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INTRODUCTION
Nanotechnology is one of the most revolutionary fields of modern science that has applications in
medicine, electronics, energy, agriculture, environmental remediation, food technology, advanced
materials and biotechnology. Controlling the properties of matter in this size range (from around 1 to
100 nanometers) allows the creation of materials and devices with novel physical, chemical, optical,
electrical and biological properties [1]. The unique properties have provided many opportunities for
technology development and commercialization. But, with the swell of scientific advancements,

comes the corresponding complex landscape of intellectual property (IP) rights surrounding
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nanotechnology. Due to the interdisciplinary nature of nanotechnology, concepts, and technologies
from chemistry, physics, materials science, biology, engineering, and computer science may all be
part of a single innovation [2]. Thus, there may be a number of patents on a nanotechnology-based
product or process.

This situation creates something known as a “patent thicket,” which is a large number of patents that
overlap and are owned by a variety of people, research organizations, universities, start-up companies
and large multinational companies. In this context, companies with patent innovations that they want
to develop for and/or commercialize may find themselves having to search, screen and possibly
license many patents before a product is ready for the market [3]. Such complexity looms particularly
large with regard to patent claims covering fundamental nanomaterial’s or manufacturing processes,
surface modifications, characterization processes, applications, or downstream products. Therefore,
being free in a specific technological or commercial area does not always mean a patent on the
invention has been granted [4].

The upsurge of nanotechnology patenting has opened up opportunities and posed challenges for
research and industry. Exclusive rights and opportunities for commercialization can motivate
investment in R&D through strong patent protection. Meanwhile, overly fragmented patents, overly
broad patents, overly overlapping patents, and uncertainty over who owns what can make transactions
more expensive and inhibit innovation [5]. Small and medium sized enterprises can be especially at
risk as they may not have the financial and legal means to perform a thorough patent search or the
ability to enter into multiple licensing agreements. It is therefore of crucial importance to understand
the nanotechnology patent landscape if one wishes to carry out an effective innovation management.
A patent landscape, freedom-to-operate (FTO) analysis, technology mapping, licensing, cross-
licensing, and IP models of collaboration can all assist an organization to identify potential risks and
opportunities [6]. The new techniques of artificial intelligence (Al) and data analysis also offer new
means for examining large, complex patent sets.

The authors analyze the structure and development of the nanotechnology patent landscape, focusing
specifically on the development of patent thickets and their consequences for innovation and
commercialization. It also examines some of the big IP issues and considers some solutions that
researchers, companies and policymakers can use to navigate complex patent environments. This
review aims to explain intellectual property management as a tool to facilitate responsible and

sustainable progress in nanotechnology from a technological, legal and strategic view.
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NANOTECHNOLOGY PATENT LANDSCAPE AND EMERGING TRENDS
Since the dawn of research about nanotechnology, the patent database has grown significantly in
scope from the research lab to commercial uses. Patents are one of the key tools in securing the
protection of technological innovations, investment and competitive advantages. But the cross-cutting
nature of this technology makes intellectual property rights protection in nanotechnology extremely
wide and intricate [7]. Possible innovations include nanomaterials, nanoscale manufacturing
techniques, surface functionalization, characterization techniques, nano-enabled devices, drug
delivery methods, sensors, coatings, and energy-storage devices. Thus, patenting is not limited to any
particular technological or industrial area, but rather spread across a wide variety of areas [8].
One of the key features of nanotechnology patent landscape is the presence of various stakeholders.
The public research sector, like universities, often makes the discoveries, whereas start-ups and
established companies work to propel the discoveries to marketable technologies. Governments and
research agencies also play a part in funding publicly through research programs [9]. This mix results
in a complicated ownership situation, where related technologies can be owned by multiple
organizations. A commercial product can also be based on several patented technologies, which
means that companies have to consider several IP rights for commercialization [10].
The rise in the number of emerging trends in nanotechnology patenting is an indicator of the transition
from nanoscience to nanotechnology applications. Nanotechnology research and patenting efforts
have been especially focused on nan medicine, nanoelectronics, nanocomposites, advanced energy
materials, nanosensors, environmental nanotechnology, and nano-enabled agriculture. For instance,
nanomedicine is a technology that utilizes targeted drug delivery systems, diagnostic platforms,
imaging agents and nanoscale therapeutic systems [11]. Likewise, the advancement of batteries, super
capacitors, solar cells and hydrogen technologies has grown the interest in energy applications of
nanostructured materials.
Another major trend is the growing globalization of nanotechnology patent activity. It is important to
note that nanotechnology products and manufacturing processes often have international markets,
and innovators may wish to seek protection in more than one jurisdiction. Patent strategies and
commercialization choices can, therefore, be affected by disparities between the national patent laws,

examination criteria, disclosure obligations, and enforcement powers [12].
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Figure 1. Intellectual Property in Nanotechnology: Growth Trends and Global Dynamics

COMPREHENDING THE NANOTECH PATENT THICKET

A “patent thicket” is a complex and interwoven patent portfolio that an organization may have to
traverse to make use of, develop, manufacture, or commercialize a specific technology. Patent thickets
in nanotechnology can be particularly difficult because innovations are often a product of many
scientific and engineering areas [13]. Multiple inventions may underlie a single nanotechnology-
based product, such as a nanomaterial, its synthesis, surface modification, characterization,
manufacturing, and use. These components can each have different patents held by various parties
[14].

The development of nanotechnology patent thickets is closely tied up with the rapid pace of
nanotechnology research and development. New nanoscale structures and properties are being found,
and other organizations can work on their own to create new technologies, or refine their existing
technologies. Patent application(s) could therefore be taken out on the materials themselves, as well
as for any improvements and uses that came after [15]. These patents may over time build up several

layers of IP in a specific technological field. This network may make it hard for businesses to identify
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which patents are important for their operations and if their proposed technology could be infringed
by existing patents [16].

Overlapping patent claims are another key aspect of nanotech patent thickets. Two similar patents
could take care of essentially the same technological element and cover different components of an
invention. A patent for manufacturing a specific type of nanoparticle, a patent for surface
modification, and a patent for using the nanoparticle in a biomedical application, for instance. These
patents are technically separate, but they could have overlapping applications. A company that is
developing a commercial product may thus need to obtain multiple patents in order to completely use
the technology [17].

These thickets can be complicated even more by the possibility of numerous patents held by different
people. Research on nanotechnology is often carried out as a joint project between research institutes,
government agencies, private companies and research groups. Consequently, there might be many
different patent holders for an IP [18]. Technologies may be harder to access due to a variety of
licensing requirements, commercial interests, and negotiation positions. Every business, particularly
smaller entities and startups, can have a special set of difficulties as they might not have the funds or
legal expertise to perform extensive patent searches and negotiate licensing agreements [19].

The benefits or drawbacks of patent thickets are possible. There is also a positive aspect, as robust
patent protection can provide incentives for investment as it gives companies the chance to recoup
their research and development expenses. It may also encourage knowledge disclosure since patent
applications usually involve the disclosure of the invention to the public [20]. This can lead to high
licensing fee, slow to market, lack of interest in following innovations and uncertainty about freedom
to operate, but it may be caused by excessive patent fragmentation [21].

It is, consequently, important for researchers, businesses and policymakers to understand the
architecture of a nanotech patent thicket. With effective patent landscaping, they can also find out
who are the key patent holders, overlaps of technology, patents that have expired or are still active,
and any potential licensing issues [22]. When used together with the freedom-to-operate analysis, this
information can help organizations decide on the potential risks before investing in product
development. In the end, however, the solution to the "nanotechnology patent thicket" is a
combination of patent protection, collaboration, licensing, innovation, and access to enabling

technologies that are all integral parts of a strategy [23].
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NANOTECHNOLOGY PRESENTS A NUMBER OF SIGNIFICANT IP ISSUES
Due to its interdisciplinary nature, its fast development and the various application areas,
nanotechnology has specific intellectual property (IP) concerns. Unlike many traditional
technologies, nanotechnology frequently entails innovations across multiple levels, from design and
synthesis of nanoscale materials, to the integration of these materials into complex products and
systems. This makes assignment of intellectual property rights complex and one of the challenges is
to decide what part of an innovation can be adequately protected [24]. This has led to the need to
assess patent opportunities and possible infringement carefully by researchers, companies and
investors.
One of the major challenges is the overlap between patent claims. The technological aspects of a
single nanotechnology product might consist of several technological aspects, each having different
patents. A patentable nanotechnology drug delivery system, for instance, could be based on the
composition of the nanoparticles, how they were made, their surface modification, the method of
loading the drug with the nanoparticles, and the therapeutic use [25]. The practical aspects of each
patent might be closely connected, although each patent protects a different aspect. The overlap may
lead to confusion for companies that want to know if their product can be developed and marketed
without violating existing rights [26].
One of the other big issues is invent ability and patentability of nanotechnology inventions. The
properties of nanomaterials may be very sensitive to their size, shape, morphology, surface chemistry
and manufacturing. Any variation in these properties can have a great effect on performance. Patent
claims need, therefore, to be clear and specific enough to allow for the distinction of an invention
from previous art, but also broad enough to offer meaningful protection [27]. Claims that are too
specific can be susceptible to being worked around by other competitors, and claims that are too
general may be subject to problems during patent examination or litigations.
Prior-art identification is another significant problem. Research publications on nanotechnology are
spread out among various scientific disciplines and scientific databases; the information could be
present in patent and non-patent literature [28]. Information relating to patentability can be found in
scientific publications, conference proceedings, technical reports, dissertations or earlier patents.
Searching becomes more difficult because of the use of different terminology. The same nanomaterial
could have multiple chemical names, abbreviations, structural descriptions, or application-specific
terminology, which makes it challenging to carry out comprehensive searches [29].
Ownership/licensing is also a significant challenge. Initiatives in nanotechnology research typically

span from universities to government institutions, startups and big corporations. Jointly conducted
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research can lead to joint inventions, and complex conditions of ownership. When technology crosses
organizational and national borders, issues of ownership, licensing and the availability of existing

licenses to use the technology commercially can be particularly problematic [30].

Intellectual Property Hurdles in Nanotechnology Development
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comprehensive searches extremely difficult.

Figure 2. Navigating Intellectual Property Rights in Nanotechnology
Also, high patenting expenses and litigation risks can deter smaller companies from competitive
nanotechnology markets. Significant financial and legal resources are needed to manage patent
matters such as filing, maintenance, monitoring, licensing and enforcement. The costs can rise further
with commercialization internationally as patent protection needs to be taken into account in various
jurisdictions. The uncertainty of future patent values of nanotechnology due to the quick pace of
technology change [31]. A patented technology can go from being commercially important to being
superseded by a newer technology in a short period before meaningful returns are realized. Thus,
ongoing tracking of technology, patent activity, technology shifts and regulatory environments are
essential for successful IP management [32]. Over the coming years, patent landscaping, freedom-to-
operate analysis, strategic licensing, collaboration and sophisticated analytical tools can help
organizations navigate and mitigate those uncertainties while making informed decisions in the ever-

evolving nanotechnology IP landscape.
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PATENT LANDSCAPE ANALYSIS AND FREEDOM-TO-OPERATE
To gain and manage IP risk, patent landscape analysis and freedom-to-operate (FTO) assessment are
critical tools to understand nanotechnology. Nanotechnology is a highly interconnected technology
that is held by numerous different patent holders, which requires systematic approaches to identify
pre-existing IP rights prior to investing in research, development, manufacturing or
commercialization. While patent landscape analysis generally provides a broader perspective of
patent activity in a specific technological area, FTO analysis tends to be more specific in nature and
is used to determine if a given product, process or technology can be developed and commercialized
without a risk of infringing an enforceable third-party patent [33].
The typical patent landscape analysis process starts with systematic identification and gathering of
relevant patent documents. Patent databases can be searched both internationally and nationally with
keywords and patent classification codes, inventors, organizations, citations and technological
concepts. However, the search for keywords might not be enough in nanotechnology (since similar
technologies may be referred to with different scientific terms) [34]. Thus, using several search
methods can increase the accuracy and completeness of the landscape. The patent documents are then
analyzed based on the following parameters: filing date, state of the patent, jurisdiction, applicant,
inventor, technological field, and interrelationship of patent families [35].
One of the key results of patent landscape analysis is the discovery of technological and/or
organizational trends. Researchers can identify trends of growth in nanotechnology patent activity
and the primary groups and entities that drive the growth. By analyzing citations, patent information
can be used to identify influential inventions and technological connections, and by analyzing
geographic data, countries or regions with high levels of research activity and commercialization can
be identified [36]. An additional benefit of mapping patent families is to differentiate between
applications from the same family in different jurisdictions. This information can help to inform
strategic decisions to understand possible competition, collaborative opportunities, new technologies,
and potential scope for IP protection [37].
Freedom-to-operate analysis is more geared to a particular commercial goal, however, in contrast. An
FTO evaluation looks at a proposed product, manufacturing process, or technology and determines
whether there are third-party patent claims that might cover the new product. In the nanotechnology
industry, it can be difficult as a single product can have multiple patented parts. Thus, an FTO
investigation should be conducted with attention to patent claims, legal status, patents' expiration
dates, patent ownership, and the relevant jurisdictions [38].

The legal status is particularly significant since not all patents that have been identified are active
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barriers. There is a possibility of patents having expired or been abandoned or abandoned due to non-
payment of maintenance fees or invalidation. Likewise, there can be varying degrees of risk with
patent applications that are not yet to the stage of being protected rights. As a result, FTO analysis
should differentiate between potentially relevant documents and enforceable intellectual property
rights. Patent landscape and FTO studies can impact various patent-related decisions [39].
Organizations can change the product design, develop a different technology, obtain licenses,
negotiate cross-licensing agreements or share with the patent owner. It can be especially advantageous
at an early stage of analysis since indications of potential IP barriers at the research and development
phase may prove much less expensive than at post-commercialization phase [40].
Overall, patent landscape analysis and FTO assessment give complementary views. Landscape
analysis provides answers to the broader question of “Who owns what technology and where?” FTO
analysis provides answers to the more practical question of “Can we use or commercialize our
technology without infringing existing rights?” Collectively, these strategies can assist researchers
and companies in dealing with nanotechnology patent thickets, minimizing legal uncertainty, and
crafting more effective IP and commercialization strategies [41].

HOW TO MANEUVER THROUGH NANOTECH PATENT TROLLS
A systematic and proactive intellectual property (IP) strategy is essential to navigate a nanotechnology
patent thicket. The key to developing innovations in nanotechnology is that they are likely to be
composed of several overlapping technologies, so that it is not possible for an organization to be
granted patents for its own invention. They also need to be aware of the current patent landscape and
what they may have to contend with, as well as how to overcome the patents of others [42]. However,
better management of these issues can help minimize legal uncertainty, manage the costs of
commercialization, and ensure ongoing technological innovation.
Early patent landscape analysis is one of the most crucial strategies. Organizations must first find out
about patents, patent families, important patent holders and technology trends before investing
significant resources in research and development. Initial analysis can determine if an innovation is
in a crowded patent space or if there is open space within a less-mature technology space [43]. Also,
continuous monitoring should be considered as new patent applications may arise during the course
of the development. Practicing the routine updating of patent information enables organizations to
modify their research and commercialization plans as needed [44].
Another key approach is freedom-to-operate (FTO) evaluations. The FTO analysis will identify if
there is a potential conflict with any existing third party patent rights for the product or process

proposed. When evaluating nanotechnology, the assessment of FTO should be applied to both the
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technology product being evaluated and the materials, manufacturing processes, surface
modifications, devices and applications used to produce it [45]. Organizations can then evaluate the
possibility of redesigning the technology, licensing or developing alternatives if potential
infringement issues are discovered.
Effective solutions to patent thickets can also be found through licensing and cross-licensing. A
company can apply for licenses from the owners of the protected technologies instead of developing
all of them by itself. Licensing agreements can bring about vital technologies and let the patent
holders earn money from their IP rights. Cross-licensing is especially beneficial where two
organizations have complementary patents. Each party can allow the other party the use of certain
technologies, minimizing the chance of expensive disputes and enabling collaborative development
[46].
A number of patent holders pool certain pieces of IP under a set of licensing terms. A patent pool can
alleviate the complications of having to enter into separate licensing deals with many patent holders.
While they are effective in certain technologies and legal situations, they can be beneficial when
several patented technologies must be combined for a commercially viable product [47]. There is
potential to make even greater efforts to increase access to nanotechnology experts and intellectual
property through collaboration with universities, research institutions, startups, and industry partners.
Before the important research efforts commence, strategic partnerships and joint research agreements
may set rules of ownership, licensing, commercialization, and future inventions. This can avoid any
future IP ownership disputes [48].

AI AND DIGITAL TOOLS IN NANOTECH IP MANAGEMENT
An increasing number of artificial intelligence (Al) and digital technologies are changing the way
intellectual property (IP) is being managed in nanotechnology. The explosion of nanotechnology
research has led to a vast number of patents, scientific papers, technical reports and legal documents.
This information can be voluminous and cumbersome to manually analyze, and may make it hard for
researchers and companies to find the patents of interest and emerging intellectual property threats
[49]. Al tools and algorithms, machine learning, natural language processing (NLP), and sophisticated
data analytics can therefore be useful in navigating the intricate landscape of nanotechnology patent
[50].
Automated patent searching and classification is one of the key areas where Al finds its use.
Traditionally patent searches are conducted using specific keywords and classification codes.
Nanotechnology has a number of different meanings, however, depending on the scientific

application. Nanomaterials or the same technology can have multiple chemical names, abbreviations,
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technical terms or application specific terms that describe the product [51]. In contrast to mere
keyword based systems, NLP-based systems can be used to analyze patent documents and understand
their meaning and context. This can help to pinpoint patents that might be relevant even if they have
different wording [52].

Al can help with patent similarity and relationship analysis as well. Machine-learning algorithms can
be used to analyze patent documents based on their technical content, claims, citations and other
features and compare patent documents. This allows researchers to determine clusters of closely
related patents and gain insight into how patent inventions are interrelated. This type of analysis can
be especially helpful in identifying potential patent overlaps in the nanotechnology sectors, like

energy storage materials, nanocomposites, nanoelectronics and nanomedicine [53].

Al-Driven Intellectual Property Management in
Nanotechnology Sectors
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Figure 3. Al-Driven Intellectual Property Management in Nanotechnology Sectors
Patent landscape visualization is yet another application. Digital platforms can help to visualize large
patent datasets, creating interactive maps that reveal relationships between inventors, organizations,
technologies, geographical regions and patent families. These visualizations can be of assistance
companies in identifying key players, new research fields, and technological gaps. They can also help
guide strategic investments in research and in areas in technology that may provide less IP challenge.
An Al based system can also assist in freedom-to-operate (FTO) analysis by assisting with the

identification of potentially relevant patents and the analysis of the legal and technical data [54].
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Automated tools can help screen large volumes of patent documents, finding potentially relevant
claims, and monitor patent changes. But the results generated by AI should not replace legal
evaluation by professionals. The interpretation of specific legal and technical aspects of a patent
claim, as well as the determination of whether a given product infringes a patent claim, is a detailed
legal and technical task [55].

REGULATORY, LEGAL AND POLICY PERSPECTIVES
Regulatory, legal and policy frameworks play a role in the development and commercialization of
nanotechnology, as well as scientific and technological advances. Various regulations could be
applied to a single technology, since nanotechnology is applied in a wide range of sectors such as
medicine, food, agriculture, electronics, cosmetics, energy and environment [56]. The interplay
between intellectual property (IP) law, product safety regulations, environmental laws and
international trade laws can therefore become complicated. These frameworks are critical for
organizations that wish to commercialize the nanotechnology field and aim to safeguard their
invention and meet legal obligations [57].
One of the more significant means of protection for nanotechnology innovations is patent law. Under
certain legal conditions, inventors can be granted exclusive rights to new products or processes,
materials or uses of materials, for a limited time, through patent protection. However, in
nanotechnology, establishing novelty, inventive step or non-obviousness, and adequate disclosure
may be difficult [58]. Nanotechnology is based on ongoing science advances and the process of
determining if the technology is new or already known can be a lengthy and thorough investigation
of patent and scientific literature [59].
Another big challenge is the extent and meaning of the scope of protection of the claims of the patent.
Nanotechnology inventions can be based on very small variations in particle size, structure,
composition, morphology, or surface properties that can have a great impact on technological
performance. Patent claims are thus required to be both sufficiently precise and meaningful. The
broader claims provide better commercial protection but could be met by prior art and/or inadequate
disclosure [60]. The limitation of claims, on the other hand, can be more easily secured but can be
defeated by competitors by making small technological changes.
Regulatory considerations may play a role in the commercialization of nanotechnology. Depending
on the use of the product, or its jurisdiction, assessments for safety, quality, environmental assessment,
or performance may be necessary when using products with nanomaterials. Nano products used in
medicine, for instance, could have strict safety and efficacy requirements, and nanomaterials used in

consumer products could have questions about exposure and environmental impact. Regulatory
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uncertainty raises the cost of development and can affect decisions on investment, especially if
regulations have not developed in line with scientific advances [61].
There is added complexity to the international commercialization. Generally, patent rights are
territorial, meaning that a patent granted in one country is not a patent granted in another. Such
coordinated patent strategies may be necessary for companies looking at international markets. The
examination, regulation, enforcement and valuation of patents can have a significant impact on
protection and commercialization of nanotechnologies, depending on the differences in practices [62].
Government policies can be a major contributor to mitigation of these challenges. Research,
technology transfer, innovation incentives and specific IP support by public research institutions and
research agencies can be used to create and protect new technologies, particularly for small
companies. Policymakers also can foster partnerships between universities, industries, and research
institutions by setting forth unambiguous guidelines for ownership and commercialization of public
research inventions [63].

FUTURE PERSPECTIVES
Nanotechnology's future will be shaped by further developments in fields such as materials science,
biotechnology, electronics, energy systems and artificial intelligence. Managing intellectual property
(IP) will become more important as nanotechnology progresses from research to mass production.
The number of patents, patent families, and technological collaborations are increasing, and this trend
is likely to continue to complicate the patent landscape in nanotechnology. As a result, researchers,
industry and policy makers will have to become more flexible and strategic in how they protect
innovation, while also ensuring new technology continues to be developed [64].
An important direction for the future is the creation of more efficient systems for patent landscape
analysis. When technologies use specialized language and multiple scientific disciplines, it can be
challenging to conduct a conventional patent search. Al, machine learning, and NLP will be used to
enhance relevant patents' identification and classification [65]. These technologies can assist
researchers in analyzing large amounts of data, determine technological relationships, monitor the
competition, and discover new regions of patent activity. But human expertise will still be critical for
understanding patent claims, assessing the legal risks and deciding on commercialization [66].
Another key aspect is the growing adoption of collaborative models of intellectual property.
Nanotechnology frequently demands capabilities and resources from many disciplines and
organizations. Joint research programmers, technology transfer, licensing, and patent pools are
therefore suitable methods for universities, research institutes, startups and multinational companies.

Future conflicts and opportunities for sharing knowledge are minimized with clear agreements on
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ownership, licensing, confidentiality and commercialization [67].
International cooperation will also be more and more essential. Nanotechnology products could be
developed in one country, produced in another, and sold in another. The challenges for international
commercialization are therefore possible due to differences in patent systems and regulatory
requirements [68]. There is a need for greater harmonization of patent practices, patent terms,
examination standards and regulatory frameworks which would help to decrease the uncertainty and
to facilitate the development of nanotechnology worldwide [69].
Future policy frameworks, meanwhile, need to strike the right balance between robust IP protections
and access to technology. The scope of patent protection can either be too wide or too narrow, which
can either limit follow-on research or decrease incentives for private investment. Policymakers should
thus foster patent systems that would promote true innovation and not disinhibit scientific and
technological development [70]. The nanotechnology patent thicket is a challenge as well as an
opportunity. While the potential for overlapping IP rights can cause costs, uncertainty and delay in
commercialization, smart IP management can turn these obstacles into opportunities for
collaboration, licensing and innovation. Practical ways to navigate through complex IP requirements
include patent landscape analysis, FTO assessment, strategic licensing, design around strategies, Al-
assisted monitoring as well as collaborative research [71]. A sound and pro-growth IP framework is
going to be vital to the successful development of nanotechnology from scientific inquiry to
sustainable local and global commercial and societal applications.

CONCLUSION
Nanotechnology is one of the fastest growing fields in the modern world and has the potential to have
a profound impact on energy, agriculture, environment, advanced materials, electronics, and
healthcare. These innovations are, however, accompanied by an increasingly complex and
complicated IP environment. Nanotechnology is a multidisciplinary technology, which may require
multiple related inventions, and each of those inventions might be covered by a separate patent. This
has led to patent thickets or overlapping patent landscapes that can cause uncertainty and hinder
research, companies, and investors.
The insights from the analysis in this review illustrate the critical importance of comprehending the
nanotechnology patent landscape to facilitate effective innovation management. The results of patent
landscape analysis can be useful in order to gain an understanding of the technological trends, the key
patent owners, new technological fields and potential competitors. Concurrently, it is essential to
carry out a freedom to operate (FTO) assessment to see whether the product or process proposed for

commercialization infringes on existing third-party patents. Implementing these strategies early can
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assist organizations in determining possible IP hurdles before significant investments of time and
money are made.
There are a number of ways to effectively deal with nanotechnology patent thickets. Preliminary
access to key technologies through strategic licensing and cross-licensing, and patent pooling can
help streamline the negotiations with multiple patent holders. Design around strategies can enable
researchers to build alternate technologies which do not infringe on potentially problematic patent
claims. Linking universities, research institutions, startups, and large enterprises can also help to make
expertise and IP more accessible. In the context of collaborative research, clear agreements around
patent, licensing, confidentiality and commercialization are of special significance.
With the rise of artificial intelligence and digital technologies, there are further avenues to enhance
IP management. Al patent search tools, NLP, patent classification, similarity search, and automated
patent monitoring can enable companies to handle ever-growing patent databases. However, these
tools should be used in conjunction with, and not instead of, scientific and legal expertise, especially
in the context of interpretation of claims and risk assessment of infringement.
Regulatory and policy environments also will be key factors in determining the future of
nanotechnology innovation. Balancing protecting inventions and incentivizing investment with
ensuring access to technologies and support for follow-on research is important for effective policies.
International cooperation, open patent management and licensing rights, and enabling technology
transfer policies have the potential to mitigate unnecessary obstacles to innovation.
The nanotech patent thicket is not a problem per se. It can foster collaboration, technology sharing,
investment and more innovation, if managed strategically. Strategic licensing, encompassing
thorough patent research and analysis, FTO evaluation, research collaboration, Al-powered IP
management, and well-informed policy formulation can empower companies to better manage
complex intellectual property landscapes. If this is integrated in the scientific approach will be crucial
to be able to realize the potential of nanotechnology in sustainable technological, economic and
societal gains.
REFERENCES
[1]. Stiles AR. Hacking through the thicket: a proposed patent pooling solution to the
nanotechnology™ building block™ patent thicket problem. Drexel L. Rev.. 2011;4:555.
[2]. Bowman DM, Sylvester DJ, Marino AD. Returning to the Patent Landscapes for
Nanotechnology: Assessing the Garden that It Has Grown Into. Biomedical Nanotechnology:
Methods and Protocols. 2017 Feb 26:315-38.

38
This is an Creative Commons License This work is licensed under a Creative
BY NC Commons Attribution-NonCommercial 4.0 International License.


https://doi.org/10.70445/gtst.2.4.2026.24-44

. . ISSN : 3079-5761
Global Trends in Science and Volume 2, Number 4, 2026

Technology https://doi.org/10.70445/gtst.2.4.2026.24-44

[3].

[4].

[5].

[6].

[7].

[8].

9.

[10].

[11].

[12].

[13].

[14].

Kop M, Forrest T. Global Quantum Governance: From Principles to Practice. Centre for
International Governance Innovation; 2026.

Lenoir T, Giannella E. Technological platforms and the layers of patent data. Making and
Unmaking Intellectual Property: Creative Production in Legal and Cultural Perspective.
2011:359.

Bas TG. Innovative formulation strategies for biosimilars: trends focused on buffer-free
systems, safety, regulatory alignment, and intellectual property challenges. Pharmaceuticals.
2025 Jun 17;18(6):908.

Logothetis D. Rewarding Pharmaceutical Innovation for Being Innovative: A Summary of the
Pharmaceutical Patent System and an Amendment to the Patent Act to Negate™ Evergreening"”
and" Patent Thickets". Appeal: Rev. Current L. & L. Reform. 2024;29:1.

Williams HL. Intellectual property rights and innovation: Evidence from the human genome.
Journal of Political Economy. 2013 Feb 1;121(1):1-27.

Bertoni A. Open Source Models in Biomedicine: Workable Complementary Flexibilities
Within the Patent System. Wake Forest J. Bus. & Intell. Prop. L.. 2013;14:126.

Chauhan SB, Singh I, Kalra Y, Jain C. Emerging Frontiers in Prostate Cancer Diagnostics:
Nanolaser-Guided Nanotechnology and Computational Biology for Biomarker Surveillance.
Anti-Cancer Agents in Medicinal Chemistry. 2026.

Roshani S, Mahdad M, Li J. From Technological Trajectories to Artifact Systems in Al-
Enabled Agriculture Innovation Ecosystem. IEEE Engineering Management Review. 2026
Mar 6.

Han YJ. Analysis of essential patent portfolios via bibliometric mapping: An illustration of
leading firms in the 4G era. Technology Analysis & Strategic Management. 2015 Aug
9;27(7):809-39.

Siri JG, Fernando CA, De Silva SN. Nanotechnology and protection of intellectual property:
emerging trends. Recent Patents on Nanotechnology. 2020 Dec 1;14(4):307-27.

Bader MA, Gassmann O, Thompson MJ. Patent Management in New Technology
Environments. InPatent Management: Protecting Intellectual Property and Innovation 2026
Jun 2 (pp. 205-255). Cham: Springer Nature Switzerland.

Singh H, baseer Khan A, Verma H, Tiwari V, Chaudhary S. 6 PATENT STRATEGIES AND
INTELLECTUAL PROPERTY MANAGEMENT IN NANOTECHNOLOGY-BASED
DRUG DELIVERY. Applications And Emerging Trends In Pharmaceutical Nanotechnology.
2026 Aug 6.

39
This is an Creative Commons License This work is licensed under a Creative
BY NC Commons Attribution-NonCommercial 4.0 International License.


https://doi.org/10.70445/gtst.2.4.2026.24-44

. . ISSN : 3079-5761
Global Trends in Science and Volume 2, Number 4, 2026

Technology https://doi.org/10.70445/gtst.2.4.2026.24-44

[15]

[16].

[17].

[18].

[19].
[20].
[21].
[22].
[23].

[24].

[25].

This is an Creative Commons License This work is licensed under a Creative
BY NC Commons Attribution-NonCommercial 4.0 International License.

Jiang N. Design Innovation and The Future of Intellectual Property. InDesign, Innovation and
Intellectual Property: Toward a New IP System—Lessons from China 2026 Jan 2 (pp. 197-
234). Singapore: Springer Nature Singapore.

Wu L, Zhu H, Chen H, Roco MC. Comparing nanotechnology landscapes in the US and
China: a patent analysis perspective. Journal of nanoparticle research. 2019 Aug;21(8):180.
Oriakhogba DO. Centering Intellectual Property in Artificial Intelligence Strategies in Africa
Through a Techno-legal Analysis. Potchefstroom Electronic Law Journal (PELJ). 2026
Jan;29(1):1-43.

Aboy M, Crespo C, Minssen T. Mapping the Patent Landscape of Quantum Technologies:
Evolving Patenting Trends and Policy Implications (2025 Update). InQuantum Technology
Governance |: Law and Regulation 2026 Apr 20 (pp. 125-147). Singapore: Springer Nature
Singapore.

Shushkov A. Regulatory Responsibility and Intellectual Property Management. Competency-
Based Engineering Project Management: A Handbook for Managing Technical Projects. 2026
May 8:337-74.

Allan de Lavenne C, Porsdam Mann S, Porsdam H. Intellectual Property and the Human Right
to Science: Adjusting the Balance in Times of Technology Acceleration. Sebastian and
Porsdam, Helle. 2025 Nov 14.

Saravanan AG. Gene Editing Technologies and Patent Landscape: Navigating Legal and
Ethical Challenges in the Context of Genetic Resources. International Journal of Legal
Science and Innovation. 2024 Jun 17;6(3):1059-80.

Trujillo MC, Camargo-Amado R, Machuca-Martinez F. Technological and patent landscape
of biosensors for leukemia detection: Evolution, maturity, and future prospects. World Patent
Information. 2025 Dec 1;83:102405.

Luo K, Ren J, Wang Y, Wan J. Is It Blocked or Dredged? Analysis of the Inhibitory Effect of
Patent Assets and R&D Stock on the Market Value Impact of Patent Thickets in Chinese
High-Tech Enterprises. Sage Open. 2025 Jul;15(3):21582440251359516.

Shaikh SA, Singhal TK. An analysis of IP management strategies of ICT companies based on
patent filings. Journal of Intelligence Studies in Business. 2018 May 1;8(2):62.

Coccia M, Roshani S. Evolutionary phases in emerging quantum technologies: General
theoretical and managerial implications for driving technological evolution. IEEE

Transactions on Engineering Management. 2024 Apr 8;71:8323-38.

40


https://doi.org/10.70445/gtst.2.4.2026.24-44

. . ISSN : 3079-5761
Global Trends in Science and Volume 2, Number 4, 2026

Technology https://doi.org/10.70445/gtst.2.4.2026.24-44

[26].
[27]
[28].

[29].

[30].

[31].
[32].

[33].
[34].
[35].

[36].

[37].

This is an Creative Commons License This work is licensed under a Creative
BY NC Commons Attribution-NonCommercial 4.0 International License.

Mandal A, Chutia U, Dutta G, Senthamaraikannan P, Kumar R. Protection of Innovation in
Plant Fiber-Reinforced Composites: A Critical Analysis of the Intellectual Property Rights
Opportunities and Challenges. Journal of Natural Fibers. 2025 Dec 31;22(1):2539428.

Luo K, Zor S. Patent Thicket, Patent Cooperation Network, and Firm Market VValue: Empirical
Evidence from Chinese Firms. Patent Cooperation Network, and Firm Market Value:
Empirical Evidence from Chinese Firms. 2023.

Wang L, Chen 'Y, Ramsey T, Hewings G. Digital technology and service tradability: evidence
from patent innovations and knowledge utilization. Humanities and Social Sciences
Communications. 2025 Jul 1;12(1):932.

Power B, Reid GC. The impact of intellectual property types on the performance of business
start-ups in the United States. International Small Business Journal. 2021 Jun;39(4):372-400.
Sternberger C, Caillaud F, Bounfour A. A new data-based analytical framework for patent
appropriation strategies: the case of the cosmetic sector. International Journal of Intellectual
Property Management. 2024;14(4):358-88.

Deng Z. RETRACTED ARTICLE: Pandemic-Resilient Investment: Sustainable Knowledge
Infrastructure for Medical Al. Journal of the Knowledge Economy. 2025 Jun;16(2):6605-28.
Kulkarni A, Pearce JM. Patent parasites: non-inventors patenting existing open-source
inventions in the 3-D printing technology space. Inventions. 2023 Nov 6;8(6):141.

Yoon J, Jeong B, Lee WH, Kim J. Tracing the evolving trends in electronic skin (e-skin)
technology using growth curve and technology position-based patent bibliometrics. leee
Access. 2018 May 14;6:26530-42.

Antonelli GA, Leone MI, Ricci R. Exploring the Open COVID Pledge in the fight against
COVID-19: a semantic analysis of the Manifesto, the pledgors and the featured patents. R&D
Management. 2022 Mar;52(2):255-72.

Shah M, Patel L, Dudhat C, Sami A, Hariharan K, Mehta T. Global trends and IP landscape
focusing on drug delivery for oral cancer treatment. Emerging Trends in Cancer Research.
2026 Jan 1:235-60.

Du W, Wang Y, Xu W, Ma J. A personalized recommendation system for high-quality patent
trading by leveraging hybrid patent analysis. Scientometrics. 2021 Dec;126(12):9369-91.
Kop M. The Nexus of Quantum Technology, Intellectual Property, and National Security: An
LSI Test for Securing the Quantum Industrial Commons. arXiv preprint arXiv:2602.15051.
2026 Feb 11.

41


https://doi.org/10.70445/gtst.2.4.2026.24-44

. . ISSN : 3079-5761
Global Trends in Science and Volume 2, Number 4, 2026

Technology https://doi.org/10.70445/gtst.2.4.2026.24-44

[38].
[39].

[40].

[41].

[42].
[43].
[44].
[45].

[46].
[47].

[48].

[49].

[50].

This is an Creative Commons License This work is licensed under a Creative
BY NC Commons Attribution-NonCommercial 4.0 International License.

Lallement R. Intellectual Property and Innovation Protection: New Practices and New Policy
Issues. John Wiley & Sons; 2017 Nov 1.

Borra S. Invisible Kineticism in Visible Technology: A Brief Sketch on the Nexus Between
Nanotechnology and Information Technology. IUP Law Review. 2017 Oct 1;7(4):7.

Lahiry SR, Rangarajan K. Strategic use of patents by an entrepreneurial multinational
organisation in Indian context. Journal for Global Business Advancement. 2019;12(3):356-
81.

Cheng CY, Kung LC. Evaluation of innovation risk through patent risk factors: an empirical
approach. Queen Mary Journal of Intellectual Property. 2019 Dec 1;9(4):414-29.

Du Y, Xu Y, Tang P, Meng G. Organ-on-a-chip as a next-generation tool in drug
development: A bibliometric and patent analysis. Cell Transplantation. 2026
Jun;35:09636897261462781.

Indian Innovators Association. Patent IPR Licensing-Technology Commercialisation—
Innovation Marketing: Guide Book for Researchers, Innovators. Notion Press; 2017 Sep 15.
Salamanca-Buentello F, Daar AS. Dust of wonder, dust of doom: a landscape of
nanotechnology, nanoethics, and sustainable development. InGlobal bioethics: the impact of
the UNESCO international bioethics committee 2016 (pp. 101-123). Cham: Springer
International Publishing.

Patel RM, Patel G. Innovation and Patentability of Biopolymers for 3D Bioprinting in
Biomedical Applications. InHandbook of 3D Printing in Biomedical Applications 2025 May
30 (pp. 249-268). CRC Press.

Li Y. Forecasting high-quality patents from the perspective of technology convergence. Data
Technologies and Applications. 2026 Jan 14;60(1):41-60.

Rimmer M. Make and share: intellectual property, higher education, technology transfer, and
3d printing in a global context. Edward Elgar Publishing; 2020 Feb 6.

Khanna R, Guler I, Nerkar A. Fail often, fail big, and fail fast? Learning from small failures
and R&D performance in the pharmaceutical industry. Academy of management Journal.
2016 Apr;59(2):436-59.

Kulkarni A, Pearce JM. Patent Parasites: Non-Inventors Patenting Existing Open-Source
Inventions in the 3-D Printing Technology Space. Inventions 2023, 8, 141 [Internet]. 2023
Alderucci D. Copyrights Protection for Patents: Some Surprising Implications for Artificial
Intelligence. W. Va. L. Rev.. 2020;123:791.

42


https://doi.org/10.70445/gtst.2.4.2026.24-44

. . ISSN : 3079-5761
Global Trends in Science and Volume 2, Number 4, 2026

Technology https://doi.org/10.70445/gtst.2.4.2026.24-44

[51]

[52].

[53].
[54].

[55].
[56].
[57].
[58].

[59].

[60].
[61].

[62].

This is an Creative Commons License This work is licensed under a Creative
BY NC Commons Attribution-NonCommercial 4.0 International License.

Pannonhalmi A, Sipos B, Kurucz RI, Katona G, Kemény L, Csoka I. Advancing regulatory
oversight of medical device trials to align with clinical drug standards in the European Union.
Pharmaceuticals. 2025 Jun 12;18(6):876.

Coccia M, Roshani S, Mosleh M. Morphologicale evolution of scientific networks in quantum
computing, 1990-2020: innovation management implications. IEEE Transactions on
Engineering Management. 2024;71:2270-80.

Francis S. Evolution of technology in the digital arena: Theories, firm-level strategies and
state policies. Centre for WTO Studies Working Paper. 2018 Mar.

Mandaliya VVB. Biomedical Composites for Orthopaedics Health: Innovations, Sustainable
Framework and Policy Interventions. Indian Journal of Orthopaedics. 2026 May 29:1-28.
Kwon D, Sohn SY. Comparison of patenting trends and alliance patterns among countries
with a majority religion: structural topic model and network analysis. Technology Analysis &
Strategic Management. 2025 Nov 2;37(11):1899-915.

Ogra 10, Opoku FN, Adaji JZ, Usman S, Tizhe DT, Apollos SD, Philip E, Jonathan EU,
Sossou K, Dauda WP. Integration of nanotechnology in triple negative breast cancer research:
a bibliometric and emerging trends analysis. Discover Nano. 2026 Mar 17;21(1):75.

Liu H, Yan H, Zeng H, Hu T, Ma S. Tangled knowledge: mapping research hotspots and
emerging frontiers in textile technology through bibliometric analysis. AUTEX Research
Journal. 2026 Jan 23;26(1):20250063.

Ge Y, Xu X, Cao M, Liu B, Wang Y, Liao P, Wang J, Chen Y, Yuan H, Chen G. Nasal drug
delivery and nose-to-brain delivery technology development status and trend analysis: based
on questionnaire survey and patent analysis. Pharmaceutics. 2024 Jul 11;16(7):929.

Chang SH, Fan CY. Identification of the technology life cycle of telematics: A patent-based
analytical perspective. Technological Forecasting and Social Change. 2016 Apr 1;105:1-0.
Lu C, Zhu L, Xie Y, Xu W, Zhang C, Zhao Y, Cao Y. Advancing genetics of agriculture and
biomolecules: A BERTopic-based analysis of research evolution in leading agricultural
universities. Molecular & Cellular Biomechanics. 2025 Jul 1;22(3).

Wang C, Wang Y, Zhong L, Xu J. Research on the evolution of biotechnology cooperation
networks—a study based on patent data in China from 2004 to 2023. Frontiers in Public Health.
2025 Mar 13;13:1437212.

Moreno PG, Joly Y, Roskams-Edris D. Could open be the yellow brick road to innovation in
genomics in North America?. McGill JL & Health. 2019;13:117.

43


https://doi.org/10.70445/gtst.2.4.2026.24-44

. . ISSN : 3079-5761
Global Trends in Science and Volume 2, Number 4, 2026

Technology https://doi.org/10.70445/gtst.2.4.2026.24-44

[63].

[64].

[65].

[66].

[67].

[68].

[69].

[70].

[71].

Lupica S, Privitera S, Trusso Sfrazzetto A, Cerruto E, Manetto G. Toward modern pesticide
use reduction strategies in advancing precision agriculture: A bibliometric review.
AgriEngineering. 2025 Oct 12;7(10):346.

Chauhan SB, Singh I, Kalra Y, Jain C. Emerging Frontiers in Prostate Cancer Diagnostics:
Nanolaser-Guided Nanotechnology and Computational Biology for Biomarker Surveillance.
Anti-Cancer Agents in Medicinal Chemistry. 2026.

Perrier E, Aboy M. Quantum Information Technology and The Law. InQuantum Technology
Governance |: Law and Regulation 2026 Apr 20 (pp. 11-98). Singapore: Springer Nature
Singapore.

Das K. Digital transformations and structural exclusion risks: Towards policy coherence for
enabling inclusive. The Digitalization Conundrum in India: Applications, Access and
Aberrations. 2021 Mar 1:13.

Ma Y. New progress in international nanotechnology research in the past ten years—visual
analysis based on CitesSpace. Journal of Computational Methods in Science and Engineering.
2022 Jan;22(1):265-77.

Yeboah L, Agyemang P, Malik AA, Acheampong P, Morgan J, Addo R, Henyo BW.
Exploring the Frontier of Semiconductor Technologies: Innovations, Sustainability and
Future Opportunities—A Review. Preprints. Preprints. https://doi. org/10. 2024 Sep
17;20944.

Welch E, Bagley MA, Kuiken T, Louafi S. Potential implications of new synthetic biology
and genomic research trajectories on the International Treaty for Plant Genetic Resources for
Food and Agriculture. Emory Legal Studies Research Paper. 2017 Oct 1.

Bhoyar S, Pethe A. Nanotechnology based topical drug delivery systems for psoriasis
addressing current strategies clinical progress and manufacturing challenges. Discover Nano.
2026 Dec;21(1):261.

Murtaza M, Khan SA, Khan H, Hossain SS. A comprehensive review of thermal ablation
technologies for transdermal drug delivery: mechanisms, commercial products, and future

smart systems. Drug Delivery and Translational Research. 2026 May 1:1-37

44
This is an Creative Commons License This work is licensed under a Creative
BY NC Commons Attribution-NonCommercial 4.0 International License.


https://doi.org/10.70445/gtst.2.4.2026.24-44

