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Abstract: Nanoemulsions, which are characterized by their nanometer-scale droplets, have gained significant attention in different
fields, such as medicine, food, cosmetics, and agriculture, because of their unique properties. With an increasing number of countries
engaging in research on nanoemulsions, interest in their properties, preparation methods, and applications has increased. Hence,
tracing the relevant research on nanoemulsions published in the past ten years on a global scale, by conducting data mining and
visualization analysis on a sufficiently large text dataset through bibliometrics, sorting out and summarizing certain indicators, the
development history, research status and research hotspots in the field of nanoemulsions can be clearly revealed, providing reference
value and significance for subsequent research. This bibliometric review examines the research landscape of nanoemulsions from
2013-2023 via the SCI-E and SSCI databases, providing insights into the current status, hotspots, and future trends of this field. To
offer a comprehensive overview, this analysis includes publication counts, author keywords, institutional contributions, research areas,
prolific authors, highly cited papers and hot research papers. The findings reveal that China led in nanoemulsions research, followed by
USA, India, and Brazil, with the University of Massachusetts emerging as a key player with the highest average number of citations
per article (ACPP) and h-index. Food Chemistry, Pharmaceutics, and the Journal of Drug Delivery Science and Technology are among
the top journals publishing in this area. Chemistry, pharmacology, and pharmacy emerged as the primary research domains, with
McClements DJ as the most prolific and influential author. In keyword analysis, essential oil nanoemulsions are currently the main
preparation direction, and various characteristics of nanoemulsions, such as their bioavailability, stability, biocompatibility, and
antioxidant and antibacterial properties, have also been studied extensively. Research hotspots are focused mostly on the development
of new applications and technologies for nanoemulsions.
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Introduction

Nanoemulsions are two immiscible liquids with droplet diameters between 20 nm and 500 nm that are mixed and
stabilized via suitable emulsifiers to create a two-phase dispersion system, including two-phase systems such as O/W and
W/O nanoemulsions, as well as multiple nanoemulsions such as W/O/W.' Surfactants reduce the droplet size of the
nanoemulsions by reducing the interfacial tension y between the oil phase and the water phase. The dosage of surfactants
required to produce the minimum droplet size depends on its activity concentration in bulk.? The extremely small size of
nanoemulsions results in different characteristics from those of conventional emulsions,® allowing for them to maintain
kinetic stability for a long time, in addition to their high specific surface area, transparent appearance, and adjustable
rheology. Owing to their unique properties, nanoemulsions have been widely used in various fields* such as drug
delivery,” food,® cosmetics’ and pesticides.®
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In the pharmaceutical industry, owing to the hydrophobic structure inside the nanoemulsions, it can be used as a carrier for
poorly soluble drugs, improving their solubility and bioavailability,” reducing the first-pass effect of the liver, promoting the
lymphatic transport and absorption of drugs, and facilitating better anti-inflammatory and antioxidant capabilities.'® Currently,
it has been developed for oral administration, ! dermal administration,'? ocular administration, ' pulmonary administration, 14
intranasal administration,'> and drugs such as cyclosporine'® and saquinavir'’ have been approved for marketing in the form
of nanoemulsions. In recent years, nanoemulsions have been widely studied in the areas of cancer treatment,'® RNA therapy, '’
photodynamic therapy,”® gene therapy,>’ immunotherapy®? and vaccine adjuvants.”> Shukla et al showed good efficacy in
treating breast cancer bone metastasis by crystallizing self-assembled nanoemulsions into porous crystals of alendronate
sodium and oleanolic acid, which prolonged the drug’s action time in the body and prevented bone loss while treating cancer.**
Borrajo et al developed an ionizable nanoemulsions for RNA delivery. Compared with lipid nanoparticles, nanoemulsions can
better overcome the blood—brain barrier, exhibit good cell viability and transfection efficiency, and have greater diffusion
properties.”> Nanoemulsions can also be used in medical imaging treatments, such as the encapsulation of photosensitizer PSs
in photodynamic therapy, which can reduce the tendency of PSs self-aggregation, increase permeability and retention, and
improve the efficiency of photodynamic therapy.”® Given the surface tunability of nanoemulsions, while drugs are encapsu-
lated internally, they can also be modified with targeted fragments on the surface to achieve targeting.’ Li et al modified
paclitaxel and docosahexaenoic acid lipid nanoemulsions with folic acid, and the experimental results revealed increased
cellular uptake rates, indicating synergistic effects in the treatment of breast cancer.”® Nanoemulsions promote penetration and
can be used as liquid droplets or sprays.”’ When used for topical administration to the skin, nanoemulsions easily penetrate the
stratum corneum of the skin, promote the absorption of active ingredients, and have good compliance. Currently, people are
more likely to make drugs into nanoemulsions-based hydrogel transdermal patches. Rai et al prepared nanoemulsions and
polyvinyl alcohol hydrogel films from carbamazepine, which reduced the moisture content and moisture absorption rate and
promoted skin permeability.*

In the food industry, nanoemulsions are usually used to encapsulate and deliver nutrients such as fat-soluble vitamins,*'
plant sterols,* beta-carotene,** flavonoids,** and cinnamaldehyde®” in food, which can increase their digestibility, encapsula-
tion efficiency and bioavailability.*® In addition, nanoemulsions can also be used for the preparation of biodegradable coatings,
edible films,?” and antibacterial coatings.>® An essential oil nanoemulsions is a common preparation form. Essential oils are
natural hydrophobic volatile ingredients with excellent antioxidant, anti-inflammatory, antibacterial, and insecticidal proper-
ties and are recognized as safe and effective.”” Compared with conventional essential oils, essential oil nanoemulsions have
better antioxidant properties*® and antibacterial properties*' and are especially suitable for controlling microbial growth with
essential oils. They can be used to deliver various natural substances with antimicrobial activity,** extending their shelf-life.

1,5 1L* 1*° into

Researchers have made many natural products, such as carvacrol,”™ thyme oil,” peppermint oil and cinnamon oi
essential oil antibacterial nanoemulsions, all of which show good antimicrobial activity. The nanoemulsions form can also
mask the irritating taste and aroma of conventional essential oils*® while reducing their impact on human health.*’ Essential oil
nanoemulsions can also be used as natural food preservatives.*® Yang et al prepared a sodium alginate/tea tree essential oil
nanoemulsions containing TiO, nanoparticles, which showed good effects on postharvest quality assurance and prevention of
anthracnose in banana fruit.*

In the environmental protection industry, such as the manufacture and use of pesticides such as insecticides, the superior
performance of nanoemulsions has gradually been revealed. Due to their high efficiency, safety and environmental protection
characteristics, the number of studies on nanoemulsions in the environmental field is increasing. Researchers have made
nanoemulsions insecticides from sulfoxaflor,”® pyraclostrobin,’' cyhalothrin,”* and fennel essential oils>® that are promising
pesticides. Nasser et al prepared a new nanoemulsions insecticide using ginger essential oil and basil essential oil as raw
materials to prevent white ant activity in Taiwan and proposed a sustainable and environmentally friendly natural plant-
derived insecticide.®* Gupta et al prepared and characterized a chitosan-encapsulated thyme oil and musk essential oil
nanoemulsions and reported that it had control effects on various major mosquito species.”> Environmental protection is
a major goal that researchers have pursued. The future trend is to make more natural plant essential oils>® into nanoemulsions
forms for use as pesticides that are safer and more efficient, which can not only reduce costs and application amounts but also

protect the environment to a greater extent.
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The methods used to prepare nanoemulsions can be divided into two categories according to their energy consumption: high-
energy methods and low-energy methods. High-energy preparation methods include high-pressure homogenization,”” ultrasonic
methods,”® and microfluidization,”® whereas low-energy preparation methods include the phase transition temperature method®
and self-emulsification method.®’ The high-energy method relies on the strong destructive force generated by mechanical
devices, such as shear force, turbulence, cavitation, and ultrasonic disruption, to reduce size.%? The current method commonly
used by researchers involves subjecting coarse emulsions to high-pressure homogenization followed by ultrasonic treatment.
Palla et al used high-speed homogenization followed by ultrasonic treatment with a curcumin-loaded monoglyceride gel to
prepare a nanoemulsions of gel oil particles, resulting in a nanoemulsions with at least 10 months of stability and high
encapsulation efficiency.®> Nonetheless, the high-energy methods for preparing nanoemulsions have high energy consumption
and high cost and are not suitable for heat-sensitive products. Low-energy methods depend on the chemical energy stored in the
system, such as the characteristics of surfactants, oils, and water systems, and require only slight agitation to achieve
nanoemulsification. Alam et al used a low-energy emulsification method to prepare babchi oil nanoemulsions-based hydrogels
and explored their therapeutic effects on psoriasis. The results revealed that the nanogel formulation had better drug
permeability.”* Low-energy emulsification methods are more convenient and energy efficient but require higher surfactant
concentrations to stabilize nanodroplets. Moreover, more systematic research is necessary in the optimization of nanoemulsions
formulations, such as investigation of the amount of surfactant used, the type of oil phase, and other factors. The degradation
mechanism of nanoemulsions depends on its system compositions such as the type of oil phase, the type of surfactants, the
relative concentration, the pH value, the ionic strength and the type of solvent, so its kinetic stability can be improved by the
addition of stabilizers, such as emulsifiers, texture modifiers, weight enhancers or maturing agents.65 At the same, as a model
system, nanoemulsions can enhance the colloidal assembly of complex emulsion systems and the understanding of rheology.*®

The stability of nanoemulsions is also a popular topic among researchers. In addition to common instability mechanisms such
as stratification, flocculation, and coalescence, Ostwald ripening is the main instability mechanism of nanoemulsions.®’*’ By
increasing the amount of emulsifier or adding long-chain triglycerides, Ostwald ripening can be inhibited, and the stability of
nanoemulsions can be enhanced, but this will inevitably affect safety performance, as commonly used emulsifiers such as the

surfactants Tween’ and Span’'

often face limitations due to potential toxicity risks, which pose a threat to the safety of
nanoemulsions products. Currently, researchers are developing new emulsifiers for nanoemulsions, such as plant proteins, whey
protein, and soy protein concentrate.”* Saponins, such as glycyrrhizic acid,”® camellia saponin,”* and Q-Naturale,”” are the most
important class of natural emulsifiers due to their high surface activity, amphiphilicity, abundant sources, and low cost, which
promote their use in commercial production.”® There are also other natural polymers, such as gum Arabic,”” maltodextrin,”® and
lecithin,”” that can be used as natural emulsifiers. These natural emulsifiers are biocompatible, biodegradable, and environmen-
tally friendly. Using them individually or in combination can achieve satisfactory results. Further exploration of their sources,
production, emulsifying capabilities, and performance comparison is urgently needed to determine their future prospects.®

At present, research on nanoemulsions has focused mainly on seeking more extensive applications, better stability,
lower cost and larger scale preparation methods, and safer and more effective emulsifiers. To date, the literature reviews
on nanoemulsions published have described their properties, preparation methods, stability, and applications individually
or in one aspect, but there has been no comprehensive bibliometric review of nanoemulsions considering the countries/
regions, hotspots, and development trends, now there is only one bibliometric review of the use of nanoemulsions and/or
in-situ gels for ocular drug delivery systems during 2011-2021 by Fatimah et al. When researchers or institutions,
including pharmaceutical, food, pesticide, and other companies or research institutes, seek a comprehensive overview of
the current research hotspots of nanoemulsions, there is often a lack of relevant information, by conducting data mining
and visualization analysis on a sufficiently large text dataset through bibliometrics, sorting out and summarizing certain
indicators, the development history, research status and research hotspots in the field of nanoemulsions can be clearly
revealed, providing reference value and significance for subsequent research. This study aimed to scientifically inves-
tigate global research progress in nanoemulsions research from 2013-2023 and analyze the literature considering
different analytical standards and perspectives, with the aim of exploring further research hotspots and future develop-
ment tendencies. Bibliometrics refers to the quantitative and visual analysis of published academic research in a specific
field via mathematical and statistical methods. It can reveal subtle differences in the development of a particular field, as
well as emerging hotspots in that field.®' Currently, it has been extensively applied across a wide variety of disciplines
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83-86

and industries, such as medical science,® pharmaceutical sciences, economics,’’ management science,®® social

89-91 9293 and materials science.”**° To this end, this study used bibliometric methods

sciences, environmental sciences,
to conduct quantitative and visual analyses of the following aspects of nanoemulsions: 1) main contributing countries; 2)
major contributing institutions; 3) common research fields; 4) the most productive journal; 5) keyword analysis; 6) the
most prolific author; and 7) hot papers and highly cited Essential Science Indicators (ESI) papers. In addition, the

research hotspots and future trends in the field of nanoemulsions are discussed.

Method and Data Handling

Data Collection

We selected the Web of Science (WOS) Core Database (version ©2024 Clarivate), which, owing to its rigorous journal selection,
was used to discover researchers’ scientific outputs and disciplinary developments. Data were collected on March 18, 2024,
through the WOS Database Citation Index Science Citation Index Expended (SCI-E) and Social Science Citation Index (SSCI)
databases via the search strategy “nanoemulsions*” or “nano emulsion*” in the ‘subject’ field, with document types limited to
‘Article’ and ‘Review article’. The publication year was set from 20132023, resulting in a total of 8561 eligible publications after
retrieval.

Data Input and Deduplication

The intact records of all acquired documents were downloaded and input into Derwent Data Analyzer (DDA) for processing
and then classified according to the countries, institutions, research fields, journals, keywords, authors, and other field lists. In
addition, for each item field set of the list, DDA employs an inherent cleaning tool that automatically removes duplicate data.

Data Partition and Merging

DDA software can perform data cleaning, multiview data mining and visual analysis. After the DDA software
automatically processes duplicate items, the items still need to be manually confirmed, split and merged. For example,
articles from England, Scotland, Northern Ireland and Wales were all counted as United Kingdom articles, whereas those
from Hong Kong, Macao and Taiwan were incorporated into China’s articles. Additionally, articles from different
campuses of the same university were grouped under a single article for that university.

Data Analysis and Visualization

After automatic and manual cleaning of the DDA data and matrix analysis, bubble charts, cluster maps and Sankey diagrams
were drawn. Cluster maps can show the cooperative relationships between institutions, whereas bubble charts display the
development trends in research fields, journals, and keywords, revealing useful information. The main areas of bibliometrics
were also analyzed in the form of tables, such as countries/regions, institutions, research fields, journals, authors, highly cited
papers and hot papers, while bibliometric indicators such as citations, average annual citations, and h-index, were used to
study nanoemulsions from different perspectives. Moreover, some studies published online in advance usually have
publication dates one to two years later. For a unified analysis, we set their publication year as that of online publishing.

Results
Number and Type of Publications

The 8561 papers acquired via the above search strategy were mainly research articles (7489; 87.48%) and comprehensive
articles (1072; 12.52%). Some publications were not solely classified as research or review articles but also comprise other
categories, such as conference proceedings papers (63; 0.74%), papers published online (52; 0.61%), withdrawn publications
(15;0.18%), book chapters (9; 0.10%), and publications expressing concern (1; 0.013%). The vast majority of the articles were
published in English (8537; 99.72%), and the rest were published in Portuguese (11; 0.13%), Chinese (4; 0.047%), Japanese
(3; 0.035%), Polish (2; 0.025%), German (2; 0.025%), Czech (1; 0.009%) and Serbo-Croatian (1; 0.009%).

The growth trend of the number of publications and citation frequency in the field of nanoemulsions research from
2013-2023 is described (Figure 1), including the proportions of research from China, USA, and India as the top three
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Figure | Annual trends in the number of published articles related to nanoemulsions.

countries in terms of the number of publications. The number of publications on this topic increased from 285 in 2013 to
1142 in 2023 and is increasing annually. China was in the leading position in terms of the aggregate number of
publications for most of the time. USA started research on nanoemulsions earlier, so it published the most articles
from 2013-2016. Although research on nanoemulsions began lately in India, its growth momentum has been strong in
the past three years, and the growth rate of research from India has exceeded that of USA.

Number of Countries and Publications
A review of the 8561 publications related to nanoemulsions research shows that 110 countries have contributed to this
field. The top 20 countries/regions in terms of the number of publications and citations are described (Table 1). Asia had
the most countries/regions, with a total of eight, Europe had six, America had four, and Africa and Oceania each had one.
The three countries/regions that have made the largest contributions are China, USA and India. Since 2013, these
three countries have published 1839, 1268 and 1248 articles, respectively, accounting for 21.5%, 14.8% and 14.6% of the
total, far exceeding those of other countries and taking an absolute leading position. Brazil (862), Iran (621), Saudi
Arabia (582), Egypt (463), Spain (370), South Korea (332), Italy (296), France (282) and Malaysia (269) are also highly
productive countries. With respect to the impact of publications, the USA ranked first, with a total number of citations of
49,170; China ranked second, with 48,358 citations; and India ranked third, with 36,429 citations. The top three countries
far outweighed Brazil, which ranked fourth, with 17,237 citations. To reflect the development of individual or collective
research clearly, we also introduce the average number of citations per article (ACPP), which is calculated by dividing
the total number of citations (TC) by the total number of publications (TP). USA ranked first with 38.78, followed by
Italy (34.42) and Australia (32.22). The h-index was initially referred to as a simple quantitative indicator, defined as
researchers who have published at least h articles and have been cited h times. To some extent, this reflects the research

190 410 used the h-index

achievements of researchers.”” Later, academic groups or institutions,”® journals® and countries
to measure their collective research achievements.'®' As shown in Table 1, USA ranked first with an h-index of 99 in this
field. China and India followed closely behind, with h-indices of 92 and 83, respectively. The top three countries had
significantly higher h indices than other countries did. Taking all the parameters into consideration, USA ranked first with
an extremely high h-index and ACPP. China and India also had relatively high h-indices but only ranked in the upper
middle range of the ACPP. However, given that their publication counts far surpassed those of other countries,

publications from the USA, China, and India demonstrated the best average performance.
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Table | The Top 20 Most Productive Countries/Regions in the Nanoemulsions Field

RANK Country TP TC h-Index | ACPP | nCC | SP(%) Region

| China 1839 | 48,358 92 26.30 63 30.01 Asia

2 USA 1268 | 49,170 99 38.78 65 55.20 | North America
3 India 1248 | 36,429 83 29.19 68 28.34 Asia

4 Brazil 862 | 17,237 56 20.00 43 2444 | South America
5 Iran 621 18,397 68 29.62 55 30.11 Asia

6 Saudi Arabia | 582 | 14,998 63 25.77 54 75.08 Asia

7 Egypt 463 8650 46 18.68 49 54.06 Africa

8 Spain 370 | 11,166 53 30.18 59 58.43 Europe

9 South Korea | 332 9133 48 27.51 35 3237 Asia

10 Italy 296 | 10,187 54 34.42 52 53.09 Europe

I France 282 6790 44 24.08 57 56.49 Europe

12 Malaysia 269 7119 46 26.46 44 48.78 Asia

13 UK 224 5942 42 26.53 52 75.62 Europe

14 Germany 216 4906 37 22.71 46 57.07 Europe

15 Portugal 189 5870 42 31.06 40 64.09 Europe

16 Canada 170 5410 41 31.82 35 68.55 | North America
17 Australia 170 5477 42 3222 42 70.75 Oceania

18 Japan 157 2758 29 17.57 32 53.52 Asia

19 Pakistan 155 4093 37 26.41 45 80.71 Asia

20 Mexico 151 3370 32 22.32 28 4422 | North America

Abbreviations: TP, total papers; TC, total citations; ACPP, average citations per publication; nCC, number of
cooperative countries; SMCP, share of multinational cooperation publications.

Country/Region Cooperation

In the DDA software, if an article is coauthored by two or more countries’ institutions, it is defined as an outcome of
international collaboration.'®? The existence of affiliations between research institutions with international collaborations
was not considered. Among the top 20 productive countries, Pakistan ranked first, with a cooperation rate of 80.71%,
followed by the UK (75.62%) and Saudi Arabia (75.08%). In general, European countries have higher rates of
international collaboration, whereas Asian countries, with the exceptions of Pakistan and Saudi Arabia, generally have
lower rates of collaboration. In addition, although the number and level of publications in China and India are relatively
high, their degree of international cooperation is low.

An academic cooperation network diagram of the top 20 contributing countries was constructed via DDA software
(Figure 2). DDA software draws network diagrams on the basis of the co-occurrence matrix. The size of a circle is
related to the country’s relative contribution, and the lines between circles represent cooperation among countries. The
thickness of the lines represents the frequency of cooperation. The results demonstrate that nine of the twenty countries
have cooperation with other 18 countries, and seven countries have cooperation with all of the other nineteen
countries, while Portugal and Australia have cooperation with only 16 countries, Malaysia with 15 countries, and
Mexico with 14 countries (all the cooperation is limited to the top 20 contributing countries, cooperation with
countries other than the top 20 is not included), and according to the thickness of the lines, it can be seen that
cooperation between China and the United States is the most frequent, and Saudi Arabia has a close frequency of
cooperation with other countries.

Contributions of the Most Productive Institutions

The total number of research institutions that have conducted research on nanoemulsions is 5067, and the top 20 research
institutions were defined (Table 2). Among the top 20 institutions, four are from Brazil; three each from Saudi Arabia,
Iran and China; two each from Egypt and Portugal; and one each from USA, India and Malaysia. In terms of research
volume, the University of Massachusetts ranked first, with 275 publications, far exceeding those of other research
institutions. This was followed by King Abdulaziz University (187) and Islamic Azad University (178). Among them,
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USA

Gorgan Univ Agr Sci & Nat Resource had the best ACPP, with a score of 65.85, followed by the University of
Massachusetts (65.25) and Jiangnan University (41.91). The University of Massachusetts in USA was at the top of all
institutions with the most publications (275), the highest ACPP (65.25), and the highest h-index (76). It also contributed
significantly more than other countries did.

Table 2 The Top 20 Most Productive Institutions in the Nanoemulsions Field From 2013-2023

RANK Institution TP TC ACPP | h-Index | SMCP (%) Country/Region

| Massachusetts Univ 275 | 17,945 65.25 76 74.26 USA/North America
2 King Abdulaziz Univ 187 | 7657 40.95 48 81.42 Saudi Arabia/Asia

3 Islamic Azad Univ 178 | 3695 20.76 32 24.85 Iran/Asia

4 King Saud Univ 158 | 2753 17.42 29 60.00 Saudi Arabia/Asia
5 Univ Sao Paulo 157 | 3907 24.89 33 28.48 Brazil/South America

(Continued)
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Table 2 (Continued).

RANK Institution TP TC ACPP | h-Index | SMCP (%) Country/Region
6 Univ Fed Rio Grande do Sul 124 | 2737 22.07 32 17.53 Brazil/South America
7 Jamia Hamdard 120 | 3685 30.71 40 54.70 India/Asia

8 Univ Putra Malaysia 120 | 2770 23.08 32 29.82 Malaysia/Asia

9 Jiangnan Univ 115 | 4820 4191 4?2 60.19 China/Asia

10 National Research Centre 112 1929 17.22 26 32.35 Egypt/Africa

I Univ Fed Rio de Janeiro 105 | I8l 17.25 23 13.59 Brazil/South America
12 Cairo Univ 86 1663 19.34 22 30.49 Egypt/Africa

13 Gorgan Univ Agr Sci & Nat Resource | 71 4675 65.85 35 3837 Iran/Asia

14 Univ Tehran Med Sci 71 1771 24.94 24 20.00 Iran/Asia

15 Prince Sattam Bin Abdulaziz Univ 70 849 12.13 14 64.71 Saudi Arabia/Asia
16 Univ Barcelona 65 1965 30.23 24 25.81 Spain/Europe

17 Zhejiang Univ 65 2206 33.94 29 31.70 China/Asia

18 South China Univ Technol 63 2435 38.65 23 36.84 China/Asia

19 Minho Univ 62 2196 35.42 26 66.67 Portugal/Europe
20 Sao Paulo State Univ 60 1609 26.82 23 76.70 Brazil/South America
21 Univ Porto 60 1509 25.15 25 98.30 Portugal/Europe

Abbreviations: TP, total papers; TC, total citations; ACPP, average citations per publication; nCC, number of cooperative countries; SMCP, share of
multinational cooperation publications.

The collaboration network among the top 15 institutions with the most contributions from 2013-2014 is illustrated
(Figure 3). This collaborative network provides an intuitive perspective of cooperation between different institutions,
which can help identify more beneficial collaborations. The number of publications is listed near the name of each
institution and yellow cross points between institutions indicate cooperation with other research institutions. The yellow

Cairo Univ (82)
75 58

Natl Res Ctr (102)

Prince Sattam bin Abdulaziz Un
iv... (68)

91

Jamia Hamdard (117)
153

Islamic Azad Univ (169)

Figure 3 DDA cluster map of the cooperation of the top |5 institutions.
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dots indicate the outputs and intensity of collaboration among institutions. The node data without intersections represent
the number of publications published by the research institution, which may be independent research or collaboration
with other institutions except the top 15. That King Abdulaziz Univ has built the largest collaborative network, followed
by King Saud Univ and Prince Sattam bin Abdulaziz Univ (Figure 3). In terms of the number of collaborations,
University of Massachusetts and King Abdulaziz Univ had the highest collaboration counts, with 59 articles, followed by
Islamic Univ and Tehran Med sci Univ, as well as King Saud Univ and Prince Sattam bin Abdulaziz Univ. In addition,
research in the field of nanoemulsions by Sao Paulo Univ, Fed Rio Grande do Sul Univ and Fed Rio de Janeiro Univ is
relatively independent.

Contributions to Leading Research Fields
The analysis of research fields indicates the application direction of nanoemulsions. Research on nanoemulsions covered
87 different research fields, and the 20 most productive research fields with the highest number of publications are
summarized (Table 3). “Chemistry” ranked first with 2885 articles, followed by “Pharmacology and Pharmacy” (2138)
and “Food Science and Technology” (1952), which far surpassed other research fields in terms of the number of
publications. The top three research fields in the ACPP ranking are “acoustics” (48.81), “nutrition” (39.12), and “food
science and technology” (35.13). The literature in the field of acoustic research is related mainly to the preparation of
nanoemulsions via ultrasonic emulsification. For example, Ghosh et al used ultrasonic emulsification to prepare basil oil
nanoemulsions and characterized their antibacterial activity.'®

A bubble chart of the 20 most productive nanoemulsions research fields is shown (Figure 4). The bubble chart depicts
the growth tendency of research fields over time through horizontal changes in bubble size in three dimensions: research
field, publication year, and number of publications. The vertical change in bubble size and the number within the bubbles
represent the number of publications in various research fields for that particular year. Research achievements in most
related fields are growing annually, with the number of research papers in environmental science and ecology increasing
from 1 in 2013 to 34 in 2023, a 33-fold increase, indicating that breakthroughs have been made in this field, mainly due
to extensive research on nanoemulsions pesticides.'**

Table 3 Contributions of the Top 20 Research Areas in the Field of
Nanoemulsions

RANK Research Area TP TC ACPP | h-Index
| Chemistry 2885 | 90,174 | 31.26 118
2 Pharmacology Pharmacy 2138 | 51,798 | 24.23 88
3 Food Science Technology 1952 | 68,574 | 35.13 112
4 Material Science 1004 | 24,434 | 24.34 68
5 Science Technology Other Topics 886 | 23,116 | 26.09 70
6 Biochemistry Molecular Biology 724 | 17,393 | 24.02 63
7 Engineering 695 | 15,492 | 2229 62
8 Physics 491 11,349 | 23.11 50
9 Polymer Science 480 12,888 26.85 60
10 Nutrition Dietetics 357 | 13,967 | 39.12 64
I Agricultural 288 8251 28.65 51
12 Biotechnology Applied Microbiology | 271 6946 25.63 40
13 Research Experimental medicine 228 6368 27.93 45
14 Biophysics 193 5542 28.72 43
15 Energy Fuels 140 4607 3291 37
16 Environmental Science and Ecology 128 2948 23.03 30
17 Microbiology 15 358l 31.14 31
18 Acoustics 90 4393 48.81 39
19 Immunology 80 2471 30.89 25
20 Oncology 76 2447 3220 23

Abbreviations: TP, total papers; TC, total citations; ACPP, average citations per publication.
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Figure 4 Bubble chart of the top 20 nanoemulsions research areas by year.
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Sun et al

The differences in research directions between 2013-2023 and 2021-2023 were compared (Table 4). Except for the
fact that most research directions have maintained their publication numbers, “Environmental Science and Ecology” has
seen a significant increase in its ranking. In addition, “Plant Sciences” and “Entomology” have entered the top 20
research directions over the past three years.

Main Contributing Journals
Research on the primary contributing journals can help researchers of nanoemulsions more clearly decide which journal
is the best choice for submission of their reports. From 2013 to 2023, a total of 1211 journals published 8561 papers
related to nanoemulsions, and the total number of papers in the top 20 journals was defined (Table 5). Food Chem. ranked
first with 222 papers, followed by Pharmaceutics (221, J). Drug Delivery Sci. and Technol. (213), and
Int J. Pharmaceutics (210). With respect to total citations (TCs), Food Hydrocolloids was cited 11,934 times in the
past decade in nanoemulsions research, ranking first, followed by Food Chem. (10,650) and Int. J. Pharmaceutics (6696).
For the ACPP, Food Hydrocolloids still ranked first at 68.19 times, followed by J Agric. and Food Chem. (52.06) and
Food Chem (47.97). A journal’s impact factor is calculated by dividing the total number of citations to all publications in
that journal over the previous two years by the number of publications.'® As shown in Table 5, the ACPP of all journals’
papers on nanoemulsions were greater than their own IF, which fully reflects researchers’ strong interest in the research
of nanoemulsions. With respect to the impact factor, Food Hydrocolloids had the highest impact factor of 10.7 in 2022,
followed by Food Chem. (8.8) and Int J. of Biol. Macromolecules (8.2), Food Res. Int. (8.1) and Int J. Nanomed. (8.0).
A bubble chart of the top 20 journals publishing papers on nanoemulsions is shown (Figure 5). The bubble chart
reveals that Pharmaceutics did not publish any articles before 2017, with only 2 articles published in 2017, but reached
72 articles in 2022, ranking second among all the journals and growing 35-fold. Int. J. Biol. Macromolecules had only 2
articles in 2013 but reached 43 articles in 2023, a 20-fold increase. Drug Delivery reached a peak of 19 articles published

in 2016. Most journals reported a peak in articles on nanoemulsions research from 2021-2023.

Table 4 Comparison of the Nanoemulsions Research Areas in 2013-2023 and 2021-2023

Research Area 2013-2023 TP 2021-2023 TP | Proportion (%)
Chemistry 2885 Chemistry 1121 38.86
Pharmacology Pharmacy 2138 Pharmacology Pharmacy 882 41.25
Food Science Technology 1952 Food Science Technology 88l 45.13
Material Science 1004 Material Science 389 38.75
Science Technology Other Topics 886 Biochemistry Molecular Biology 375 51.80
Biochemistry Molecular Biology 724 Science Technology Other Topics 334 37.70
Engineering 695 Engineering 271 38.99
Physics 491 Polymer Science 242 50.42
Polymer Science 480 Physics 207 42.16
Nutrition Dietetics 357 Nutrition Dietetics 174 48.74
Agricultural 288 Agricultural 130 45.14
Biotechnology Applied Microbiology 271 Biotechnology Applied Microbiology 105 38.75
Research Experimental medicine 228 Research Experimental medicine 88 38.60
Biophysics 193 Environmental Science and Ecology 70 54.69
Energy Fuels 140 Energy Fuels 64 45.71
Environmental Science and Ecology 128 Microbiology 58 50.43
Microbiology 115 Biophysics 53 27.46
Acoustics 90 Plant Science 42 64.62
Immunology 80 Entomology 32 57.14
Oncology 76 Oncology 28 36.84

Abbreviation: TP, total papers.
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Table 5 Top 20 Journals Publishing Studies in Nanoemulsions

RANK Journal Title TP TC ACPP | If (2022)
| Food Chem. 222 | 10,650 | 47.97 838
2 Pharmaceutics 221 4122 18.65 5.4
3 J. Drug Delivery Sci. Technol. | 213 | 3114 14.62 5
4 Int. ). Pharm. 210 | 6696 31.89 5.8
5 Food Hydrocolloids 175 | 11,934 | 68.19 10.7
6 LWT Food Sci. Technol. 171 | 5774 33.77 6
7 Int. J. Biol. Macromol. 160 | 5712 357 82
8 Molecules 158 | 3111 19.69 4.6
9 Colloids Surf., B 135 | 4371 3238 5.8
10 Int. ). Nanomed. 126 | 4418 35.06 8
I Colloids and Surf., A 124 | 2745 22.14 5.2
12 J. Mol. Liq. 114 | 1993 17.48 6
13 Food Res. Int. 97 3217 33.16 8.1
14 Langmuir 93 1661 17.86 39
15 Foods 89 1294 14.54 5.2
16 Ind. Crops Prod. 89 2035 22.87 5.9
17 J. Agric. Food Chem. 87 4529 52.06 6.1
18 AAPS Pharmscitech 86 1708 19.86 33
19 RSC Advances 82 1723 21.01 39
20 Drug Delivery 77 2572 334 6

Abbreviations: TP, total papers; TC, total citations; ACPP, average citations per publication; IF,
impact factor.

Contributions of Leading Authors

The study of the contributions of leading authors can promote exchanges and collaborations among scholars interested in
nanoemulsions research. Within our analysis scope, 29,769 authors contributed to nanoemulsions research, and the 20
most productive authors by number of publications are displayed (Table 6. Among these 20 authors, 6 are from Brazil, 4
each are from Saudi Arabia and Spain, 2 each are from India and the USA, and 1 each is from France, Iran, and Malaysia.
Among the 4 authors from Saudi Arabia, 3 are from King Saud University, and 2 each are from Massachusetts Univ
(USA), Federal do Rio Grande do Sul Univ (Brazil), Lleida Univ (Spain), Jamia Hamdard Univ (India), Sao Paulo Univ
(Brazil), and Federal do Amapa Univ (Brazil).

McClements, DJ ranked first, with 248 publications, far exceeding those of other scholars, indicating his significant
contribution to this research area. Teixeira, HF ranked second with 71 publications, and Shakeel, F ranked third with 54
publications. In terms of the ACPP, Trujillo, Laura Salvia ranked first with 89.56, followed by Jafari, SM (79.98),
McClements, DJ (70.86), and Martin-Belloso, O (68.79). With respect to the h-index, McClements, DJ ranked first with
a score of 76, far surpassing other scholars, followed by Jafari, SM (35), Xiao, H (29), Ali, J (24), Baboota, Sanjula (24),
and Salvia-Trujillo, L (24). There are two limitations in comparing the h-indices of scholars.' First, the h-index only
increases or remains constant over time, so it cannot indicate whether a scholar is still active in their academic career.
Second, older scholars who entered the academic field earlier have an advantage in the h-index compared with younger
scholars.

Research Hotspots and Tendencies

To better understand the research hotspots and tendencies of nanoemulsions, the author keywords, hot papers, and highly
cited papers from 8561 articles were analyzed. These research topics were sourced from databases such as the SCI-E and
SSCI of the Web of Science.'”” ESI hot papers were defined as papers published globally in the last 2 months with high
citation frequency. Highly cited papers were defined as research in the same discipline that ranks in the top 1% of citation
frequency within the 10-year range included in the ESI.
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Table 6 Contributions of the Top 20 Authors in Nanoemulsions Research

RANK Author TP TC ACPP | h-Index Institution Country/Region

| McClements, David Julian 248 17,574 70.86 76 Univ of Massachusetts USA/North America
Teixeira, Helder Ferreira 71 1515 21.34 22 Univ Federal do Rio Grande do Sul Brazil/South America

3 Jafari, Seid Mandi 54 4319 79.98 35 Gorgan Univ of Agricultural Sciences and Natural Iran/Asia

Resources

4 Shakeel, Faiyaz 50 1040 20.8 18 King Saud Univ Saudi Arabia/Asia

5 Ali, Javed 48 1683 35.06 24 King Saud Univ Saudi Arabia/Asia

6 Martin-Belloso, Olga 48 3302 68.79 23 Univ of Lleida Spain/Europe

7 Anton, Nicolas 44 1020 23.18 19 Univ de Strasbourg France/Europe

8 Baboota, Sanjula 42 1376 32.76 24 Jamia Hamdard Univ India/Asia

9 Basri, Mahiran 42 1016 24.19 21 Univ Putra Malaysia Malaysia/Asia

10 Maranhao, Raul Cavalcante 40 565 14.13 15 Univ of Sao Paulo Brazil/South America

I Koester, Leticia Scherer 39 940 24.1 19 Univ Federal do Rio Grande do Sul Brazil/South America

12 Salvia-Trujillo, Laura 39 3493 89.56 24 Univ of Lleida Spain/Europe

13 Solans, Conxita 39 1077 27.62 15 CIBERBBN Spain/Europe

14 Fernandes, Caio pinho 38 793 20.87 17 Univ Federal do Amapa Brazil/South America

15 Xiao, Hang 38 2142 56.37 29 Univ of Massachusetts USA/North America

16 Tavares Carvalho, Jose Carlos 37 890 24.05 17 Univ Federal do Amapa Brazil/South America

17 Ahmad, Farhan Jalees 35 1267 36.2 23 Jamia Hamdard Univ India/Asia

18 Hosny, Khaled Mohamed 35 528 15.09 15 King Abdulaziz Univ Saudi Arabia/Asia

19 Hagq, Nazrul 32 447 13.97 13 King Saud Univ Saudi Arabia/Asia

20 Tedesco, Antonio Claudio 31 614 19.81 17 Univ of Sao Paulo Brazil/South America

Abbreviations: TP, total papers; TC, total citations; ACPP, average citations per publication.

Author Keyword Analysis
Author keywords can provide valuable information on research-related topics, making them a focus of widespread
attention among scholars.'®® A total of 14,310 author keywords were obtained by representing keywords with similar
meanings in a unified term. Notably, publications without author keywords were not included in the statistics. Among the
8561 articles, the 30 most common author keywords are displayed in a bubble chart (Figure 6). The top 30 keywords
comprise several main categories, including terms representing nanoscale particles: “nanoemulsions”, “nanoparticles”,
“solid lipid nanoparticles”, “liposomes”, “nanocarriers”, and “nanomedicine.” In addition, keywords such as “essential
oil”, “curcumin”, “chitosan”, and “beta-carotene” indicate common application areas and encapsulating materials of
nanoemulsions. Furthermore, research on the properties of nanoemulsions, mainly related to “bioavailability”, “stability”,
“antioxidant activity”, “antimicrobial activity”, “cytotoxicity”, and “antibacterial activity”, is also prominent. Common
preparation methods for nanoemulsions, such as “ultrasonication”, “high-pressure homogenization”, and “microfluidiza-
tion”, also have high frequencies. As the third highest-frequency keyword, “essential oil” had fewer publications before
2016, with only 9 articles in 2016. However, in 2017, 23 articles were published, and the trend continued to grow,
reaching a peak of 93 articles in 2022. This growth is attributed mainly to the extensive research and application of
nanoemulsions containing essential oils in the food industry because of their antimicrobial and antioxidant character-
istics. For example, Erfani et al prepared a nanoemulsions containing cinnamon essential oil encapsulated in beta-
cyclodextrin and sodium caseinate, resulting in a longer storage time.'” Restrepo et al prepared nanoemulsions
containing lemongrass and rosemary essential oils incorporated into edible films, which were shown to increase the
breathability, transparency, and extensibility of the films.''® Many essential oils have been formulated into nanoemul-
sions, such as lemon oil,'"! lavender oil,''? marigold oil'"* and patchouli leaf oil,''* which exhibit superior performance.
In the pharmaceutical industry, research on nanoemulsions in the drug delivery field has been increasing annually. For
example, Abdulaal et al reported the preparation and formulation optimization of sodium alendronate nanoemulsions for
in situ injection for the treatment of osteoporosis in 2023. Compared with traditional oral dosage forms, the phase
separation injectable sodium alendronate nanoemulsions exhibited sustained and controllable drug release.''> El Makawy
et al prepared quinoa oil-alginate nanoemulsions showing anticancer activity against breast cancer, inhibiting the further

development of breast cancer.''®

International Journal of Nanomedicine 2025:20
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Figure 6 Bubble chart of the top 30 author keywords by year.

According to the keyword “curcumin”, curcumin is commonly encapsulated in nanoemulsions. Curcumin has multi-
ple pharmacological actions, such as anticancer, anti-inflammatory, and antioxidant effects.”!” Tt is also an important
natural edible pigment in the food industry that is safe and nontoxic. It has wide applications in many industrial fields,
such as medicine,''® textile dyeing,''” and feed.'? Nonetheless, owing to its poor water solubility, chemical stability, and
oral bioavailability,'?' its application is often limited. Studies have shown that encapsulating curcumin in nanoemulsions
can improve its dispersibility and chemical stability due to the extremely small droplet size, providing more possibilities
for drug delivery routes, regulating its release, promoting interaction with biological membranes, and improving
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bioavailability'*

to promote its application. Ghanimatda et al prepared a curcumin nanoemulsions that showed
therapeutic effects on cystic hydatidosis.'*® Ganta et al encapsulated paclitaxel and curcumin in a nanoemulsions
containing linseed oil to treat ovarian cancer, which effectively enhanced the apoptotic response.'** Yu et al prepared
a curcumin nanoemulsions using a curcumin organic gel as the oil phase, which resulted in a significant increase in oral
bioavailability and achieved the oral delivery of poorly soluble nutrients.'*

The top five keywords used in each of the 20 countries that have contributed the most to the nanoemulsions field are
displayed (Table 7). Unsurprisingly, “nanoemulsions”, “nanoparticles”, “essential oils” and “bioavailability” are the most
commonly used keywords in these countries. In addition to the use of nanoemulsions and emulsion as key words, among
the top three countries contributing to the ranking, China has primarily studied stability, bioavailability and curcumin;
USA has studied nanoparticles, bioavailability and stability; and India has studied bioavailability, nanoparticles, nanogels
and essential oils. Additionally, many studies have been conducted on the preparation technology of nanoemulsions in
Malaysia, as reflected by the use of “response surface methodology” and “high-pressure homogenization”, such as for the

preparation of aspirin nanoemulsions via response surface methodology'*®

and the preparation of polycarboxylate
nanoemulsions via high-pressure homogenization.'?’ Germany has conducted more research on lipid nanoparticles,
and two of the top five keywords used are related to lipid nanoparticles; comparative studies between nanoemulsions
and lipid nanoparticles have also been conducted.'*® In addition, “inflammation” is also the only keyword that appeared
in the top five keywords of Germany among the 20 countries, reflecting the importance attached to it.'*’

The Sankey diagram shows the flow relationships between the top ten institutions and the ten key words related to
nanoemulsions (Figure 7). The results show that most of the top ten institutions have some knowledge of these ten key
words, and most research has focused on key words related to nanoemulsions such as “drug delivery”, “cytotoxicity”,
“curcumin”, “carotene”, “stability” and “antioxidants”. The Univ Sao Paulo, Univ Putra Malaysia and Univ Fed Rio
Grande do Sul focused on drug delivery research, Natl Res Ctr and King Saud Univ focused on cytotoxicity research,
Jamia Hamdard and King Abdulaziz Univ focused on curcumin research, Jiangnan Univ focused on B-carotene research,
Massachusetts Univ focused on stability and B-carotene research, and Islamic Azad Univ focused on antioxidant

research.

Table 7 Top 5 Most Used Author Keywords by the Top 20 Most Productive Countries

Country Top 5 highly Used Author Keywords

China Nanoemulsions, stability, bioavailability, emulsion, curcumin

USA Nanoemulsions, emulsion, nanoparticles, bioavailability, stability

India Nanoemulsions, bioavailability, nanoparticles, nanoemulgel, essential oil
Brazil Nanoemulsions, nanotechnology, nanoparticles, essential oil, drug delivery
Iran Nanoemulsions, essential oil, encapsulation, bioavailability, chitosan

Saudi Arabia | Nanoemulsions, essential oil, nanoemulgel, bioavailability, optimization
Egypt Nanoemulsions, essential oil, bioavailability, optimization, antimicrobial
Spain Nanoemulsions, essential oil, emulsion, microfluidization, encapsulation

South Korea | Nanoemulsions, emulsion, stability, nanoparticles, chitosan,

Italy Nanoemulsions, essential oil, nanoparticles, curcumin, chitosan

Malaysia Nanoemulsions, response surface methodology, nanoparticles, high-pressure homogenization, antioxidant
France Nanoemulsions, emulsion, nanoparticles, essential oil, curcumin

UK Nanoemulsions, emulsion, nanoparticles, drug delivery, bioavailability

Germany Nanoemulsions, lipid nanoparticles, solid lipid nanoparticles, drug delivery, inflammation
Portugal Nanoemulsions, nanoparticles, antioxidant, nanotechnology, nanostructured lipid carriers
Canada Nanoemulsions, stability, emulsion, bioavailability, drug delivery

Australia Nanoemulsions, drug delivery, nanoparticles, bioavailability, essential oil

Mexico Nanoemulsions, essential oil, curcumin, antioxidant, emulsion

Japan Nanoemulsions, nanoparticles, stability, emulsion, essential oil

Pakistan Nanoemulsions, bioaccesssibility, bioavailability, chitosan, nanoparticles

2952 https: International Journal of Nanomedicine 2025:20
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Figure 7 Sankey chart of the top 10 institutions.
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Analysis of Hot Research Papers

The number of citations is an important indicator reflecting the impact of a study. According to our definition of hot
papers, six such papers were identified and presented (Table 8). Notably, this article took the top-ranked authoritative
institution as a representative and displays corresponding institutions. Among the six articles, four are review articles,
and two are research articles. Sneha et al introduced the preparation of nanoemulsions and their progress in food
applications.'*® Zhang et al reviewed the use of lipid carriers for mRNA delivery, including the application of
nanoemulsions in mRNA delivery.'*' Karimi-Maleh et al introduced research on Mof pesticides in sustainable agriculture
and reduction of environmental hazards.'*> Nanopesticides overcome the shortcomings of traditional pesticides and have
become a promising alternative. Phatale et al researched advanced drug delivery methods to overcome the skin barrier.'*?
Nanoemulsions constitute a new strategy for effective transdermal drug delivery. Haddadzadegan et al reviewed the oral
delivery technology of therapeutic peptides and proteins, such as oil-in-water nanoemulsions, using lipid-based
nanocarriers.”>* Philip et al conducted magnetic nanofluid research in which a nanoemulsions was used as a model
system for magnetic nanofluids and reviewed its applications in various aspects.'*> The above studies focused on the
application of nanoemulsions in the drug delivery, food, agriculture and environmental industries. In terms of the
scholars’ countries, three are from India, two are from China, and one is from Australia.

Research Analysis of Highly Cited Papers
The top 20 cited articles from the 8561 nanodispersion articles collected in this study were analyzed, and the specific
publication information was collected (Table 9). Among the 20 articles, 11 were review papers and 9 were research
papers. USA and India each contributed six papers, significantly surpassing other countries. China contributed three
papers, Spain two, and the Netherlands, Australia, and Italy one each. Gupta et al summarized the formation,
characteristics and applications of nanoemulsions, and had the highest total number of citations.’® The article with the
highest average number of citations per year was published in Nature Communications in 2018 by Wan et al, who
provided a simple method for preparing thin-film composite nanofiltration membranes with polyamide layers, which is
highly important for seawater desalination and sewage treatment.'*®

Three of the 20 highly cited articles are related to nanopesticides. Kah et al conducted research on nanopesticides in
2014, mainly exploring formulations of related nanoemulsions.'** In 2017, Prasad et al reported that nanotechnology can
improve food quality and safety, such as the application of nanoemulsions to ice cream to improve its texture and
uniformity and the ability to control the amount of pesticide sprayed and reduce the loss of nutrients during fertilization
in agricultural fields.'*® Kumar, S. reported in 2019 that the nanoencapsulation of pesticides can result in controlled

Table 8 ESI Hot Citation Studies From 2013-2023

NO Author Title TC Journal Institution, OPC
Country/Region
| Sneha, K et al Nanoemulsions: Techniques for the preparation and | 66 Innovative Food Lovely Profess Univ None
the recent advances in their food applications Sci. Emerging (India/Asia)
Technol
2 Zhang, et al Lipid carriers for mRNA delivery 20 | Acta Pharm. sin. | China Pharmaceutical None
B Univ (China/Asia)
3 Karimi-Maleh Mof-enabled pesticides as developing approach for 27 | J. Ind. Eng. Chem. | Wenzhou Med Univ Lebanon;
et al sustainable agriculture and reducing environmental (Cina/Asia) Iran
hazards
4 Phatale, V et al Overcoming skin barriers through advanced 98 J. Controlled Guwahati NIPER None
transdermal drug delivery approaches Release G (India/Asia)
5 Haddadzadegan, Oral delivery of therapeutic peptides and proteins: 134 Adv. Drug Univ Innsbruck Iran
Setal Technology landscape of lipid-based nanocarriers Delivery Rev. (Austria/Europe)
6 Phillip, J et al Magnetic nanofluids(ferrofluids): recent advances, 65 Adv. Colloid Indira Gandhi Ctr None
applications, challenges, and future direction Interface Sci. Atom Res (India/Asia)

Abbreviations: TC, total citations; TCY, total citations per year; OPC, other partner countries.
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Table 9 Top 20 Most Highly Cited ESI Publications From 2013-2023

NO Author Title TC | TCY Journal Institution, Country/Region OPC
| Gupta, A et al Nanoemulsions: formation, properties and applications 854 122 Soft Matter MIT (USA/North America) Netherlands
2 Singh, Y et al Nanoemulsions: concepts, development and applications in drug delivery | 742 | 123.7 J. Controlled Release Cent Drug Res Inst (India/Asia) None
3 Van Straten, D et al Oncologic Photodynamic Therapy: Basic Principles, Current Clinical Status | 715 | 119.2 Cancers Univ Utrecht (Netherlands/Europe) None
and Future Directions'’
4 Wang, ZY et al Nanoparticle-templated nanofiltration membranes for ultrahigh 673 | 1346 Nat. Commun. Chinese Acad sci (China/Asia) USA
performance desalination
5 McClements, D] et al Improving emulsion formation, stability and performance using mixed 621 1242 Adv. Colloid Interface Univ Massachusetts (USA/North America) Iran
emulsifiers: A review'>® Science
6 Jaiswal, M et al Nanoemulsions: an advanced mode of drug delivery system'?’ 620 | 775 3 Biotech Galgotias Univ (India/Asia) None
7 Smith, DM et al Applications of nanotechnology for immunology'"0 561 56.1 Nat. Rev. Immunol. Univ of Michigan (USA/North America) None
8 Ezhilarasi, PN et al Nanoencapsulation Techniques for Food Bioactive Components: 535 | 535 Food Bioprocess Technol. Cent Food Technol Res Inst (India/Asia) None
A Review'*!
9 Prasad, R et al Nanotechnology in Sustainable Agriculture: Recent Developments, 516 86 Front. Microbiol. Amity Univ (India/Asia) Hungary
Challenges, and Perspectives
10 Song, X] et al Ultrasound Triggered Tumor Oxygenation with Oxygen-Shuttle 495 | 70.7 Nano Lett. Soochow Univ (China/Asia) None
Nanoperfluorocarbon to Overcome Hypoxia-Associated Resistance in
Cancer Therapies
I Anselmo, Ac et al Elasticity of Nanoparticles Influences Their Blood Circulation, 468 | 585 ACS Nano Univ Calif Santa Barbara (USA/North None
Phagocytosis, Endocytosis, and Targeting America)
12 Salvia-Trujillo, L et al Influence of particle size on lipid digestion and B-carotene bioaccessibility | 465 | 46.5 Food Chem. Univ Lleida (Spain/Europe) USA
in emulsions and nanoemulsions
13 Kah, M et al Nanopesticide research: Current trends and future priorities 434 | 482 Environ. Int. Univ Vienna (Austria/Europe) None
14 Acevedo-Fani, A et al Edible films from essential-oil-loaded nanoemulsions: Physicochemical 431 539 Food Hydrocolloids Univ Lleida (Spain/Europe) None
characterization and antimicrobial properties
15 Lu, Yetal Polymeric micelles and alternative nanonized delivery vehicles for poorly | 431 43.1 Int. J. Pharm. Purdue Univ (USA/North America) South Korea
soluble drugs
16 Donsi, F et al Essential oil nanoemulsions as antimicrobial agents in food 410 | 586 J. Biotechnol. Univ Salerno (ltaly/Europe) None
17 Peng, L et al Versatile Nanoemulsions Assembly Approach to Synthesize Functional 397 | 993 J. Am. Chem. Soc. Fudan Univ (China/Asia) None
Mesoporous Carbon Nanospheres with Tunable Pore Sizes and
Architectures'*?
18 Kharat, M et al Physical and Chemical Stability of Curcumin in Aqueous Solutions and 394 | 657 J. Agric. Food Chem. Univ Massachusetts (USA/North America) Saudi Arabia
Emulsions: Impact of pH, Temperature, and Molecular Environment'*?
19 Sari, TP et al Preparation and characterization of nanoemulsions encapsulating 376 47 Food Hydrocolloids Natl Dairy Res Inst (India/Asia) None
curcumin'**
20 Kumar, S et al Nano-based smart pesticide formulations: Emerging opportunities for 373 | 933 J. Controlled Release Guru Jambheshwar Univ (India/Asia) Italy, USA, South Korea
agriculture

Abbreviations: TC, total citations; TCY, total citations per year; OPC, other partner countries.
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release characteristics, which can effectively improve the permeability, stability, and solubility of pesticides, and looked
forward to the development of nanoemulsions pesticides.'*’

In terms of medical applications, in 2016, Song et al reported the good biocompatibility and high oxygen solubility of
perfluorocarbons (PFCs), such as PFC nanoemulsions, as ultrasound-triggered tumor-specific oxygen delivery oxygen shuttles

to regulate the hypoxic microenvironment of tumors.'*®

Anselmo et al synthesized PEG hydrogel nanoparticles with
adjustable elasticity via nanoemulsions technology in 2015 and determined the effects of the elasticity of the nanoparticles
on their blood circulation, phagocytosis, endocytosis, and targeting.'*” Lu et al studied the use of polymeric micelles and
alternative nanocarriers to solubilize poorly soluble drugs in 2013. For example, nanoemulsions can be administered in
various ways, such as oral, ocular, sublingual, or intranasal, and are characterized by high drug loading and high bioavail-
ability. The disadvantage of these methods is that they often lack stability and are prone to flocculation and coalescence.'°
With respect to food applications, Salvia-Trujillo et al reported in 2013 the effects of the particle size of emulsions and
nanoemulsions on lipid digestion and the accessibility of B-carotene, providing valuable knowledge for the development of
carotenoid-based delivery for food and pharmaceutical applications.'>' Acevedo-Fani et al prepared nanoemulsions with
thyme, lemongrass or sage oils as the dispersed phase and sodium alginate solution as the continuous phase by microfluidiza-

tion to prepare edible films. The physicochemical and antibacterial properties were also characterized.'>

The 20 highly cited articles not being mentioned are cited in Table 9.'*"'#4

Discussion

The main goals of this bibliometric research were to determine the trends in the literature on nanoemulsions research;
identify countries/regions, institutions, authors, author keywords, hot papers, and highly cited papers; and summarize the
current status, hotspots, and changing tendencies of the nanoemulsions field. Nanoemulsions, as biphasic dispersed
systems with droplet sizes at the nanoscale, provide a platform for dissolving poorly soluble drugs and various
hydrophobic compounds, enabling the delivery of a variety of substances. They have found widespread applications in
many industries and fields and have become among the more advanced carrier delivery systems in pharmaceutical, food,
cosmetic, and agricultural products. On the basis of an extensive bibliometric analysis, this study aimed to provide more
fertile ground for new topics in the technology and application of nanoemulsions.

Pharmaceutical Science

As an effective drug delivery system, extensive research has shown that, compared with other drug administration systems,
nanoemulsions have better patient compliance and greater health benefits, effectively protecting the delivery of hydrophobic
drugs and improving bioavailability. According to the keyword analysis, nanoemulsions are widely used as drug delivery
systems for hydrophobic drugs, and research on their properties is the most prevalent, with a particular focus on studies of
bioavailability, pharmacokinetics, and cytotoxicity when used as nanopharmaceuticals. Nanoemulsions can significantly
improve drug release profiles and bioavailability when administered through different routes. The mechanism of their ability
to increase bioavailability is due primarily to their lipid-based delivery system, which can increase the solubility and stability
of lipophilic drugs. Their small size can also increase drug penetration and retention, especially when used as a transdermal
drug delivery system.'>® For use of quercetin as an oral drug, Mahadev et al prepared a quercetin nanoemulsions via an
ultrasound method, and the results revealed that the bioavailability and therapeutic effect on diabetes in diabetic rats were
greatly improved.'>* In addition, researchers have prepared oral nanoemulsions forms of 5-fluorouracil,'>> piperine,'*® p-

157 and rutin.'>® Their successful development has improved the bioavailability of drugs. For use as a nasal drug

carotene,
delivery carrier, Diedrich et al prepared a chitosan-coated nanoemulsions containing luteolin for nasal administration to treat
neuroblastoma. The results revealed that its permeability increased by a factor of 6, the pharmacokinetic evaluation half-life
increased by a factor of 10, the biodistribution increased by a factor of 4.4, and the bioavailability increased.'* Researchers
commonly evaluate the pharmacokinetics and pharmacodynamics of drugs encapsulated in nanoemulsions. The main research
topics include the in vivo half-life, biological distribution, area under the blood concentration-time curve and maximum drug
concentration.'®® To explore the degree of improvement in bioavailability of nanoemulsions, these studies are indispensable.

Extensive studies have shown that making drugs into nanoemulsions can reduce their cytotoxicity'®' ™' because
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nanoemulsions are not only mild in formulation but also have slow release characteristics, a small droplet size and a high
dispersion coefficient, which can reduce drug accumulation, thus alleviating the toxic side effects of drugs.
Given the impact of the novel coronavirus, the prevalence and mortality of the COVID-19 pandemic have increased

166 infections

significantly.'®*'®> Owing to the increasing prevalence of bacteria resistant to natural or synthetic antibiotics,
caused by multidrug-resistant bacteria have become a serious public health problem. Antibiotic resistance has become a health
issue of global concern. To some extent, conventional antibiotic treatment has been unable to meet people’s antibacterial
needs. Improving the delivery system of antibacterial drugs is an effective means to solve this problem. In recent years, interest
in the antibacterial properties of nanoemulsions has increased. Whether it is a nanoemulsions encapsulating essential oils with
antibacterial activity, the surfactant used in the preparation process, or the inherent antibacterial properties of the nanoemul-
sions, the main manifestation is the destruction of the lipid membrane of pathogens,'®” resulting in synergistic antibacterial
effects and good therapeutic effects. The small spherical size of nanoemulsions droplets can prolong their retention at the
lesion site and improve the antibacterial effect of drugs, and nanoemulsions antimicrobial therapy has good biocompatibility
168 169171 NMoreover, the structure and function of

nanoemulsions are adjustable and multifunctional, which makes them broadly applicable, such as for use as vaccine
172

and spectral activity, "~ making it a promising carrier for COVID-19 treatment.

adjuvants’ '~ and for the development of new drug delivery methods. The surface adjustability, high loading capacity, safety,
and slow-release characteristics of nanoemulsions particles'’* can be utilized to encapsulate antiviral drugs such as COVID-19
vaccines'’* and antibacterial drugs, which have great application prospects. Emulsions have been used as safe delivery
platforms for vaccines.'”> Targeting viruses through epitopes or targeted fragments displayed on the surface of nanoemulsions
droplet particles or modifying phospholipids with polyethylene glycol can effectively prevent the phagocytosis of macro-

phages, allowing for drugs to achieve long-term circulation effects in the body,'”®

resulting in improved therapeutic effects. In
terms of structural modification, the preparation of multiphase emulsions can make them more complex and result in
a potentially a wider range of applications. The multiple internalized phases of multiphase nanoemulsions can achieve various
chemical zones to control the release of active ingredients and complex particle templates.'’” The chitosan-modified multi-
phase nanoemulsions prepared by Malik et al enhanced the permeability of the stratum corneum when applied to the skin,
significantly improving the permeability and retention of drugs and enhancing the efficacy of skin infection treatment.'”® The
complex structure of multiphase nanoemulsions also leads to harsh preparation conditions and limitations in large-scale
production. In addition, the limitations of encapsulation efficiency and the preparation of multiple nanoemulsions inevitably
lead to an increase in droplet size. Maintaining a small droplet size while maximizing the encapsulation efficiency of the
contents is an area of great expectation and concern. As a drug delivery carrier, further characterization of the physicochemical
properties of the prepared nanoemulsions are necessary, and many basic studies are needed to conduct pharmacological and
toxicological evaluations as well as in vivo tests to minimize their toxic side effects.

Food Science

According to keyword list 6, the antibacterial and antioxidant capabilities of nanoemulsions are of greatest concern to
food experts. There are five related words in the top 30 keywords, indicating their importance. As the demand for healthy,
safe, green and natural products is increasing daily, consumers are increasingly inclined to choose foods that contain no
or few synthetic additives.'”® In addition, there is also a growing demand for food products with better microbial safety
and freshness. Therefore, developing new types of food preservatives to inhibit the growth of bacteria and microorgan-
isms is an area of current research interest among researchers.'® Nanoemulsions have shown great potential in
preserving basic foods such as meat or vegetables. As natural antimicrobial and antioxidant agents, they can replace
synthetic additives while ensuring the biological activity of ingredients and lengthening the shelf-life of food. Essential
oil nanoemulsions and chitosan nanoemulsions'®' have shown great application prospects in food preservation, especially
in extending the shelf-life of muscle foods and the storage period of grains. Nonetheless, there is still much room for

182 4n food flavor and

improvement in properly addressing the impact of essential oil additives or essential oil coatings
sensory perception and exploring the mechanism of chitosan more clearly. There is also room for improvement in
proposing valuable research results for the scientific community. Additional in vitro experiments and more powerful
technical support are needed to develop nanoemulsions as food additives with daily maximum intake and recommended

intake levels. More in vivo studies should be conducted to clarify their interactions with biological systems in the human
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body and their digestion and absorption mechanisms in the gastrointestinal tract.'®* Therefore, it is necessary to explore

184 to

the bioaccumulation of compounds and the storage and excretion of metabolites and establish consumer confidence
promote and expand the benefits and potential of nanoemulsions in food applications.

Essential oil nanoemulsions have great applications in the food industry, as essential oil nanoemulsions not only possess the
powerful antibacterial,'® antiviral and antifungal'®® properties of essential oils but also have better dispersibility,'®” stronger
bioactivity and better sensory properties.'®® The wetting ability of surfactants and emulsifiers also helps enhance the antibacterial
activity of essential oil nanoemulsions'®’ and has the least impact on the sensory properties of the product, thus broadening their
applications in many products. Furthermore, studies have reported that combining essential oil nanoliposomes with vacuum
packaging can further increase their antibacterial activity, which has great potential.'”® Although the use of nanoemulsions as
a delivery method to encapsulate hydrophobic drugs, essential oils, etc, has shown good advantages, as food additives, the safety
and toxicological evaluation of nanoemulsions is indispensable. The use of essential oil nanoemulsions as alternatives to
traditional chemical preservatives is still in the early stages of exploration and application, and relevant technologies, regulations

192 and

and policy support are not yet fully established.'”' The use of commonly used emulsifiers such as ionic surfactants
nonionic surfactants'®> poses a great threat to the safety of nanoemulsions. Therefore, while preparing nanoemulsions, it is
necessary to improve relevant research ideas, change the current commonly used surfactants to develop new surfactants, further
characterize their physicochemical properties, support research on the effects of surfactants on the particle size and stability of
nanoemulsions with more numerical and model support, investigate new combinations and optimize new formulations,'* reduce
costs, and ensure safety to a greater extent. Better preservation and improvement of the characteristics and stability of
nanoemulsions antibacterial agents requires more innovative methods and strategies.'*> In addition, there is an urgent need for
safer, more widely applicable natural emulsifiers and more advanced preparation techniques, with a greater focus on their
synergistic effects and mechanisms of action, to ensure the safety and effectiveness of nanoemulsions and meet the requirements
in more scenarios. Furthermore, the content and purity of natural emulsifiers are difficult to standardize because of differences in
their source plant growth areas, developmental stages, collection sites, and collection times. The standardization and indus-
trialization of their development is also an urgent problem that needs to be addressed.

Agricultural Science

In the field of agriculture, in terms of research direction, the great application potential of nanoemulsions is reflected
mainly in the direction of plant science and entomology, owing to their application in the transportation of nutrient
fertilizers,'”® pesticides and insecticides during agricultural planting. A nanoemulsions is a surfactant-stabilized oil-water
two-phase dispersion that can increase the solubility and bioavailability of fertilizers, and the droplet size is very small;
thus, the use of a nanoemulsions in plant and pest treatment can more easily penetrate the plant tissues and the cuticles of
pests.'®” Owing to their relatively high specific surface area, encapsulating pesticides in nanoemulsions can better utilize
the active ingredients and directly deliver them to the site of action, reducing the amount of pesticide used and
minimizing their impact on the environment.'”® In addition, encapsulating nutrients such as various fertilizers, nutrients,
and minerals in droplets is also more conducive to plant absorption and utilization, improving the health status and
productivity of the plant and preventing fertilizer loss due to runoff or leaching.'®® This approach can improve plant
efficiency and play an important role in agricultural planting. The application prospects of nanoemulsions in agriculture
are gradually expanding. The development of new advanced nanoemulsions carriers, such as plant growth regulators,”*’
growth hormones,”°" antibacterial agents and biological pesticides,>** will be beneficial for the efficient, innovative and
sustainable development of entire agricultural field.

Energy Science

Owing to the depletion of fossil fuels and the reduction in harmful emissions from diesel engines, scientists have been
searching for new fuels as replacements.”> 2% Biodiesel, such as pure lemongrass 0il,>*” safflower seed 0il,**® and
apricot seed 0il,*> has shown good potential for energy conservation and emission reduction. The application of
nanoemulsions in the energy field has focused mainly on reducing the exhaust emissions of biodiesel and improving
the oil and gas recovery efficiency.”'® Kumar et al studied the performance of diesel engines fueled by waste orange peel
oil nanoemulsions. The results showed that at maximum power output, compared with those of pure orange oil biodiesel
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fuel, the peak cylinder pressure and heat release rate of orange oil biodiesel nanoemulsions fuel increased.”'' Research
indicates that the aqueous phase in diesel emulsions can reduce combustion temperatures and lower harmful emissions
from diesel engines.”'? Water increases the kinematic viscosity and calorific value of fuel.>'® Biodiesel nanoemulsions
not only increase combustion efficiency but also significantly reduce emissions of nitrogen oxides such as CO and NOx,
as well as sulfur oxides, minimizing environmental harm. In the future, optimizing the economic and formulation aspects
of biodiesel nanoemulsions will be a key focus of research.”'* In terms of oil and gas recovery, the surfactant in the
nanoemulsions accumulates more around the oil core, and the free surfactant molecules in the continuous phase decrease,
thus reducing the loss caused by the adsorption of surfactant on the rock surface during oil and gas recovery.*'> Wei et al
prepared a series of surfactant-stabilized oil-in-water nanoemulsions and conducted imbibition tests on tight cores
compared with saline water. The results showed that nano-oil droplets can promote the ultimate recovery of crude
0il.>'® The mechanism by which nanoemulsions enhance oil recovery is manifested mainly in the emulsification of crude
oil, which reduces the interfacial tension between oil and water through surfactants, reverses wettability, and expands the
swept area.”'> Nonetheless, there is still a lack of clarification of its adsorption characteristics and diffusion behavior,
which requires further research. In addition, studies have shown that nanoemulsions can improve the energy conversion

efficiency and durability in electrochemical applications.?!”

New Characterization Methods

It is also critical to innovate the characterization methods of nanoemulsions to better understand their properties. Currently,
research on the characterization of nanoemulsions mainly focuses on the measurement of droplet size, size distribution, and
zeta potential, which is very limited. Seeking new experimental techniques to evaluate all aspects of nanoemulsions can
promote better understanding and broaden their applications and potential. Nanoparticle tracking analysis (NTA) uses
a combination of laser scattering microscopy and CCD cameras to visualize and record the motion of nanoparticles in
solution.?'® It can better identify and track individual particles undergoing Brownian motion to observe their movement
state.”'” Small-angle X-ray scattering (SAXS) is an analytical technology that can detect relatively large, often nanoscale
material structures through small-angle scattering signals. SAXS can be used to observe the size, shape, and morphology of
nanoemulsions droplets and can dynamically follow their microscopic changes as they change with temperature. Compared
with conventional transmission electron microscopy and scanning electron microscopy, SAXS requires less sample volume
and is nondestructive.”?” Raman spectroscopy is used to analyze scattering spectra with different frequencies from incident
light, which allows for a more detailed observation of vibrational and rotational information at the molecular level. Through
the analysis of sample characteristic peaks, the stability of nanoemulsions-encapsulated substances can be studied. Uzun et al
conducted Raman spectroscopy analysis on lutein nanoemulsions, confirming the stability of lutein after emulsification and
stabilization.”?! Veloso et al used surface-enhanced Raman spectroscopy to evaluate the photodynamic therapy of breast
cancer cells in mice via a nanoemulsions loaded with a chloroaluminum phthalocyanine photosensitizer. They selected the
Raman modes of proteins at 608 cm(—1) and lipids at 1231 cm(—1) to follow up on the survival rate of tumor cells, envisioning
the rapid development of quantitative infrared thermal imaging.”** In addition to the above methods, nuclear magnetic
resonance,”> lipophilic fluorescent probes,*?* and imaging techniques®>> can be used as emerging characterization techniques
to understand the stability, surface modification, release mechanism, and in vivo metabolism of nanoemulsions droplets.
Introduction of more innovative nanoemulsions characterization experimental methods, examination of the characteristics
behind nanoemulsions and optimization of formulations have great potential.

New Preparation Methods

At present, most methods for preparing nanoemulsions are high-energy emulsification methods, which require high
energy consumption and high production equipment costs. In addition, low-energy emulsification methods require much
energy during emulsification and a large amount of emulsifier, which poses certain challenges to the safety of
nanoemulsions. Thus, it is necessary to find new preparation techniques. Recently, the process of emulsifying droplets
via a metal organic framework (Mof) has gradually attracted the attention of researchers. Mofs are a new type of
crystalline nanocomposite with a large surface area, surface adjustability, and high porosity.?*° They also have
a topological structure and can be used as an amphiphilic and surface-active material to emulsify droplets into emulsions.
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Studies have reported that Mof materials can better stabilize nanoemulsions, but the safety level requirements for
nanoemulsions applied in the pharmaceutical or food industries are high, and some Mof materials prepared from metal
or nonfood-grade organic linkers cannot meet safety requirements. To overcome this limitation, Chao et al used less toxic
alkaline earth metals and an edible cyclodextrin-based Mof, which were stabilized by glycyrrhizic acid, and achieved
good results,?*’ verifying the possibility of guiding the stability of edible-grade nanoemulsions. However, the preparation
of nanocarriers based on Mof materials still requires long-term toxicity verification and the exploration of safer and more
effective stabilizers. The preparation of safer and long-term stable nanoemulsions will broaden their potential applica-
tions as delivery systems in the fields of medicine and food.

Limitations

This study has certain limitations. First, some studies that do not use the same search strategy may be excluded from this study.
Second, studies without author keywords were not included. Third, compared with newly published articles, older articles tend
to receive more citations over time; therefore, the advantages of recent publications may not be apparent in this study.

Conclusions and Outlook

The present study used the bibliometric method and DDA software to study the literature published in SCIE and SSCI journals
in the field of nanoemulsions research from 2013-2023. Both developed countries, represented by the USA, and developing
countries, represented by China and India, have made important contributions to the field. With the pursuit of safer, more
effective, environmentally friendly**® and more compliant nanoemulsions materials, the raw materials that meet different uses
can be made into nanoemulsions forms to better meet researchers’ needs. In the fields of medicine, food, cosmetics and
pesticide products, the superior antioxidant, slow-release and antibacterial properties of nanoemulsions can be better utilized
to a greater extent. In the field of energy, nanoemulsions have the potential for energy savings and emissions reduction.
However, to meet more application requirements and higher safety requirements, improvements and updates in nanoemul-
sions preparation technology and the treatment of waste nanoemulsions,”?* as well as the possibility of new natural surfactants
and droplet surface modifications, will increase the potential for the application of nanoemulsions and the development of
green, natural, safe and high-performance multifunctional structural nanoemulsions. Further research is necessary in terms of
reducing the preparation costs, improving preparation technology, conducting stability studies, and seeking better and safer
surfactants. New characterization techniques for determining the characteristics of nanoemulsions, new preparation techni-

230232 panoemulsions carriers for delivering RNA,*** and artificial intelligence in the

234-236

ques mediated by Mof materials,
development and optimization of nanoemulsions technology will become research hotspots in the future, further
promoting the large-scale production and application of nanoemulsions. This study provides a novel perspective on the
current research status of nanoemulsions and analyzes and summarizes current research hotspots. Hence, it can provide

inspiration and useful information for researchers to expand their ideas and find more potential development directions.
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