) Institutions with BSL-3: 12

Q 99

(a)

¢ \ Q

(b)

(i) No. of locations: 11
(ii) Institutions with BSL-3: 20

Europe:
(i) No. of locations: 18
(ii) Institutions with BSL-3: 102

_l—- Asia:

(i) No. of locations: 18
(ii) Institutions with BSL-3: 140

Oceania:
(i) No. of locations: 1
(ii) Institutions with BSL-3: 3

QOceania -g
9 South Americaq 3 I

9 Africa -Zl

9 Asia 4 10 l
9 Europe 4 21
T T T T 1
0 5 10 15 20 25

N° BSL-3+ labs

[ Operational
3 Planned/under

FiGurk 1: Identification of BSL-3 laboratories by continent: (a) according to CSET survey [23] and (b) according to Global BioLabs survey

[29]. Created with BioRender.com.

mappings may include laboratories that have not been offi-
cially designated as BSL-3, because as BSL-3+ are a subgroup
of BSL-3, some reports may or may not consider including
them in their BSL-3 mappings. Finally, depending on the
inclusion criteria and search methodology, some mappings
may consist of only government laboratories, excluding, for
example, existing research laboratories in universities or
other centers or vice versa [23, 30]. It is also important to
say that if there is no requirement to inform the government
about research in BSL-3 laboratories, the information on the
number of high-containment laboratories may end up not
being as comprehensive. For example, in the United States,
the reporting requirement is only for laboratories that are
working with select agents (Select Agent Program) as dis-
cussed above; otherwise, there is no requirement [24].

In Brazil, the Ministry of Health initiated in 2002 a plan
to implement a network of BSL-3 laboratories as part of a
National Biosafety Policy to provide structural and opera-
tional conditions for laboratory diagnosis that would allow
conditions at this level of biosafety. As a result of this plan,
12 laboratories distributed across the country’s regions were
delivered to work on bacteriology and virology with a focus
on tuberculosis [16, 31]. However, like other developing
countries, Brazil faces problems in its disease prevention
and control structure due to the scarcity and uneven geo-
graphical distribution of facilities at this containment level
[10]. When comparing the number of laboratories in Brazil
mentioned in the previous paragraph with the number of
laboratories identified in the CSET report, it is possible to
see the discrepancy in the results since only five BSL-3
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Oswaldo Cruz Foundation
(Fiocruz) Laboratories

FIGURE 2: BSL-3 laboratories identified in Brazil per state (created with BioRender.com). Source: [21, 32].

laboratories were identified in the country in the report. One
explanation is that during the COVID-19 pandemic, these
laboratories only worked on the molecular diagnosis of dis-
ease and stopped carrying out other research activities,
which may have influenced the number of scientific publica-
tions, which was the parameter used by the CSET to track
BSL-3 laboratories. These 12 laboratories belong to the Bra-
zilian Ministry of Health and are about to health institutions,
such as the Oswaldo Cruz Foundation (Fiocruz). Taking the
laboratory located in the state of Bahia as an example, it was
used exclusively for diagnostic purposes, as it is the only
BSL-3 laboratory in this state and only returned to full oper-
ation for research use at the beginning of 2023 [31].

There has not been a significant evolution in this figure
over time. Recent data indicate the presence of 13 laborato-
ries distributed throughout Brazil, as shown in Figure 2 [21,
32]. This discrepancy is because Brazil lacks standardized
criteria and a legal framework for BSL-3 laboratories. Conse-
quently, only two of these laboratories have undergone
international certification, following FAO recommenda-
tions. It is worth noting that this number includes the so-
called BSL-3Ag and ABSL-3 laboratories used in agriculture
and animal experiments, respectively [21, 32]. This discrep-
ancy highlights the need for comprehensive standards and
regulations in Brazil to ensure the safe and consistent oper-
ation of BSL-3 facilities.

As previously mentioned, Brazil lacks a specific standard
for BSL-3 laboratories. Therefore, foreign bases such as those
from the United States, Canada, and Australia are often used
when it comes to commissioning and certifying these labora-
tories. Alternatively, information from national documents

is incorporated into the process. The primary normative ref-
erences on which these federal documents are based for the
determination of the general biosafety guidelines are the
WHO Laboratory Biosafety Manual, the Organic Health
Law (Law No. 8.080, September 19, 1990), the resolutions
of the National Health Surveillance Agency (Anvisa), the
Occupational Safety and Health Legislation (Law No.
6,514, December 22, 1977), the Regulatory Standards of the
Ministry of Labor and Employment (Ordinance No. 3214,
June 8, 1978) and the resolutions of the National Environ-
ment Council (CONAMA) [33]. By referencing these inter-
national and national documents, Brazil aims to establish a
framework for biosafety practices and regulations for BSL-
3 laboratories.

Despite the existence of international standards, devel-
oping specific, comprehensive standards for BSL-3 laborato-
ries in the country would help ensure consistency and safety
in operating such facilities. Since Brazil lacks this type of reg-
ulation, more standardized information is difficult because
the country tends to rely on information extracted from dif-
ferent documents, which may not be entirely appropriate to
the country’s reality, in economic terms, for example. Fur-
thermore, due to the different types of studies that can be
carried out in these facilities, the recommendations can dif-
fer depending on the type of pathogen being worked on
(human pathogens, animal pathogens, and agricultural path-
ogens) and the conditions that may be necessary for some
may not apply to others. This ultimately reinforces the need
for national standardization of this information according to
the type of level or according to different standards for each
type of application so that there is no confusion or
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misapplication when thinking about the construction and
monitoring of a high containment laboratory, while also
thinking about the economic and social reality of the coun-
try [34].

2.2.  Pandemic COVID-19 Impacts BSL-3  Facility
Investments. The COVID-19 pandemic underscored the
critical role of robust local infrastructure, including diagnos-
tic laboratories, hospital systems, and biosafety-level facili-
ties—and pre-existing research networks in effectively
responding to health emergencies, particularly in developing
countries [10, 35]. While the construction of BSL-3 laborato-
ries does not eliminate external dependencies, it enhances a
nation’s capacity to isolate and propagate pathogens, con-
duct diagnostics and R&D, and bolster public health pre-
paredness, potentially reducing reliance on external
resources, especially for neglected diseases. Many low- and
middle-income countries faced significant limitations in
BSL-3 laboratory availability. As a result, several institutions
temporarily adapted BSL-2 laboratories to conduct SARS-
CoV-2 diagnostic activities, despite not being ideally suited
for handling high-concentration viral cultures. These adap-
tations, often guided by enhanced biosafety protocols, were
aimed at mitigating urgent diagnostic gaps but also intro-
duced increased biosafety risks and delays in confirmatory
testing [36, 37, 38].

Being scientifically and infrastructurally prepared to
address emergencies is of crucial importance for local public
health maintenance. This can be exemplified by the case of
Zika virus (BSL-2 or BSL-3 depending on the procedure),
which was deemed the largest outbreak of an arbovirus in
history. It peaked in 2015, causing a significant surge in cases
in Brazil and rapidly spreading to other Latin American
countries [39]. In this case, affected countries coordinated
an internal response.

Important measures can be used to create an internal
response to health emergencies and, for public health
authorities to be able to use these measures effectively, timely
and robust information must be shared between laborato-
ries. This includes data on the microorganism’s genome,
prevalence, diagnostic test results, information on its behav-
ior, and transmission dynamics. In more detail, surveillance
and monitoring allow for the collection and analysis of data
on the number of cases, geographical spread, and demo-
graphic information. Diagnostic tests allow cases to be
followed up, tracking the progression of the disease. It is
important to mention the importance of access to medical
supplies for the treatment of cases, as well as public aware-
ness of the disease and awareness of symptoms and how it
is transmitted, in addition to ways in which the population
can protect itself. In the specific case mentioned above, the
Zika virus, another measure to be taken is data on the con-
trol of the vector, the Aedes aegypti mosquito, enabling the
creation of strategies to prevent transmission. This data
needs to be shared in collaboration between laboratories,
public health agencies, and other interested parties, fostering
the construction of effective responses [40-42].

This coordinated response was made possible due to
investments in scientific research focusing on various arbo-

viruses at both federal and state levels over the preceding
decades. These investments provided a solid base for con-
ducting studies on the Zika virus, allowing the national pro-
duction of knowledge necessary for an efficient response in
terms of public health [35].

Compared to the COVID-19 example, although clinical
specimens (with or without suspected infection) can be han-
dled for routine diagnosis in BSL-2 facilities, isolation and
propagation of high concentrations of the virus can only
be performed in BSL-3 facilities, at a minimum [43]. Not
all countries have access to BSL-3 laboratories or other
high-containment facilities required to handle situations like
these.

Given the limited prior research on this virus, the pan-
demic has underscored the urgent need to establish and
expand high-containment laboratories, particularly BSL-3
and BSL-4 facilities. These laboratories play a critical role
in enabling safe pathogen handling, accelerating diagnostic
development, and supporting vaccine and therapeutic
research. Strengthening this global infrastructure is essential
to ensure equitable preparedness for future health emergen-
cies. They are essential for several reasons, including the
possibility of isolating and propagating high-risk pathogens,
as previously mentioned. These structures offer safe condi-
tions for carrying out these activities and are essential for
understanding the biology and pathogenesis of disease, as
well as enabling the safe development of diagnostic methods
and monitoring of emerging diseases, and can contribute to
tracking the spread and safe processing of clinical samples.

In addition, these activities also contribute to the devel-
opment of treatment and prevention methods, such as vac-
cines and other therapies, driving medical innovation and
the response to pandemics. In general, the existence of
BSL-3 laboratories allows a country to be better prepared
with the necessary resources to develop these activities,
reflecting stronger public health in the face of health threats
[36, 37]. Simultaneously, there is a pressing requirement to
allocate resources and provide training for human resources
to enhance their preparedness and effectiveness in respond-
ing to high-risk emergency scenarios [10, 44]. Table 2 show-
cases examples of BSL-3 laboratories constructed or
repurposed during the pandemic.

Besides pointing to the need for investment in high-level
BSL, other impacts could be observed during and after the
pandemic. There was an increased demand for research
and clinical studies on infectious diseases, reinforcing the
exploration of and investment in facilities that provide for
the research and investigation of highly contagious viruses
in a safe way, fostering this demand for these structures
[47]. Furthermore, it is essential to mention that the need
for sharing resources and knowledge between institutions
encouraged international cooperation between the countries
and their structures, accelerating research and contributing
to a greater understanding of the virus. This cooperation
has also perpetuated outside COVID-19 within the context
of developing new diagnostics, treatments, and vaccines
against other infectious diseases [48, 49].

Another significant impact has been the emphasis on the
importance of strict safety regulations and guidelines
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TABLE 2: Examples of BSL-3 laboratories adapted or created to support the fight against COVID-19.
Laboratory Country Information Reference
Central Reference Laboratory It was set up before th.e pandemic anfl was the first laboratory in Cent.ral
. Asia accredited according to the new international standard for managing
(National Reference BSL-3 Kazakhstan . . S . . .. [38]
Laboratory) biological risks in laboratories. During the pandemic, it supported the
development of vaccines, diagnosis, and isolation of SARS-CoV-2 variants.
Laboratories are managed by MRIGlobal, a nonprofit institution that aims
United  to discover solutions for public and private scientific organizations. It was
MRIGlobal BSL-3 States  one of the first US institutions to dedicate one of its BSL-3 units to SARS- (38]
CoV-2 research.
Infrastructure previously dedicated to handling viruses, such as the
. ) . Japanese encephalitis virus, was directed during the COVID-19 pandemic
Taiwan CDC BSL-3 Laboratory Taiwan to diagnose SARS-CoV-2, contributing directly to the fight against the (38
pandemic in the country.
Created at the beginning of the pandemic, the MVRDL is characterized by
P being a mobile unit and, consequently, having greater flexibility. Its
II\D/IiZbﬁZs\t/ilcr(])}:fz rie;s:ar(;}/}\'{;ﬁ%m India infrastructure was set up by WHO and Indian Council of Medical [45]
& Y Research guidelines within a 15-day interval. The activities at the MVRDL
are focused on research and diagnosis of SARS-CoV-2.
. . . Adaptation of the pre-existing BSL-3 infrastructure for handling SARS-
BSL._3 lajboratorles at Arizona State United CoV-2 by NIH and CDC guidelines. The new BSL-3 laboratory was used (46]
University States

for COVID-19 diagnosis and research.

regarding work with highly infectious agents. Governments
and health organizations have acted constantly with updates,
reinforcing the need for adherence to biosafety regulations
and adequate investment in training for researchers working
in high-level BSL, as well as for other professionals who
worked on the front lines of the pandemic. This emphasis
could be perpetuated and internalized in the face of the
study of other diseases and care within healthcare environ-
ments [50, 51].

The global response to the pandemic underscored the
critical importance of robust national preparedness for pub-
lic health emergencies. This heightened awareness spurred
significant investments in both the construction of new
high-level biosafety facilities and the enhancement of exist-
ing laboratories. These upgrades focused on expanding oper-
ational capacities and aligning procedures and standards
with the demands of pandemic response.

The urgent need for mass testing and rapid virus iden-
tification in the early stages of the COVID-19 pandemic led
to the widespread temporary utilization of BSL-2 laborato-
ries, which were enhanced to safely accommodate low con-
centrations of SARS-CoV-2 by WHO guidelines. This
involved implementing additional safety measures such as
increased respiratory protection, use of Level 3 PPE, and
designated areas for donning and dofting PPE [13, 52]. This
adaptation of BSL-2 laboratories—often referred to as BSL-
2+ or BSL-2 enhanced—enabled a rapid scale-up of testing
capacity. This was particularly important given the limited
availability of BSL-3 and BSL-4 laboratories, which require
advanced engineering controls, dedicated ventilation sys-
tems, and specialized training. By upgrading existing BSL-
2 diagnostic laboratories and academic research facilities,
many countries were able to expand their diagnostic capa-
bilities and respond more effectively to the demands of
the pandemic [53].

It is essential to mention that despite the lower level of
biosafety, it does not mean that the protocols have been
neglected. However, despite the benefits, these laboratories’
rapid construction/adaptation has raised questions about
the possible associated biological risks and perhaps the
improper use of the facilities for investigations requiring
higher BSLs [53]. With this in view, investment in building
new BSLs was also observed as a priority in health care in
different countries. Associated with this trend is the increase
in funding for health research, reflecting greater awareness
of the importance of investment in public health and infec-
tious disease preparedness. This includes both research
grants and targeted investments in infrastructure such as
BSL-3 laboratories, genomic surveillance platforms, mobile
diagnostic units, and biorepositories, all of which are essen-
tial for strengthening health systems and pandemic readi-
ness [54, 55].

These structures allow their use in the face of new emer-
gencies, since with the increased knowledge and training of
countries, these investments can place developing countries
as part of the front line in facing other outbreaks and pan-
demics. Thus, establishing federal and state regulations for
the availability of funds for investment in health, more spe-
cifically in the fight against pandemics, is necessary as an ini-
tiative for governments and decision-making. In January
2021, the Group of 20 (G20), the leading forum for interna-
tional economic cooperation, established the High-Level
Independent Panel (HLIP). The HLIP proposes practical
solutions to ensure consistent and sustainable funding for
global initiatives to prevent, prepare for, and respond to
pandemics, determining that the annual investment in pan-
demic preparedness should be 12% of gross domestic prod-
uct (GDP), as a way of maintaining a specific financial fund
for emergency health situations. For the COVID-19 pan-
demic, the support provided for health was 252% higher
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than that recommended by HLIP. In addition, estimates
indicate that between 2022 and 2026, governments in 17 of
137 developing countries should increase national govern-
ment health spending by an additional 1% of GDP [55, 56].

It is essential to analyze global health investments during
the onset of the pandemic to understand the financial pic-
ture of this period and assess the proportion of change in
spending needed to adequately prevent future global pan-
demics. Consequently, pandemic preparedness and response
have become subjects of intense interest and debate. Accord-
ing to the WHO, pandemic preparedness involves having
national response plans, adequate resources, and the capac-
ity to support operations during a pandemic [57, 58]. All
these factors are critical in promoting investments for the
adequacy of countries in preparing for future outbreaks
and/or pandemics.

3. Future Perspectives

3.1. New Health Emergencies and the Importance of BSL-3
Facilities’ Investments. Since the existence of humanity,
infectious agents have been responsible for causing high
mortality rates, and, as the population increases and global-
ization has become increasingly tangible, contact with new
or reemerging pathogens is more pronounced since, cur-
rently, their spread in previously unexplored environments
is more facilitated, making them less confined to geographi-
cal or climatic boundaries, providing the emergence of situ-
ations that can affect public health globally [59]. Thus,
technological and scientific advances must accompany this
process to provide greater security to countries in the face
of health situations, whether severe or not.

Given the historical precedent, it is indeed expected that
pandemics will continue to occur. Pandemics are a natural
consequence of our interconnected world, where diseases
can rapidly spread across borders due to travel, trade, and
other factors [60, 61]. Scientists warn of the emergence of
new zoonoses in the future, mainly related to respiratory dis-
eases, highlighting this risk as something of greater probabil-
ity from now on. Large livestock farms, population growth,
occupation of new natural areas, climate change, and the
commercialization of wild animals are some factors that
facilitate zoonotic events and directly affect the possibility
of new infectious diseases [62].

Monitoring these factors can help prepare for emergency
health situations. For example, weather monitoring can pro-
vide essential climate data on natural phenomena such as
floods, hurricanes, or droughts, factors that directly influ-
ence new infectious agents’ emergence. Warning about these
phenomena can prepare the population and predict impacts
on infrastructure and agriculture [63]. Monitoring air pollu-
tion and using the information obtained from this monitor-
ing to develop means of controlling pollution caused by
population growth and environmental exploitation are nec-
essary to reduce stress on the ecosystem, improving overall
ecological health, given that pollution is one favoring factor
that favors the spread of respiratory diseases [64, 65].

Monitoring these and other factors can contribute to a
better understanding of how they influence disease transmis-

sion patterns and inform public health strategies and inter-
ventions. It also highlights the need for preparedness in
infrastructure planning, including investment in biosafety-
level laboratories (e.g., BSL-3), mobile diagnostic units, and
environmental surveillance systems that support advanced
research and rapid response capabilities [66, 67].

Thus, the latest COVID-19 pandemic must be seen as a
rehearsal for what may happen in the not-so-distant future,
which may be even more damaging to human health [68].
Data estimated by Metabiota, a San Francisco-based com-
pany that tracks infectious disease risks and outbreaks, says
that for the next 10 to 25 years, there is a 22%-28% and
47%-57% probability, respectively, of a new emergency like
or of greater magnitude than COVID-19 occurring. These
data are based on historical modeling suggesting an increase
in the frequency and severity of outbreaks and epidemics
caused by zoonosis, driven by human activities and their
impact on the environment, according to the factors previ-
ously cited [69, 70].

Through this historical modeling, financial institutions
can be assisted with external events and phenomena that
may cause a health emergency. Relying on this predictive
data is one of the strategies adopted by government agencies,
development institutions, and private and public sector
companies in making decisions on what to invest in for the
coming years [71]. Within this context, despite existing pre-
dictions, more advanced studies will be found more fre-
quently in the coming years.

WHO has published a first report named “Imagining the
Future of Pandemics and Epidemics,” which seeks to explore
future infectious threats in a short period (3-5 years). This
study was commissioned by WHO in 2021 and carried out
by Arup. This multinational company provides professional
engineering, design, planning, project management, and
consultancy services for all aspects of the built environment.
The objective was to develop a set of scenarios for the future
of the COVID-19 pandemic, as well as for other threats
involving infectious agents. The methodology was based on
the following morphological approach: (i) understanding
the system of change, (ii) trend research and identification,
(iii) key factor identification, (iv) morphological box and
projections, (v) scenario development, and (vi) engagement
and communication [72].

This research will be responsible for creating opportuni-
ties for reflection on future health emergencies, allowing the
discussion of future scenarios and helping countries to pre-
pare to deal with new or re-emerging infectious diseases.
Today, pandemic preparedness must be shared globally, a
commitment that must be increasingly established between
governments, scientists, the community, public and private
sector authorities, the media, and the population itself [73].
In the future, nations should share more information about
studies, ensuring that the benefits of technological innova-
tion are widespread so that health systems are better pre-
pared, assisted by solid scientific bases, and adequate
financial provision for investment in structures and knowl-
edge. This effort will be responsible for helping to recognize
threats, establish trust, and collect the best preparation for
future eventualities, especially when it comes to assisting
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developing countries in scientific and technological develop-
ment [74, 75].

Over the years, BSL-3 laboratories have evolved in terms
of their containment architecture, engineering controls
(such as HVAC and HEPA filtration systems), biosafety pol-
icies, and skilled human resources. These improvements
have enabled safer work with moderate- to high-risk patho-
gens in controlled environments. In light of the ongoing
threat of emerging infectious diseases, the global demand
for such facilities has intensified, as they are crucial for sup-
porting public health infrastructure and pandemic readi-
ness [38].

Investment in these high-containment facilities is closely
tied to national development, as the design, construction,
and maintenance of BSL-3 laboratories require substantial
financial resources. These include operational expenditures
for biosafety supplies, continuous personnel training, and
sustained R&D. Despite high costs, such investments have
enabled countries to proactively identify and categorize
emerging pathogens [76, 77]. Given the financial disparities
across nations, international efforts are increasingly focused
on knowledge transfer and capacity-building to support
global health security [78].

As far as investment in high-containment laboratories is
concerned, some trends are expected in the future. The
primary trend is increased investment in research, prepared-
ness, and the creation of government initiatives for emer-
gency support. These health emergencies have significantly
highlighted the importance of investing in this type of struc-
ture to develop more effective vaccines, therapies, and diag-
nostics in the future [79]. In terms of initiatives to better
prepare countries for future pandemics, the WHO’s Pre-
paredness and Resilience for Emerging Threats Initiative
(PRET) is aimed at guiding integrated planning in response
to respiratory pathogens by incorporating new tools and
approaches to disseminate knowledge collectively. Through
PRET, the organization will use an integrated system consid-
ering the common knowledge between groups of pathogens,
promoting technical guidance and support to strengthen
emergency preparedness and response. It is worth noting
that despite the concern about pathogens that can cause
respiratory emergencies, arboviruses are another group of
pathogens considered a priority for country prepared-
ness [78].

Another trend identified is the extension of the capacity
of existing laboratories around the world to meet the need to
update in line with the latest safety standards. As previously
mentioned, since there are no international standards
dedicated to the installation of BSL-3 or BSL-4 laboratories,
standards such as ISO/IEC 17025:2017 are one of the WHO-
recognized standards that guide quality assurance for the
implementation of laboratories with a medical or environ-
mental purpose. As such, it is expected that existing labora-
tories will seek to update their processes as a way of ensuring
that they are compliant and prepared to carry out research
involving high-risk pathogens [80].

3.2. Preparing Countries for New Emergencies: What to
Expect From an Economic Point of View. Investing in high-
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containment laboratories and strengthening national capac-
ity to respond to health emergencies are essential for ensur-
ing the safety and well-being of global populations. While
recent years have seen an increase in such investments, there
remains a need for strategic evaluation of funding priorities
and resource allocation. Beyond physical infrastructure,
critical areas for sustained investment include advanced
technological platforms, R&D, workforce training, real-
time surveillance and monitoring systems, vaccine and ther-
apeutic stockpiling, risk communication infrastructure, and
the integration of public health networks across sectors.
These components should be aligned under coordinated
frameworks such as the One Health approach and interna-
tional cooperation initiatives, ensuring that countries—espe-
cially those with limited resources—can prepare for and
effectively manage future infectious disease threats. Clear
investment priorities, guided by global best practices and
local needs assessments, are necessary to transition from
reactive responses to proactive health security strategies [81].

Countries are constantly working to develop plans, such
as the National Action Plans for Health Security (NAPHS), a
country-owned, multiyear plan that can accelerate the
implementation of International Health Regulations (IHR)
by focusing on what is a priority for health security, identi-
tying global partners, and allocating resources for the devel-
opment of health security in member countries [82].
However, raising full funding for these activities has been a
difficult task [83, 84]. WHO researchers investigated studies
estimating the costs of improving and preparing countries
against emergency health situations published between Janu-
ary 1,2000, and May 14, 2021, by searching different databases
[85]. Some inclusion criteria were adopted: preparation costs
at the national and/or global level in at least 10 countries, cov-
ering two or more technical benchmarks according to WHO
Benchmarks for IHR Capacities [86].

The findings indicated 10 studies that met these inclu-
sion criteria, with varying calculation methods. Four of the
publications originated from peer-reviewed academic jour-
nals, while six were reports from grey literature. Most of
these studies were conducted by international organizations
or authors affiliated with institutions in high-income
nations, which consistently invest a greater share of their
GDP in R&D. For instance, the United States and United
Kingdom allocate over 2.5% of their GDP to R&D, according
to OECD [87]. However, there were a couple of exceptions:
one study involved three authors primarily linked to organi-
zations in Brazil, China, and Kenya [88], and another study
was authored by someone primarily affiliated with an orga-
nization in Liberia [89]. The cost estimates found ranged
from $1.6 billion a year invested in 139 low- and middle-
income countries to $43 billion a year over the next 10 years,
applied to support different countries and to global support
in terms of helping to implement initiatives, such as R&D
focused on the development of new vaccines, therapies,
and diagnostics. Overall, these recent estimates indicate that
the costs of better preparedness against new health emergen-
cies amount to more than $31.1 billion per year [85].

The study confirmed that investment costs tend to be
higher in low-income countries, primarily due to the greater
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need for baseline capacity strengthening. This includes
capital investments in constructing or upgrading high-
containment laboratories (e.g., BSL-3), establishing appro-
priate engineering controls, and building a trained biosafety
workforce. These findings underscore the importance of
targeted international support mechanisms, including pub-
lic-private partnerships and coordinated funding frame-
works, to reduce disparities and promote equitable global
preparedness [89]. It is important to point out that the reli-
ability of these studies is difficult to assess since many studies
report summary and noncomprehensive information. Given
that needs can differ depending on the country’s level of
development, the estimated investment costs can be differ-
ent. As such, the cost estimates reported should be used as
a basis for predictions for each country, based on national
needs, not disregarding the unique priority of preparing
these countries against emergency health situations [90].
Future initiatives could include in their analysis an emphasis
on assessing quality or identifying possible biases in the
search for this data.

Looking from another perspective, benefits, and even
financial returns can be achieved by investing in universal
health coverage (public health), protecting people from health
emergencies, and supporting healthy populations. Estimates
state that, in terms of universal coverage, these investments
could contribute to saving up to 24.4 million lives (period
2019-2023), bringing a financial return of around $1.4 for
every dollar invested, which would increase to $9 for every
dollar invested if the inherent value of human life is considered
[91]. This is because conditions such as mental health, which,
as observed during the COVID-19 pandemic, cases of depres-
sion and anxiety increased during this period and continue to
be a symptom to this day, can be better treated with the appro-
priate financial support and preparation for health emergen-
cies [92]. In addition, economic and social benefits because
of avoided deaths and disabilities can be guaranteed by invest-
ing in vaccination programs, especially for low- and middle-
income countries [93].

A case study showed that based on a 25% probability of
the emergence of a new pandemic comparable to COVID-19
in the next decade, the probability-adjusted benefit of pre-
venting this new health emergency would be $2.5 billion
[94]. Therefore, the benefits of better control and manage-
ment of an emergency, once it has arisen, can be estimated
by comparing the countries with the best and worst perfor-
mance in responding to the COVID-19 pandemic, with
probability-adjusted benefits of $750 billion in the first year
and $1.2 trillion over 3 years [95, 96]. Therefore, investment
in this objective of preparing countries for new health emer-
gencies is not just based on spending but includes generating
profits based on impactful results in terms of protecting pub-
lic health and other long-term benefits [96].

3.3. Regulatory Issues and New Technologies in Brazil: What
Are Expected? In Brazil, the concept of biosafety was for-
mally established by Law No. 8974 (1995) and further
defined in Law No. 11,105 (2005), known as the Biosafety
Law, which focuses on the regulation of genetically modified
organisms (GMOs) [97, 98]. This legislation assigns respon-
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sibilities across federal ministries, including Health and
Agriculture, and led to the creation of the National Techni-
cal Commission on Biosafety (CTNBio) under the Ministry
of Science, Technology, and Innovation. CTNBio oversees
research involving GMOs. In parallel, pathogen classifica-
tion systems in Brazil follow models like those adopted in
the United States [98].

While biosafety is recognized as a strategic area, compre-
hensive national regulations are lacking for non-GMO bio-
logical agents and for high-containment laboratories such
as those classified as BSL-3. In the absence of specific
national guidelines, the commissioning and certification of
such facilities often rely on international standards and
frameworks [33]. As a result, Brazilian biosafety practices
draw from various legal instruments—many of which were
not designed for high-containment environments—leading
to regulatory fragmentation [99].

This regulatory dispersion refers to the fragmentation of
biosafety-related responsibilities across multiple ministries
and agencies, such as Health, Agriculture, Defense, and Sci-
ence and Technology. This leads to overlapping mandates,
inconsistent implementation of biosafety norms, and limited
coordination among institutions. Although Brazil has a solid
track record in biomedical research, its experience in manag-
ing high-risk pathogens under strict biocontainment condi-
tions is still developing. To address these regulatory
challenges, the implementation of a national biosafety
authority with centralized oversight—as well as a unified
pathogen inventory and registration system—could contrib-
ute to harmonizing standards, strengthening preparedness,
and aligning with international best practices [100]. Building
and maintaining BSL-3 facilities involve substantial invest-
ment in high-containment architecture, HVAC systems,
HEPA filtration, autoclaves, and secure waste management
infrastructure, as well as the recruitment and continuous
training of specialized personnel [101]. The availability of
trained biosafety professionals is also a concern, particularly
regarding technical knowledge that is essential to safeguard
both public health and the environment [33].

To address these challenges, the Brazilian federal govern-
ment is currently developing the National Biosafety and Bio-
security Policy (PNBB), led by the Ministry of Defense in
collaboration with other ministries and agencies, including
Anvisa, ABIN, the Ministry of Health, and CTNBio [33].
The PNBB is aimed at providing integrated and updated
national guidelines covering both GMOs and non-GMO
biological agents. In addition to strengthening internal coor-
dination and risk management, the policy seeks alignment
with international frameworks—such as the IHR—to
enhance Brazil’s capacity for responding to public health
emergencies; foster responsible scientific innovation; and
ensure the protection of human, animal, and environmental
health within the country’s specific scientific, institutional,
and economic realities [112].

One notable milestone in this effort is the planned
implementation of Brazil’s first maximum biocontainment
facility (BSL-4), known as Orion. Scheduled for completion
by 2026, Orion will be the first laboratory of its kind in Latin
America and will be colocated with the Sirius synchrotron
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light source. Together, these facilities are aimed at providing
cutting-edge capabilities for studying high-risk microorgan-
isms and accelerating biomedical research [102]. For
instance, due to a lack of domestic infrastructure, samples
of the Sabia virus—an arenavirus responsible for Brazilian
hemorrhagic fever—have historically been stored abroad,
limiting research efforts within Brazil [103, 104].

In tandem with the Orion project, the Ministry of Health
issued Ordinance No. 1736 in November 2023, establishing
a working group to define governance models, regulatory
mechanisms, and monitoring frameworks for BSL-4 opera-
tions in the country [105]. These initiatives also align with
Brazil’s commitments under international frameworks such
as the IHR, which guide disease surveillance and laboratory
biosafety on a global scale [33, 106].

The implementation of a BSL-4 facility is expected to
significantly strengthen Brazil’s capacity to detect, contain,
and study emerging and reemerging high-risk pathogens,
while complementing and expanding the existing national
BSL-3 network. This advanced infrastructure will enhance
not only pathogen research capabilities but also prepared-
ness and response mechanisms aligned with international
biosafety and biosecurity standards [107]. Continued invest-
ment in regulatory harmonization and biosafety capacity
building is likely to enhance Brazil’s readiness to respond
to future infectious disease threats and support the develop-
ment of new diagnostics, therapies, and vaccines.

4. Conclusions

Even in the current era of advanced immunization strategies,
future threats from infectious diseases remain a significant
global concern. The COVID-19 pandemic exposed gaps in
emergency preparedness, highlighting the urgent need for
continuous investment in robust, high-containment infra-
structure capable of supporting rapid diagnostic, contain-
ment, and research efforts. This includes the construction
and maintenance of BSL-3 and BSL-4 laboratories, as well
as the expansion of genomic surveillance platforms and
mobile diagnostic units.

High-income countries such as the United States and
China have demonstrated leadership during public health
crises, largely due to their well-established research ecosys-
tems, consistent R&D investment, strategic incentive pro-
grams, and strong regulatory oversight. However, effective
response to health threats is not exclusively dependent on
economic status. Strengthening local laboratory capacity,
fostering interconnected research networks, and expanding
workforce training are essential for any country to respond
effectively. To reduce global disparities in pandemic readi-
ness, international cooperation and the dissemination of
biosafety and biosecurity expertise must be prioritized. Ini-
tiatives that support low- and middle-income countries
through knowledge transfer, technical support, and sustain-
able financing models are critical to building a more resilient
and equitable global health infrastructure. Investment in
preparing for emergencies is essential not only to ensure
national security but also to strengthen the country’s ability
to respond to public health threats. In Brazil, the govern-
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ment has made progress in biosafety, particularly in
response to biotechnological developments. However, chal-
lenges remain due to regulatory dispersion—understood as
the fragmentation of responsibilities across multiple minis-
tries and agencies—which results in overlapping mandates
and inconsistent implementation of safety standards. The
PNBB seeks to address these challenges by consolidating
existing norms, fostering interagency coordination, and
potentially establishing centralized mechanisms such as a
unified pathogen inventory system. These measures are
aimed at promoting national scientific and technological
development while ensuring the protection of human, ani-
mal, plant, and environmental health.

Therefore, nations should continue to improve their
capacity to respond to health emergencies, focusing on inter-
national initiatives and coordination to enhance compliance
with essential requirements, while implementing preventive
measures against emerging infectious diseases and reemer-
ging. These approaches will serve to better equip countries
to adapt to the changing global scenario and the possibility
of future health emergencies related to infectious diseases,
always seeking to update and invest in new sophisticated
technologies for the scientific and technological advance-
ment of the country.

In this context, strengthening international coordination
for biosafety standards, supporting public—private invest-
ment models for the construction and maintenance of
BSL-3 laboratories, and promoting integration with One
Health surveillance systems are key strategies. These actions
can enhance global preparedness, ensure equitable access to
critical containment infrastructure, and support timely
response to future public health threats.
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