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A nanobiosensor is a tool that converts a biological stimulus into an electrical
output via nanosized transducer elements. Nanobiosensors are promising
instruments, especially in biomedical applications in the literature and industry.
To develop a nanobiosensor from idea to product, a life-cycle approach that
comprises various processes ranging from conception through
commercialization is required. Developers and potential investors should
examine market requirements, design possibilities, feasibility, financial return,
and risk assessments when developing a nanobiosensor development concept. It
is critical to establish a well-defined regulatory pathway for bringing innovation to
market at a low cost and in a short period. R&D should conduct thorough
examinations of nanomaterial toxicity and health effects, involving marketing,
advertising, and financial analysis. Stakeholders should discuss technology
transfer office protocols for faster, healthier operations.
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Introduction

Public and personal health issues are among the biggest risks to humankind. TheWorld
Health Organisation (2023) claims that millions of individuals suffer from illnesses each
year, with over half of those cases resulting in serious disorders(World health statistics,
2023). In traditional settings, the diagnosis of sick cases is carried out using very complex
equipment often found in centralized laboratories, mostly using molecular and
microbiology-based methods. Thus, in present settings, by the time clinical diagnostics
are finished, the patient has developed a severe condition. These tactics are incredibly
accurate and potent, but they typically require a lengthy procedure, which renders them
useless in a variety of situations, such as emergency, ambulatory, and remote contexts.
Extensive attempts have been made to provide alternative methodologies for the diagnosis
to alleviate such limits (Chandra, 2023; Gupta et al., 2023). Moreover, identifying the
metabolic shift of the symptomless transition period is a critical step in the fight against any
illness or condition since, at this moment, a little clinical immune booster can reverse the
disease, which would otherwise be extremely difficult to treat in its advanced phases.
Biomarkers are often detected at much lower quantities in the early phases, which limits the
use of important traditional procedures and diagnostic tools while simultaneously
providing opportunities for a variety of ultra-sensitive modules. Biosensors have
emerged as a key player in the detection of ultralow levels among all available choices
(Mahato et al., 2018; Qiu et al., 2023; Rahman and Schellhorn, 2023).

Because smart technologies allow these biosensors to gather data remotely and may be
used without the assistance of a specialist, they may change the production costs associated
with them. Technological benefits will increase the application domains for the biosensors,
and several nations have begun using these trend techniques for newly produced biosensors.
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Wearable, wireless, multiplex, smartphone-integrated, artificial
intelligence-based sensor devices are becoming more noticeable
in the COVID-19 (Pateraki et al., 2020; Verma et al., 2022;
Parihar et al., 2023; Smith et al., 2023). Due to the drastically
rising number of patients worldwide during the pandemic crisis,
illness diagnosis, and monitoring have become more crucial than
ever. These smart gadgets and telemedicine concepts facilitate
remote disease control and communication between medical
personnel and patients (Haleem et al., 2021; Omboni et al., 2022;
Krishna et al., 2023).

Nanobiosensors

Over the past few decades, there has been a significant increase in
the study and creation of biosensors and related signal-processing
systems. Some of the biosensors described may never be
commercialized. For a nation’s instrumentation business to remain
competitive in internationalmarkets, biosensor development is essential
(Chadha et al., 2022; Geballa-Koukoula et al., 2023; Shoaib et al., 2023).
In addition to the overall technical improvement of conventional
sensors, many new fields focused on novel sensing methods and
materials have emerged. Commercial forces often change, increasing
the attractiveness of formerly unprofitable items. New materials or
production techniques may also be discovered, which might lead to this
(Jackson, 2019; Trigona et al., 2020; Ramesh et al., 2022).

Nanotechnology intervention has transformed several basic and
applied scientific domains in the previous few decades. Additionally,
the development of nanomedicine and nano-diagnostics has led to
significant improvements in the healthcare field in recent times.
Because of their superior performance over traditional
methodologies, these advancements have garnered increased
interest from scientists, engineers, physicians, and communities
in both the research and development as well as the commercial
domains (Bardhan, 2022; Dash and Kundu, 2023). Due to their
widespread domination over lab-based approaches, low sample
requirements, speedy analysis, onsite detection, and sturdy
nature, these nano-diagnostics are more appealing for
commercial acclaim. The advancement of nanotechnology has
opened up new possibilities for the development of submicron-
sized nanobiosensors that are suitable for intracellular use. Various
distinctive phenomena, including dimension, quantum size, and
surface effect, which are unique to the production of nanostructured
materials and are fundamentally their most appealing characteristic,
should be investigated. Furthermore, to demonstrate even superior
capabilities for biosensing applications, new nanomaterials must be
found (Vo-Dinh et al., 2001; Jianrong et al., 2004; Kubik et al., 2005;
Kashyap et al., 2016; Mohammadi Aloucheh et al., 2018; Dedeoglu
et al., 2020). Nanotechnology-based biosensors ought to be
completely integrated with miniature microfluidic devices,
featuring on-chip controllers, electronics, sample processing, and
analysis. Providing tools that are easy to use, inexpensive,
lightweight, disposable, environmentally friendly, and highly
adaptable, would significantly improve their operations (Noah
and Ndangili, 2019; Mejía-Salazar et al., 2020; Berlanda et al.,
2021; Kulkarni et al., 2022; Radhakrishnan et al., 2022).

Nanobiosensor research has been increasing over the years,
according to Pubmed data while searching with the “nano

biosensor” keyword. The article numbers of nanobiosensors are
folding 7 between 2006–2022. For 2023, 588 articles have been
published, and for 2024, 21 articles were already accepted (Pubmed
research-nanobiosensors, 2023). The worldwide nanosensors
market is estimated to earn $536.6 million in revenue in
2019 and $1,321.3 million by 2026, growing at an 11.0% CAGR
during the forecast period (Research, 2019). The nanobiosensor
market is expected to reach USD 798.41 Million by 2030 with a
10.60% CAGR(Gotadki, 2023).

Commercialization of nanobiosensor technology has been
attempted for more than 10 years, with many of the businesses
involved being university spin-outs. Numerous companies have
focused on the healthcare sector with goods designed to make
laboratory analytical and diagnostic operations easier, faster, or
less expensive (Bogue, 2012; Tzouvadaki and Prodromakis, 2023).
Even though nanobiosensor research studies are increasing, the
number of patents, articles, and commercial products is not
consistent. Most research remains at the article level or cannot be
commercialized even if a patent is obtained. The insufficient number
of commercialized products causes the need in the market to not be
fully met (Juanola-Feliu et al., 2012; Farjadian et al., 2019; Rambaran
and Schirhagl, 2022a). More institutional and political pressure is
being placed on university academics to prioritize commercializing
research and to quickly bring their findings to market. There is
constant pressure to commercialize, which is frequently portrayed as
an unequivocal social benefit deserving of special attention and
backing from institutions and the government. Increasing data
points to possible hazards arising from or linked to the drive
toward commercialization, yet policy declarations and
conversations seldom take these concerns into account. Although
more investigation is required to validate the presence of these
possible hazards, they ought to, at the very least, be included in the
public and political discourse on the influence of commercialization
on the scope and course of academic research (Caulfield and
Ogbogu, 2015).

Because the importance of liaison offices, or technology transfer
offices, has been underlined in studies on the relationship between
universities and industry, some policymakers have turned to
funding technology transfer initiatives at universities. The causes
and implications of academic involvement are identified for
individuals, organizations, and institutions. These results are then
juxtaposed with those of commercialization. Academic engagement
is different from commercialization, besides being more common, in
that it is strongly related to conventional academic research activities
and is sought by academics to get resources that support their
research goals (Hulten, 2010; Perkmann et al., 2013).

Lab to industry pathway

The inclusion of the sustainability factor in research initiatives
from the outset is becoming more and more necessary. As novel
materials are being created in lab settings, a common job is to
demonstrate their “sustainability” in comparison to pre-existing
materials at an extremely early stage of development. Life cycle
assessment (LCA) is regarded as the best instrument to measure
stated dimensions since it is a commonly used and standardized
technique to examine the environmental effect of a process, product,
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or service. However, a lot of research studies only give data at the lab
size, which often leads to a considerably bigger effect when
compared to products that are commercially accessible.
Advantageous material and energy efficiencies are the
consequence of the latter’s scaling effects and optimized process.
As such, this comparison does not accurately capture the potential of
the created material or technique. Therefore, a scale-up that enables
a commercial-scale comparison with rival technology can greatly
enhance the environmental evaluation (Piccinno et al., 2016; Kuru
et al., 2022). The major phases for effective and safe sensor device
usage are defined by the nanobiosensor development life cycle. The
stages of the life cycle are research and development, testing,
calibration, and assessment (Nanotechnology and Office, 2014).
When converting these sensors from an opportunity to a
common practical use, it is important to assess their
manufacturing potential and include them in the product
development cycle. The crucial elements in this case are the
metrics of accuracy, stability, repeatability, and reproducibility.
All of these characteristics are the end product of the sensor
development life cycle, which aims to meet the objectives of the
created sensors (Fadel et al., 2016).

Nanotechnology research often requires specialized facilities and
costly equipment, which can be costly for research institutions.
There may be a disconnect between industry demands and scholarly
research, and partnerships may be challenging. Intellectual property
ownership and protection can be challenging, and navigating
regulatory environments can stall commercialization. Scalable
procedures are crucial for preserving nanomaterials’ desired
features Early-stage collaboration between industry partners and
research institutions can bridge the gap between nanotech research
and commercial feasibility. Technology transfer initiatives,
government funding, and entrepreneurial skills can accelerate the
development of marketable products. Partnerships between research
institutes and private businesses are also crucial (Thursby and
Thursby, 2011; Rambaran and Schirhagl, 2022b; Malik et al., 2023).

The application of intellectual property and technology to a new
product or concept to make a profit is known as commercialization.
An excellent foundation for ongoing technological study and
development precedes every technology-based production. Stated
differently, a newly created technology will improve upon the old
technology and bring a new product to market based on demand by
using existing technology to a novel concept with a new need (Scheller
et al., 1985; Lin, 2005). It is well known that canvas business model
implementation is necessary to maintain sustainability and convert
concepts into intellectual property (Hernández-Chea et al., 2020).
When someone has an innovative concept for a product, business
models can help clarify how this enterprise will develop, oversee, and
produce (Ucler and Kristensen, 2016). The most popular business
model idea for product realization is CANVAS, which is appropriate
for value cost, manufacturing strategy, and competitiveness.
(Chavarría-barrientos et al., 2017). It is referred to be a visual
representation of several factors that illustrate an organization’s
ideals and enable decision-making. Combining the triangle of
consumers, goods, and market (Mičieta et al., 2020). Marketing is
frequently used as a technique to meet needs and increase market
share for efficient and competitive businessmanagement. Simple good
product development, pricing setting, giving to customers, and
product enhancement based on consumer feedback are examples

of modern marketing methods(Kireev et al., 2016; Tokarski
et al., 2017).

An innovative idea with commercial potential requires a well-
thought-out framework, definitions, conceptualizations, and
procedures. The typical commercialization process includes the
following steps: concept, design, prototype design, data analysis
and validation, approval, and commercialization. Research and
commercial manufacturing follow identical procedures until the
approval stage(PELLIKKA and MALINEN, 2014; Datta et al., 2015;
Nieto Cubero et al., 2021; Rambaran and Schirhagl, 2022a).

The TRL scale, developed and used by NASA in the 1970s, is used
to measure technological maturity and scale for a translational research
lab to industry. From 1 to 9, this scale is used to assess the level of
technical development. The scale begins at the bottom with TRL 1,
which comprises a very basic theoretical type of research and progresses
with greater technological improvements. The TRL scale is also known
as the technological readiness level. TRL evaluations can be valuable for
project management, risk management, and tracking the development
of a new technology. TRL may be highly useful in deciding between
numerous different technologies that provide the same job(Héder, 2017;
Olechowski et al., 2020; BHATTACHARYA et al., 2022). To define the
sensitivity of developed nanobiosensors, testing is often utilized to
calibrate these tools (Zhou et al., 2015; Gauglitz, 2018; Basicairdata,
2023). TRL 5 to TRL 8 levels of testing procedures would be connected,
with different environments and methods for the assessment of sensor
performance (Waldmann et al., 2010; Achterberg et al., 2020).
Validation of the sensors should also be done because of the
development process. Numerous kinds of sensor errors may have an
impressive impact on the data’s accuracy and dependability. A three-
step process may be used to identify, isolate, and rebuild the
aforementioned sensor faults: i) sensor fault detection, ii) sensor
fault isolation Reconstructing the sensor defect (iii). Numerous
mathematical models, equations, and statistical analyses are used in
each of these steps. Remember that to prevent false alarms or missed
detections, sensor validation should be carried out before deploying a
produced sensor in the field (Pires et al., 2016; Yi et al., 2017).

The commercialization roadmap can be seen in Figure 1. Following
these protocols, some concepts need to be pertained to the
manufacturing of commercial sensors. i) determining the market
needs for a particular analyte, application area, or location. ii)
outlining the benefits of the newly designed sensor over the
currently used techniques for the same study. iii)verifying and
testing the new sensor’s functionality both during operation and
after storage. The sensor’s reaction should be at the very least after
6 months of storage for any kind of viable commercial use. iv)
Calculating the production costs and manufacturing ease of each
component of the sensor (Bhalla et al., 2016). The primary obstacles
to the commercialization of sensors may include subpar or improper
manufacturing processes, high detection limits, low specificity, low
repeatability, inefficient sample flow, low stability, the need for
multiplexing, and subjective data interpretation (Kuswandi and
Ensafi, 2020).

Final product realization and marketing

Determining the needs of the client, scoping, product
development, production, sale, and distribution are all steps in
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the final product realization process. The most fundamental ideas
throughout the entire process are decisions. The finest choices and
traceability to the product quality management system are necessary
for a successful transition to commercialization (International
Standard Organization, 2008; Elgh et al., 2018). SWOT analysis,
which is regarded as a quicker and easier method of adaptation to
identify influencing aspects and discover the optimum solution, may
be used to improve quality management systems. It comprises an
organization’s or product’s strengths (S), weaknesses (W),
opportunities (O), and threats (T) (Paveliuc Olariu, 2009; Dana,
2012). In Figure 2. SWOT analysis of nanobiosensors is listed.

International standards that guide goods in terms of their
respective fields, such as ISO 9001:2000, ISO 13407 (human-
centered design), and ISO 13485 (medical devices), can also be

used to govern the realization of products (ISO, 2000; Jokela et al.,
2003; Abuhav, 2011). ISO 14040:2006 defines life cycle assessment
(LCA), outlining its purpose, extent, reporting, critical evaluation,
limitations, relationships, and requirements for value choices and
optional elements (ISO, 2006). A seven-step, systematic approach to
methodology has been proposed in the literature to undertake
sustainable product realization. It offers a connection between the
information and how it is applied to products and market demands.
The following are the most important factors: i. Process and control
that are appropriate for the desired goals; ii. Customer feedback and
critical analysis to enhance the finished product. iii. Selecting the
best corrective measures. Any of these may be used to create a new
product or make the ones that already exist better. The
aforementioned methodology’s phases begin with parameter

FIGURE 1
Roadmap of the commercialization steps from lab to industry.

FIGURE 2
SWOT analysis of the nanobiosensors.
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selection and proceed through process identification, planning,
evaluation, and revision (Rihar and Kušar, 2021; OECD, 2023).
Nanobiosensors should also encounter these regulations and
demands in terms of using them in the industry, hospitals, or
onsite applications.

Conclusion

Technological advancements and population growth have led to
a surge in the need for new sensors, impacting industrial output,
food and water supplies, and health services. Smart sensors have
improved people’s quality of life, with future sensors being more
sophisticated, sensitive, and accurate. These sensors will be available
in various forms, including implantable, wearable, and digestible
options. Commercialization is the first step towards their realization.
Research on nanotechnology products in industrial and residential
applications is growing globally, but their development often
outweighs commercialization initiatives, necessitating early
commercialization strategies.

Technology transfer protocols can significantly improve the
efficiency of the commercialization process for nanotechnology. Labs
can adopt these protocols by creating a well-defined Intellectual
Property (IP) plan, collaborating with a Technology Transfer Office
(TTO), participating in market research, keeping detailed records,
forming partnerships with industry partners, formulating a licensing
plan, training researchers in technology transfer, obtaining funding for
product commercialization, complying with laws and regulations,
creating a comprehensive technology transfer plan, and encouraging
the commercialization of culture. These actions can help laboratories
prepare for technology transfer and increase the likelihood of a seamless
transition from the laboratory to the commercial domain. By
implementing these protocols, labs can enhance their preparedness
for technology transfer and increase the likelihood of a seamless
transition from the laboratory to the commercial domain (Palmberg,
2008; National Academies of Sciences, 2016; Europa, 2019).

Comprehensive risk assessments are essential for identifying
potential dangers related to nanomaterials in goods. Toxicology
studies are crucial for understanding health effects. Exposure
situations should be evaluated at every stage of the product’s
lifecycle. Risk management techniques like engineering controls,
PPE, and containment measures are necessary. Clear
communication is also crucial. Regulatory compliance with
nanomaterials laws, standardization protocols, clear labeling,
monitoring systems, emergency response strategies, and
continuous improvement are crucial for safe handling, storage,
disposal, environmental impact assessment, and safety procedures
(Demirbaş and Çevik, 2020; Kumari et al., 2023).

Researchers are working to address the knowledge gap in
understanding the harmful effects of nanotechnology products.

Companies using nanotechnology innovations must have risk
management protocols, address regulatory barriers, establish
technology transfer policies, encourage business incubators, and
improve public understanding. Coordination among social actors is
essential for ensuring the benefits of nanotechnology outputs align
with society’s needs and expectations. To ensure nanotechnology
benefits meet society’s needs and expectations, coordinated actions
among stakeholders are crucial. This includes sharing resources and
expertise, prioritizing ethical considerations, involving the public in
decision-making, creating flexible regulatory frameworks, and
conducting comprehensive risk assessments. Sustainable
technologies should be promoted, considering long-term
environmental and socioeconomic implications. By implementing
these techniques, stakeholders can ensure research and
commercialization align with societal expectations, resulting in
beneficial and responsible outcomes.
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