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ABSTRACT: As the twenty-first century unfolds, nanotechnol- —

i 1 just a buzzword in the field of materials science Statistics
ogy is no longer jus ; | ML |
but rather a tangible reality. This is evident from the surging I —
number of commercial nanoproducts and their corresponding

revenue generated in 'different indust-ry sectors. However, it is Nanotechnol ogy data
important to recognize that sustainable growth of nano-
technology is heavily dependent on government funding and
relevant national incentive programs. Consequently, proper
analyses on publicly available nanotechnology data sets comprising information on the past two decades can be illuminating,
facilitate development, and amend previous strategies as we move forward. Along these lines, classical statistics and machine
learning (ML) allow processing large data sets to scrutinize patterns in materials science and nanotechnology research. Herein,
we provide an analysis on nanotechnology progress and investment from an unbiased, computational vantage point and using
orthogonal approaches. Our data reveal both well-established and surprising correlations in the nanotechnology field and its
actors, including the interplay between the number of research institutes—industry, publications—patents, collaborative
research, and top contributors to nanoproducts. Overall, data suggest that, supported by incentive programs set out by
stakeholders (researchers, funding agencies, policy makers, and industry), nanotechnology could experience an exponential
growth and become a centerpiece for economical welfare. Indeed, the recent success of COVID-19 vaccines is also likely to
boost public trust in nanotechnology and its global impact over the coming years.
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remendous advances have been made in the field of nanotechnology over the past two decades on a global scale?;
nanotechnology over the last two decades, translating (ii) are there any multilateral, tractable, and robust correlations
early promises into reality and contributing to
economic growth and public benefit. This is a direct
consequence of the interest of policy makers and governments
around the world in setting up different initiatives for the
development of advanced nanotechnologies and their

between scientific output, privileged regional development
hubs, and investment through research grants and seed
capital?; (iii) have any particular nanomaterials been in the
spotlight?; and (iv) for which applications have nanomaterials

applications, particularly in healthcare. In fact, nanotechnology been developed in greatest extent and more successfully
has already entered major industry sectors including materials impacted society? Herein, we interconnect publicly available
and manufacturing, electronics and IT, healthcare and life data and employ statistics—including machine learning
sciences, and energy and environment.' ™ Although progress (ML)—to provide a critical analysis and synthesize and

in nanotechnology research has been particularly evident since
the turn of the century, translating research into commercially
available products and devices that benefit society is the
ultimate goal. Nanomaterials offer avenues for societal
advancement, and their presence in our daily lives is now Received:  May 11, 2021
ubiquitous. As a larger number of products become available, Accepted:  July 23, 2021
the exposure to nanomaterials increases and, thus, it is Published: July 29, 2021
important to scrutinize a series of pertinent questions to

gauge the (r)evolution of nanotechnology. In particular, one

might question (i) how was the investment landscape in

aggregate information, thus generating knowledge and
enlightening the future impact of nanotechnology in daily lives.
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Figure 1. Global distribution of nanotechnology research and industry (source: Nanowerk, 2020). Depiction of the top 5 nanotechnology
contributors per continent, both in number of research institutes (orange dots) and nanotechnology-exploiting industry (blue dots). The
United States (US) industry is the largest contributor in either industry or research categories and was set to a dot size of 100%. All
remaining dots are size proportional and highlight the US as the global leader in raw number of institutes (38% of total) and companies
(45% of total), followed by Germany (9.4% and 10%, respectively) and the UK (8.6% and 7.5%, respectively). Regionally, North America
and Europe host 41% each of all research institutes and 38.5% (Europe) and 49.7% (North America) of all companies. Note: Data are
unavailable for more than five countries in the case of South America, Africa, and Oceania.

RESULTS/DISCUSSION

Nanotechnology as a National Priority. Several
countries around the world consider nanotechnology as a
research priority due to its potential contribution to economic
growth. National-level investments on basic and applied
nanotechnology research and technology transfer have led to
manifold breakthroughs. However, the majority of these
investments come from “core” R&D programs, where the
success rate of nanotechnology-related proposals cannot be
anticipated.”

To scrutinize the facts behind global nanotechnology
development and investments, we analyzed research indicators
in the academic sector and ensuing companies—engaged in
myriad activities such as publications, patents, products,
applications, instruments, and technologies—from publicly
available data (Figure 1).° Aggregating global data from the
2000—2020 period, we conclude that North America and
Europe are the key drivers in academic research, with each one
hosting 41% of all research institutes worldwide. Interestingly,
the United States (US) is the leading contributor in North
America (92% of all research), whereas in Europe, research
efforts are widespread among its countries. For example,
Germany is Europe’s largest contributor, but represents only
23% of all research in the region. Arguably, such differing
global distribution and prominence of selected countries is
supported by more sustainable funding policies, irrespective of
fluctuations in recent years.6 For example, the US NNI
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investments over the last 20 years, together with current
priority funding provided by several National Institutes of
Health or European Commission programs, are designed to
incentivize frontier science and entrepreneurial endeavors. The
European Commission has explicitly included nanotechnology
as a theme in its research funding programs over the past
decade and supports many scientists and institutions through
the European Research Council and Marie Curie Actions.”
Furthermore, the Horizon 2020 program has reinforced the
European Union (EU) nanotechnology sector by promoting
opportunities in emerging nanotechnologies across a vast array
of different areas. As such, expectations for the Horizon 2020
successor program—Horizon Europe—have been, up to
recently, even higher when it comes to the translation of
nanotechnology-enabled products.” However, the impacts of
the recently announced 14.3% cut to the program budget—as
related to the EU emergency response to the ongoing COVID-
19 pandemic’—are now expected to cast a shadow over public
investment in R&D in Europe.

Retrospectively, the current number of research institutes
and laboratories might already reflect the success of those
funding schemes that aim at a sustained pipeline of overarching
and foundational nanoscience research. A similar pattern to the
research institute distribution can be found for the nano-
technology industry, further suggesting the abundance of
critical mass and more desirable economical policies in those
continents (Figure 1). However, the gap between the US and
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Figure 2. Key figures in nanotechnology investment. (a) The number of research institutes in a given country is a good linear predictor for
the number of companies exploiting nanotechnologies (Pearson r = 0.9908, p = 3.917 X 1072). For clarity, the US is excluded from the plot
(research institutes = 651; industry = 686). France presents the highest industry-to-research institute ratio worldwide (77 vs 37,
respectively). The ratio is abnormally high relative to the remaining countries: ratio (France) = 2.08 vs 95% confidence interval (ratio
distribution) = [—0.36, 1.60]. Additional outliers include Russia (ratio = 1.83) and the Czech Republic (ratio = 1.78). Conversely, the US
presents a ratio of 1.05, in line with the average distribution. (b) The number of research institutes and industry is nonlinearly correlated
with the country’s gross domestic product per capita (GDP/capita). Spearman rho = 0.573, p = 1.68 X 107° (research institutes) and
Spearman rho = 0.602, p = 3.59 X 1077 (industry). For clarity, data were transformed to log,, values. (c) The generated wealth per capita
required to start a company in a given country is correlated with the number of companies in said country (Spearman rho = —0.803, p = 3.72
X 107'?). Countries with significant industrial expression, such as the US, require less GDP/capita. India and China deviate from the
observed trend, requiring comparable wealth to global leaders (e.g., US, Germany, and UK), yet having lower than expected industrial

representation.

Europe is more apparent regarding their contribution to the
number of companies exploiting nanotechnology: 49.7% and
38.5%, respectively. This highlights that, collectively, Europe
has significant room for improving its business ecosystem,
through either increased seed capital for breakthrough
technologies or indirect incentives to entrepreneurship.

Our data analyses also show that the number of research
institutes in any given country is a good predictor of their
industrial sector size (Pearson r = 0.9908, p = 3.917 X 1072);
on average, one expects to find five research institutes per
founded company in countries considered in our analysis
(Figure 2a). In this regard, while the US presents an above
average 1:1 industry-to-institute ratio, other countries, such as
France, stand out even more, with the number of companies
doubling that of research institutes, an observation that starkly
deviates from the norm (ratio 95% confidence interval =
[—0.36, 1.60]). Moreover, we were surprised to observe that
China—inspite of its significant academic output in nano-
technology—falls short in both basic science institutes and
industry (19 and 27, respectively) as compared to their direct
competitors. The lack of financial support from enterprise
technology companies, as well as a comparatively lower volume
of Chinese government funding, has been well documented for
applied research'® and could be the driving force behind poor
translation of academic innovation. Following the field
leadership, Russia and Iran, as well as several countries in
Africa and South America, are now re-establishing/reorganiz-
ing national/regional research councils to prioritize nano-
technology research.'" The practical results of such measures
are already observed in some cases (vide infra) or expected to
materialize in the near future.

While our data suggest that the US remains the go-to hub in
nanotechnology research, the introduction of an economy size
variable, such as the gross domestic product per capita (GDP/
capita), provides an alternative perspective to these figures.
Such normalization is particularly relevant in order to unveil
country-specific commitment to nanotechnology. As expected,
there is a positive, yet nonlinear correlation between the
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number of research institutes (Spearman rho = 0.573, p = 1.68
X 107%) and industry (Spearman rho = 0.602, p = 3.59 X 1077)
with increasing economy size (Figure 2b). More importantly,
the population-normalized funds required to start a company
greatly vary with country and continent. While in Oceania each
company is on average started for every 20 800 USD/capita, in
Europe 9600 USD/capita are required. This sharply contrasts
with North America (1430 USD/capita) and in particular the
US, which requires a meagre 81 USD/capita. Significantly, this
is an exponential trend we found in all major nanotechnology
players (Spearman rho = —0.803, p = 3.72 X 107'?), namely,
Germany (311 USD/capita) and the UK (383 USD/capita).
Conversely, values of 576, 1111, and 2269 USD/capita were
found for France, Spain, and Switzerland, respectively, which
might justify their lower contribution to the nanotechnology
sector, despite their world class research track record (Figure
20).

Overall, our analyses on global nanotechnology development
and investment data revealed an expectable correlation
between the number of research institutes in any given
country and their industrial sector size. Particularly, the
economy size (as indicated by GDP/capita) is a key factor
in determining the number of research institutions and
industries active in nanotechnology across the globe. Along
similar lines, population-normalized funds required to start a
company could be another variable in determining the success
of a given country in establishing larger nanotechnology
industries/companies. Given enough of this type of data, these
analyses could be instrumental for governments to assess the
shortcomings of their national initiatives and make the
necessary adjustments to fulfill continuous growth of nano-
technology.

Nanotechnology Revenues. For some countries, nano-
technology has the potential to evolve into a “national
treasure”. The field not only provides specific business
opportunities but also contributes to cross-sectional societal
benefit. However, to fully capture gains and revenue, products
and processes need to be translated into instruments that
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Figure 3. Overview of revenues generated by nanotechnology. (a) Evolution of population-adjusted revenues from nanotechnology products,
as grouped by regions and in the 2010—2018 period. The US and Europe are experiencing an exponential revenue in the past decade, in
opposition to the rest of the world. (b) Gross revenue generated from nanotechnology products, as grouped by industry sector and in the
2010—2018 period. Data show only negligible contribution by the energy and environment sector as opposed to materials and
manufacturing, which account for a 55% share of all produced wealth in 2018."

address real-world needs. As mentioned before, this requires a
package of actions entailing adequate funding for R&D, which
will ultimately lead nanotechnology-based products to the
market and yield sales.'”” While data on nanotechnology
investment are generally sparse and incomplete, the world-
leading status of the US is clear and is backed by continuous
investment over the last 20 years."> More importantly, such
economical effort is leading to exponential growth of revenues
(Figure 3a) that ultimately contribute to market expansion in
its most varied applications. As of 2018, the nanotechnology
industry in Europe and the US were able to generate identical
gross revenue ($941 million and $903 million, respectively),
yet the latter was twice as productive when adjusted to
population size ($1.26/person vs $2.76/person). Again, this
observation contrasts with the economical reality in Asia;
despite the global influence and potential of its industry
(estimated at a $1.14 billion revenue), its productivity falls far
behind when normalized to its inhabitants ($0.25/person),
again supporting that another level of incentives could further
propel the economy. Noticeably, higher population growth
rates observed in Asia (annual growth rate of 1.04% in 2010—
2018) as compared to Europe and the US (0.18% and 0.81%,
respectively), although considerable,'* cannot fully account for
the observed trends (Figure 3a).

Mining nanotechnology revenues by sector also revealed an
interesting and exponential growth across most applications
(Figure 3b). While we had already mentioned that nano-
technology has become ubiquitous in daily life through
commodity products, one can realize that revenue has been
maximized for the materials and manufacturing sector, while it
is only now starting to impact healthcare and life sciences,
through either drug delivery systems, diagnostics tools, or
medical devices."> Unfortunately, the potential of nano-
technology for energy production and soil and water
remediation among others is still far from fulfilled, as most
of these solutions are yet to mature into effective and
marketable products, despite their promise to support a
sustainable future. This can be attested by the negligible
expression of the energy and environment sector relative to the
gross global revenue in 2018, a mere 2.8% (Figure 3b).

In summary, analyses on global nanotechnology revenues
showed that incentives can propel economic gains from
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nanotechnology. Conversely, factors such as the public’s
concerns regarding nanotechnology safety and stringent
government requirements in the frameworks of environmental
regulation could negatively impact the global nanotechnology/
nanomaterial market."® Regulatory bodies in the US and EU
have effectively managed to address such issues early on by
publishing guidelines that boosted public trust on these
matters. This might have contributed to exponential growth
of the nanotechnology market and revenue in such regions as
compared to others. Also, nanotechnology revenues by sector
revealed that materials and manufacturing contributed the
most to total nanotechnology revenue. Such a trend is
expected considering that the first stage of development in
creating any general purpose technology includes foundational
interdisciplinary research, which in case of nanotechnology
translates into the discovery of material properties and
semiempirical synthesis of nanoscale components. Hence, it
is expected that in the upcoming decades this trend would shift
more toward application sectors as nanodevices are amalga-
mated with existing technologies."”

Scientific Outputs and IP Protection in Nanotechnol-
ogy. Scientific publications and patents significantly contribute
to nanotechnology development and intellectual property (IP)
protection and are essential platforms for knowledge
dissemination and transfer from foundational research to
industrial application.'® More than an analysis on impact
metrics—such as the h-index—that can be skewed in
unpredictable fashion,'” here we deemed it more appropriate
to scrutinize the evolution of nanotechnology literature in
select countries, as an indirect indicator of national commit-
ment and/or funding to the field. To that end, we aggregated
USPTO and EPO patent data per country and identified a
yearly, nonlinear correlation between the number of
publications and patents in the last 10 years, where information
is more abundant and complete (Spearman rho = 0.814, p =
5.43 x 107% Figure 4). These results refer to USPTO/EPO,
which focus on the two main regions (US and Europe)
previously analyzed (see Figure 1) with more prevalence in
research institutes and industry and representing around 25%
of all patents.

Interestingly, our analyses revealed the growing effort in
translating research—in particular in the US—as there is an
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Figure 4. Evolution of scientific output measured in USPTO/EPO
patents and publications for select years. Aggregated USPTO and
EPO patent and publication data (2000—mid 2019) show there is a
nonlinear correlation between both scientific outputs. For clarity,
only data from 2010 (Spearman rho = 0.756, p = 8.57 x 107*'),
2015 (Spearman rho = 0.823, p = 4.46 X 10%"), and 2020
(Spearman rho = 0.813, p = 5.43 X 107%) are shown. The data
highlight the diverging national priorities among the two
nanotechnology-leading countries—US and China—with the
former placing more emphasis on the patent-to-publication ratio.

increasing tendency to patent research findings. Specifically,
the total number of nanotechnology articles published per year
had an impressive increase of around 780% by mid 2019
relative to the year 2000. This is mostly due to the massive
contribution of China (51468), the US (16577), India
(10363), Iran (7202), and South Korea (6636), who share
over 30% of all scientific output worldwide. China’s perform-
ance on publication output is, in fact, rather intriguing and
starkly contrasts their decreased number of companies, filed
patents, and general progress as compared to the US. While
data for China show a stronger focus on foundational research
and original research manuscripts, our analysis highlights an
opposite trend for the US. This is aligned with their previously
discussed industry productivity. Taken together, one can argue
that harnessing nanotechnology is a priority in both countries,
yet diverging approaches have been taken.

Assuming that the number of publications is a relevant
metric for the scientific output and associated economic
outcomes of each country,””*' we next wondered how 105
different countries have been progressing, on a yearly basis,
with respect to their commitment to advancing nano-
technology, and if relevant patterns in publishing outputs
could be identified. To that end, we calculated pairwise
publication number differences in consecutive years between
2000 and mid 2019. With the engineered features in hand, we
resorted to unsupervised ML to cluster data with the aim of
capturing different publication patterns in the analyzed period.
Specifically, we reduced data dimensionality with manifold
learning before investigating an appropriate and statistically
motivated number of clusters representing the structure of the
data in hand (Figure Sa). An inertia analysis revealed that
assigning each country to one of four clusters in a k-means
computation”” was appropriate and captured different tiers of
publication practices. The devised organization included one
highly, one lowly, and two intermediately committed groups
according to the employed feature set, which suggests different
policies and priorities for nanotechnology in the pooled
countries. This is in line with the analysis in previous sections.

To gain further insight into the publications’ profile of tier 1
countries (including the US, China, and Europe; Cluster 2)
and assess if there is intraclass heterogeneity, we heuristically
searched for outliers, in hopes of identifying countries that are
either growing above average or, conversely, decelerating in
comparison to their cluster peers. We thus implemented an
isolation forest to extract countries whose percent cumulative
publication growth, in consecutive years, deviated from the
norm. In essence, isolation forests use recursive partitioning
over a number of decision trees and calculate an outlier score
that is a function of the average decision path for each training
entry. In this process, inliers are harder to isolate and require a
larger number of recursions relative to outliers that surface
over shallower leafs. Using this principle, the decision function
identified Iran and Japan as outliers (Figure Sb). Both
countries present publication growth rates over the analyzed
time series that are different from what is expected to find in
the analyzed cluster, and their profiles are largely opposing.
While Japan had a growth rate above average in the early
2000s, it is now notorious for an asymptotic growth that falls
short of its nearest competitors. Conversely, Iran had a
negligible expression in nanotechnology until 2010, but has
since experienced an exponential growth in publication
contributions. This may be at least partly related to policy
changes—implemented by the Iran Nanotechnology Innova-
tion Council—to improve infrastructure, promote interna-
tional collaborations, attract experts, and develop tools for
measuring progress and impact.”’ Such a seemingly successful
measure can be reproduced by other countries.

To more thoroughly interpret the generated clusters, attest
their meaningfulness, and scrutinize which are the deciding
years for label assignment, we also built a random forest
classifier using cluster labels as target variables. Our model
accurately captured patterns in data that motivated the
assignment of different labels/clusters (average model accuracy
= 90.8 + 0.01% in repeated stratified 10-fold cross-validation
studies). Importantly, label randomization strongly affected
pattern recognition by the implemented tool (average accuracy
= 40.0 = 0.02%), which supports the utility of the originally
devised heurists, the relevance of the engineered features
(yearly publication differences), and that real patterns were
learned rather than memorized. We thus considered it
plausible to harness our bespoke ML model to analyze data
and extract knowledge in a statistically motivated fashion.
Applying Shapley values from coalitional game theory,”**> we
simulated the presence and/or absence of some features to
collect many local explanations for the training data that,
together, faithfully represent their global structure (Figure
Sc,d). Shapley values thus provide a feature importance
according to an additive, surrogate linear model that boosts
interpretability relative to the native predictive model. Our
analyses revealed that feature importance ranks change
dynamically with the predicted cluster (cf. radar plot in Figure
Sc). According to our source data, 2019, 2016, 2001, 2004, and
2008 emerged as the most important years on a global model
scale. This observation apparently links with the surge of
publication numbers a decade ago by some of the current
world-leading countries in nanotechnology research and
development. In finer detail, the picture is somewhat shifted
when explaining the most important contributing factors for
Cluster 2. In general, high feature values are desirable, but not
decisive (e.g, 2019), which shows that label assignment, in this
particular case, is likely deeply rooted in a long-standing
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Figure S. Unsupervised and interpretable, supervised machine intelligence reveals hidden patterns in the nanotechnology publishing
evolution on a global scale. (a) 105 countries display one of four distinct publishing patterns in the 2000—mid 2019 period. The tiered
classification was achieved by calculating pairwise publication number differences between consecutive years and reducing dimensionality
with manifold learning (¢-distributed stochastic neighborhood embedding). These data were subjected to k-means clustering using the elbow
method to determine a plausible number of clusters describing the structure of the training data set. Cluster 1: Argentina, Austria, Belarus,
Belgium, Colombia, Czech Republic, Denmark, Finland, Greece, Hungary, Ireland, New Zealand, Norway, Portugal, Romania, Serbia,
Slovakia, Slovenia, and Ukraine. Cluster 2: Australia, Brazil, Canada, China, France, Germany, India, Iran, Italy, Japan, Netherlands, Poland,
Russia, Singapore, South Korea, Spain, Sweden, Switzerland, Taiwan, UK, and US. Cluster 3: Afghanistan, Albania, Armenia, Azerbaijan,
Bahrain, Bangladesh, Bolivia, Bosnia, Bulgaria, Cameroon, Costa Rica, Croatia, Cuba, Cyprus, Ecuador, Estonia, Georgia, Iceland, Jamaica,
Jordan, Kazakhstan, Kenya, Kuwait, Kyrgyzstan, Latvia, Lebanon, Liechtenstein, Lithuania, Luxembourg, Moldova, Morocco, Nepal, Nigeria,
North Korea, Oman, Panama, Paraguay, Peru, Senegal, Sri Lanka, Syria, Tajikistan, Turkmenistan, United Arab Emirates, Uruguay,
Uzbekistan, Venezuela, Yemen, and Zimbabwe. Cluster 4: Algeria, Chile, Egypt, Indonesia, Iraq, Malaysia, Mexico, Pakistan, Philippines,
Qatar, Saudi Arabia, South Africa, Thailand, Tunisia, Turkey, and Vietnam. (b) Anomaly analysis of Cluster 2 with a bespoke isolation forest
revealed two outliers (Iran and Japan) whose nanotechnology publication records deviate from the norm. Orange line: average of
publications by Cluster 2 members (excluding Iran and Japan). Shaded region denotes the 95% confidence interval. (c) A random forest
classifier built with k-means labels as target value provides orthogonal validation of the clustering method (accuracy = 92.3% in 10-fold
cross-validation) and an opportunity to interpret the model both globally and locally. Feature importance values were extracted for each of
the clusters, suggesting that publication value differences between 2019—2018, 2016—2015, 2001—-2000, 2004—2003, and 2008—2007 are
the top S features for dissecting the progression of a given country. Of note, feature importance values/ranks vary for each label; for
example, the 2016—2015 difference ranks higher than the 2019—2018 difference in the case of Cluster 1, showing the nonlinear nature of the
classification model (radar plot). More specifically, for Cluster 2, high values for each engineered feature are generally favorable, yet low
values can be more frequently encountered among Cluster 2 members. (d) The prediction of Cluster 2 for Iran is positively correlated with
high values in 2019, 2004, 2006, 2008, and 2011.
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priority and sustainable funding for nanotechnology (Figure
Sc). As such, it is probable that countries from other clusters
cannot overturn their slower progress within the next years
alone, but would require a long-term commitment (estimated
for 10—1S years) to reach comparable contribution to
nanotechnology relative to countries in Cluster 2, which
includes world-leading nanotechnology research institutes.
Indeed, this was the observed trend for Iran (Figure Sd).
Although ML can be effectively applied in pattern analysis, the
utility of learning approaches is dependent on the quality of the
data sets.”® The data sets employed here comprised
information for 10S countries, but the inclusion of yet
inaccessible data can lead to nuanced clustering by the utilized
unsupervised methods and alternative interpretations. These
should be confronted with timelines and identifiable research
policies for proper rationalization.

We also queried the evolution of citations over the past 10
years within each of the identified clusters, as a general proxy
of impact and quality of research. As expected, Cluster 2
presented the highest number of cited manuscripts, as gauged
by the h-index. Moreover, the h-index tended to be more
polarized in 2010, possibly due to the relative novelty of the
field and a lower abundance of key players and citable items
(Figure 6a) that may have led to a concentration of citations
on select studies. More importantly, we found that the
nanotechnology community is now significantly more inter-
connected than in 2010, with most research projects involving
countries from multiple clusters. While Cluster 1 countries
have traditionally presented an average share of collaborative
projects over 60% (likely to mitigate national structural
weaknesses in research policies), there is a growing trend to
follow such a strategy (Figure 6b). For example, Cluster 3
countries—which include some of the most fragile economies
worldwide—were originally highly polydispersed in share of
collaborative projects (0—100% range; average = 59% share),
but are now among the most collaborative countries (average
79% share). Ultimately, such a stance and commitment to
collaborations might benefit the local development of nano-
technology by transferring knowledge and/or cutting-edge
technologies.

While analyzing publication and patent data, a difference was
observed in the way countries like the US and China approach
their dissemination of nanotechnology science. While the US
puts more emphasis on patenting and commercialization,
China is more oriented toward publishing original research in
scientific journals. These contradicting approaches could be a
consequence of multiple factors such as the economic model in
China imposing the lack of connection between the public and
private sector, as well as weak IP protection in China.”®
Furthermore, our ML might be a viable approach to analyze
related data sets. In doing so, we dissected countries into
different clusters and rationalized the decision function
through interpretation confronted with actual policy measures,
e.g, in Iran and Japan. In both cases, government policies and
economical circumstances were the driving forces behind such
change. This could be justified by devotion of more resources
to nanotechnology research by Iranian authorities and
deduction in R&D research investment in nanotechnology
by the Japanese government.””" It was also shown that global
collaboration had a major impact on the regional distribution
of high-impact research, emphasizing the importance of cross-
border international linkages in scientific success of less
advanced countries. This type of analysis could be useful for
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Figure 6. Impact of nanotechnology on collaborative research. (a)
Probability density of h-index values in 2010 and mid 2019 for
countries in each of the computed clusters. Data show that in 2010
citations were more concentrated in selected publications. Despite
a higher number of publications in 2019, the number of citations is
highly dispersed, having contributed to lower year-adjusted h-
index values. Regardless, studies including countries from Cluster
2 tend to collect a higher number of citations. Dotted lines
correspond to median and quartiles. Cluster 2 vs Cluster 1: p =
3.82 X 107° (Welch’s t-test); Cluster 2 vs Cluster 3: p = 2.45 X
1078 (Welch’s t-test); Cluster 2 vs Cluster 4: p = 0.0008 (Welch’s t-
test). (b) Probability distribution of collaboration share values in
2010 and mid 2019 for countries in each of the computed clusters.
Cluster 1 countries have traditionally been highly collaborative,
whereas Cluster 2 and Cluster 3 countries are now significantly
more open to collaboration. Cluster 1, 2010 vs 2019: p = 0.771
(Welch’s t-test); Cluster 2, 2010 vs 2019: p = 0.0006 (Welch’s t-
test); Cluster 3, 2010 vs 2019: p = 0.04 (Welch’s t-test); Cluster 4,
2010 vs 2019: p = 0.009 (Welch’s t-test). Dotted lines correspond
to median and quartiles. Raw data from ref 27.

less developed countries, in the field of nanotechnology, to
amend their national/institutional approaches to explore the
full advantages of their research outcome.

A Glimpse at the Nanomaterials Industry. Nanoma-
terials have become ubiquitous in daily life and are now
gradually commercialized as commodity products.”’ Those
products have been exploited to tackle some of the world’s
most pressing needs in medicine, food, agriculture, and the
environment.”> However, with improvements in quality-of-life
over the decades, nanotechnology also entered the fray in
making consumer-based products that are being used in daily
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Figure 7. Overview on the nanotechnology industry. (a) Top contributors to national and international standards. Thickness of connection
is proportional to the contribution, and values in parentheses correspond to the total number of documents per category. Data show that
China, UK, and Iran are the top contributors to product specifications, and test methods are the most regulated. (b) Evolution of
nanomaterial patents grouped by dimensionality (1D, 2D, 3D, or nanostructures) in the 2001—2018 period. Data show an exponential
growth in patents of 3D nanomaterials. 1D nanomaterials: borophene, graphene, graphyne, Langmuir—Blodgett, nanocoating, nanofilm,
nanolayer, nanoplate, nanoribbon, quantum well, and self-assembled layer. 2D nanomaterials: nanofiber, nanorod, nanowire, and quantum
wire. 3D nanomaterials: dendrimer, diamondoid, fullerene, nanocapsule, nanocluster, nanohorn, nanoliposome, nanomicelle, nanoonion,
nanoparticle, nanopore, nanoshell, nanosphere, nanostar, and quantum dot. Nanostructures: aerogel, nanocolloid, nanocrystalline,
nanoelectromechanic, nanofluid, nanofluidics, nanofoam, nanoporous, porous silicon, qubit, and supermolecule. (c) Distribution of
nanomaterial dimensionality in commercialized products. Data show that 3D nanomaterials are the most abundant (85% of all materials), in
particular nanoparticles, which are currently present in 78% of all nanoproducts. (d) Nanomaterial distribution according to industrial
sector. Bars denote the prevalence of nanoparticles among all products in each of the 15 sectors. Red dots denote the percentage of
nanoproducts in each sector. Blue dots denote the percentage of different nanoproduct morphologies in each sector. Data show a high
prevalence of nanoparticles in all sectors, excluding electronics (for which data are absent) and sports. (e) Top contributors to medicinal
nanoproducts and their share at the national level. Data show that the US, Germany, and Iran place higher emphasis than normal on health
nanotechnologies.

life,” including cosmetics, sports and fitness, textiles, and home
appliances. By the end of 2018, available nanoproducts were
produced by 61 countries and spanned 15 different industry
branches (Figure 7).>

As in any industry, standards and codes of practice have
been established and are continuously updated both at national

and international levels (e.g, ISO) to ensure homogeneous and
high-quality nanotechnology-based products. Again, countries
in Cluster 2 (¢f. Figure 4) have been the most active in
regulating the nanotechnology field through the establishment
of product specifications, definition of standard test methods,
and guidelines (Figure 7a). Less expected, however, and in
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light of our previous discussion, is the smaller contribution of
the US relative to China, where product specifications and test
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methods are highly regulated. Again, Iran emerged as a curious
case with a fine balance between all standard categories
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analyzed herein, demonstrating the increasing importance of
nanomaterials and their serious commitment to advancing the
field as a foundation for economical growth.

Naturally, different classes of nanomaterials possess unique
physical, chemical, and biological properties, which make them
highly customizable and adaptable for specific applications.
Although nanomaterials can be broadly categorized based on
their morphology, composition, and mode of synthesis,”* here
we adopted a classification system based on dimensionality to
streamline our analyses. Specifically, we considered materials in
one-dimensional (1D) nanoscale (e.g., graphene and quantum
wells), two-dimensional (2D) nanoscale (e.g., nanofibers and
nanotubes), three-dimensional (3D) nanoscale (eg., nano-
particles and quantum dots), and nanostructures, as multiphase
materials where one of the phases has at least one dimension in
the nanoscale (e.g, nanoporous materials and nanocompo-
sites). Accordingly, by the end of 2018 all nanomaterial types
presented a growth in number of corresponding patents when
compared to that of 2001 (Figure 7b). Yet, anomalies were
detected in patent number progression for 2D and
nanostructures, where the former gradually ascended to second
place, while the latter descended to last place by the end of
2018. This could be due to continuing emergence of 2D
nanomaterials that contributed to a wide range of applications,
such as supercapacitors, fuel cells, electrochemical batteries,
water purification, nanotheranostic agents, and others.” This
included 2D nanomaterials such as nanotubes, nanofibers,
nanorods, and nanowires. Propelled by nanoparticles, the
number of 3D nanomaterial patents represented 35.5% of all
patents as of 2018,°° which mirrors their widespread
application (85%) in consumer products (Figure 7c). In fact,
the nanomaterial distribution can be considered bipolar, with
nanoparticle technologies being present in 78% of all products;
all remaining nanomaterials have a representation of 22%. This
could stem from a variety of factors including longer history of
nanoparticles, easier and cheaper production methods, and
wider availability of their building compounds (metals,
polymers, ceramics, etc.).””**

Three-dimensional nanomaterials most prevalently used in
nanoproducts include nanoliposomes and various kinds of
nanocapsules and nanoparticles. Having established that
nanoparticles are the key driver of nanotechnology in
consumer products, we then analyzed their prevalence in
various product sectors in the hope of identifying differences in
utility. Our data analysis suggests that nanomaterials seamlessly
integrated different sectors and have the potential for
massification, yet further progress is attainable in some cases.
With the exception of medicine (12%) and electronics (22%),
nanoproducts—a total of 8860—are evenly distributed across
the analyzed sector panel, with each of the remainder groups
incorporating an average 6.6 + 5.1% of all currently available
products (Figure 7d, red dot, and Figure 8 for breakdown of
each sector). This is in line with the different nanoproduct
morphologies that can be found in each sector, with the
exception of electronics, where information is absent (Figure
7d, blue dot). Moreover, it became evident that nanoparticles
are the preferred technology platform (median 78%),
supporting their versatility for myriad applications (Figure 7d
bars), with the exception of the sports industry, where 1D
nano-objects and nanofibers have found more utility.
Particularly, the application of nanoparticles in medicine and
biology is noteworthy, covering a broad range of uses that
include drug and gene delivery, biomolecule detection,

antimicrobial coatings, and diagnosis.?’9 In fact, nanoparticles
are currently playing an important role in delivering various
mRNA constructs, including both Pfizer-BioNTech and
Moderna COVID-19 vaccines.”*™* Along similar lines, we
identified that medicine is the most diverse group in terms of
technology adoption, currently commercializing products
harnessing up to 12 different nanomaterial morphologies.
Their most notable contributors include Cluster 2 countries,
such as the US, China, Germany, and Switzerland (cf. Figure
7e), where up to 14.6% of all country-specific nanoproducts lie
in the medicine field. In our analysis, Iran again stood out with
a contribution of around 13% to the medicine field, which
effectively establishes their industry as world-leading.

Overall, we explored different aspects of the nanomaterials
industry by considering international contributors to standards,
patents classified by their dimensionality, share of each type,
and their distribution across different industry sectors.
Accordingly, the more advanced countries (Cluster 2 in Figure
S) contributed the most to nanotechnology standards, both at
the national and international levels. Appropriate documentary
standards and reference materials are crucial building blocks
for the development of innovative products,** and high-volume
standardization initiatives by advanced countries may have
contributed to their later success in commercialization of
nanoproducts. Next, our analysis of various nanomaterial types
implemented in nanoproducts showed clear dominance of 3D
nanomaterials over 1D and 2D counterparts, as well as
nanostructures. This sort of information could be critical to
researchers, potential investors, and the regulatory entities.
Particularly, a complete life cycle assessment requires analysis
not only of the manufacture of a specific nanoproduct but also
of its application and end-of-life options.45 Furthermore, a
survey of nanomaterial distribution across different industrial
sectors confirmed that nanomaterials are now part of a mass
rather than a niche market as they perhaps were until a few
years ago.*® Our analysis showed that the field of medicine is
the most diverse industry in adopting different types of
nanomaterials in their corresponding commercialized nano-
products. This is not surprising due to the typically favorable
risk—benefit assessment of nanotechnology made by healthcare
stakeholders*” and stems from the potential of nanomedicine
in combating some of the most notorious human diseases such
as cancer and infectious, neurological, musculoskeletal, and
cardiovascular diseases.'>*® Lastly, we have shown that the US
is the top contributor to medicinal nanoproducts, a testament
to recent success of this country in introducing two COVID-19
nanomediated vaccines (Pfizer-BioNTech and Moderna) into
the market. The US dedication to development and
commercialization of medicinal nanoproducts has proven to
be rewarding, namely, when considering the staggering
financial revenue that will continue to be §enerated for this
country just from the COVID-19 vaccines.”

CONCLUSIONS

Nanotechnology has become a familiar name among academic,
government, and industry branches over the last two decades.
Considerable national- and regional-level investment efforts led
to not only significant scientific breakthroughs but also
economic gain on a global scale. This prompted us to analyze
nanotechnology progress and investment from a computational
vantage point and using orthogonal heuristics. Our analyses
revealed both well-established and surprising correlations in
the nanotechnology field and its actors, including the interplay
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between the number of research institutes—industry, pub-
lications—patents, collaborative research, and top contributors
to nanoproducts. In brief, we have identified the US as the
global leader in number of nanotechnology institutes (38% of
total) and companies (45% of total). The US also holds one of
the lowest values required to start a nanotech company ($81/
capita). Put together, these factors placed the US as the
frontrunner in gross revenue generated from nanotechnology
($903 million) by the end of 2018. Further analysis on the
number of nanotechnology publications and patents over the
last 10 years revealed a growing effort in translating research—
particularly in the US—as there is an increasing tendency to
patent research findings. Simultaneously, our unsupervised ML
model clustered countries according to publication evolution,
identifying commonalities between unexpected countries (e.g.,
pairing Iran with the US and EU members). Upon further
investigation, the US was determined as one of the top
contributors to the establishment of standards (product
specifications and test methods). The cumulative effect of all
US initiatives in nanotechnology was reflected in the analysis
of industry, producing the highest number of nanoproducts
(more than 3000 different types) worldwide across different
sectors. Taking the US as an example, it seems clear that
proper incentive programs, set out by the stakeholders
(researchers, funding agencies, policy makers, and industry),
can lead to exponential growth of nanotechnology to a point
where it becomes a centerpiece for economical welfare.
Investment in nanotechnology seems worthy, considering its
steady development over the last years, virtually immune to the
reminescences of the not-so-long-ago international financial
crisis and past and present meager global economic growth.*
Nanoproducts have been increasingly entering the consumer
market over a broad spectrum of applications, and expectations
are high for the years to come.”" This calls for global action to
further expand standards, certifications, and regulations for the
upcoming wave of nanoproducts in order to ensure their
reliable and safe use. Also, given the importance of financial
investment in the discovery of nanotechnologies, public and
private sectors are urged to continue funding nanosciences at
academic and research facilities, as our analyses strongly
support that this will ultimately lead to sustainable economy
expansion. A strong global economic growth and job creation
is expected to emerge and strengthen in the coming decades.
Specifically, such an effort will allow the subsequent emergence
of nanoproducts with improved performance and impending
benefit to the public. The COVID-19 mRNA nanovaccines
from Moderna and Pfizer/BioNTech are just two excellent
examples of how nanotechnology-enabled products can
dramatically impact our lives today, particularly in an issue as
sensitive as human health. To date hundreds of millions of
people worldwide were already vaccinated for COVID-19 with
these nanovaccines. These will inevitably increase public
awareness and trust in nanotechnology and further boost
developments in the field. The hereby presented approach also
sets the foundations for future analyses on the impact of this
and other specific achievements of nanotechnology. Lastly, a
stronger relationship between universities, government, and
industry will further facilitate the transfer of knowledge from
discovery to industry implementation, which can allow
sustained growth of nanoproducts in the consumer market.
We have only just begun to scratch the surface of nano-
technology and its massive potential. Nanomaterials and
resulting nanoproducts are no longer potential assets to the
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complex global consumer market but well-established
enhancers of value.

METHODS/EXPERIMENTAL

Data Sets. We collected and manually curated publicly available
data on nanotechnology research and development in the past 20
years. Databases that were mined include the US National
Nanotechnology Initiative (US NNI; https://www.nano.gov/), Web
of Science and Scopus (patents and primary research publication
data), StatNano (https://statnano.com/), Nanowerk (https://www.
nanowerk.com/), Nano.nature (https:/ /nano.nature.com/), and the
Trending Economics (gross domestic product data).

Data Analyses. Data were analyzed in Python 2.7 and/or 3.6 and
KNIME. Statistics were performed with SciPy 1.1.0, data wrangling
was performed with Pandas 0.23.4 and NumPy 1.15.4, ML/AI was
implemented with Scikit-learn 0.20.3, and model interpretation was
assisted by SHAP 0.36.0. Data were plotted with Matplotlib 2.2.5 or
Seaborn 0.7.1, and figures were compiled in Inkscape 1.0.

Machine Learning. Publication data for 105 countries across all
continents in the 2000—2019 period were collected from nanostat.
The difference in number of publications was calculated between
consecutive years for each of these countries. The engineered features
were normalized with the MinMaxScaler function. Using the
transformed features, dimensionality reduction was performed with
the t-distributed stochastic neighborhood embedding (+-SNE)
algorithm using perplexity = 50 and learning rate = 100. All
remaining hyperparameters were kept as default. We subsequently
clustered the publication data in t-SNE space with k-means. An
appropriate number of clusters was studied with the elbow method
and, alternatively, with the silhouette score. On the basis of those
computations, we elected to use k = 4, which avoids aggregating in
one cluster many countries with dissimilar publication records. All
other k-means hyperparameters were kept as in the default
implementation. To interpret the cluster assignment, we built a
random forest classifier using the engineered descriptor set as features
and the clustering-derived labels as target variables. The model was
assessed through repeated (10 times) stratified 10-fold cross-
validation, while using accuracy as scoring metric. All hyperparameters
were used as default, with the exception of n_estimators = 100. A Y-
randomization control was performed similarly. For outlier detection,
an isolation forest heuristics®* was implemented with default settings,
using percentage of publications, on a yearly basis for each country, as
features. SHAP analyses were performed with the TreeExplainer
function with default settings. All code and data sets are available at
https://github.com/tcorodrigues/nanotech_analyses.
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