Front. Mater. Sci. 2021, 15(4): 477-493
https://doi.org/10.1007/s11706-021-0571-7

PERSPECTIVE

Bibliometric landscape of the researches on protein corona
of nanoparticles

Zhengwei HUANG'", Fangqin FU'", Linjing WU*, Wenhao WANG?, Wenhua WANG?, Chaonan SHI?,
Ying HUANG (=0)!, Xin PAN ()2, and Chuanbin WU

1 College of Pharmacy, Jinan University, Guangzhou 510006, China
2 School of Pharmaceutical Sciences, Sun Yat-sen University, Guangzhou 510006, China

© Higher Education Press 2021

ABSTRACT: Unclear biological fate hampers the clinical translation of nanoparticles for
biomedical uses. In recent years, it is documented that the formation of protein corona
upon nanoparticles is a critical factor leading to the ambiguous biological fate. Efforts
have been made to explore the protein corona forming behaviors on nanoparticles, and
rearrangement of the relevant studies will help to understand the current trend of such a
topic. In this work, the publications about protein corona of nanoparticles in Science
Citation Index Expanded database of Web of Science from 2007 to 2020 (1417 in total)
were analyzed in detail, and the bibliometrics landscape of them was showcased. The
basic bibliometrics characteristics were summarized to provide an overall under-
standing. Citation analysis was performed to scrutinize the peer interests of these
papers. The research hotspots in the field were evaluated, based on which some feasible
topics for future studies were proposed. In general, the results demonstrated that protein
corona of nanoparticles was a prospective research area, and had attracted global
research interests. It was believed that this work could comprehensively highlight the
bibliometrics landscape, inspire further exploitation on protein corona of nanoparticles,
and ultimately promote the clinical translation of nanoparticles.
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1 Introduction

Nanoparticles refer to the particulate systems with at least
one nanoscale dimension [1], and are attracting attentions
of scientists all over the world. Lipid-based [2], polymeric
[3], metal [4] and silica [5] nanoparticles have been well-
documented, especially in the area of biomedicine and
pharmaceutical sciences. The reported nanoparticles reveal
enhanced therapeutic effects and/or mitigated system
toxicities [6—8], creating new possibilities for the ther-
anostics of diseases like tumors [9], diabetes [10] and
neurodegeneration [11]. Seemingly, the clinical translation
of nanoparticles embraces a bright future.

Regretfully, nanoparticles are moving towards the
market with a slow pace. A major part of nanoparticles
under laboratory research cannot achieve clinical transla-
tion. Literature shows that FDA approves less than 5
nanoparticles-related new drug applications per year in
most time of the past decade [12]. As for those
nanoparticles-related products already reached the market,
there are only several ones widely demonstrating sig-
nificant therapeutic effects: Abraxane® (paclitaxel-loaded
albumin nanoparticles), Doxil® (doxorubicin-loaded lipo-
somes) and Genexol-PM® (paclitaxel-loaded polymeric
micelles) [13].

The insufficient understanding of the biological fate after
administration is a critical hurdle for the clinical translation
of nanoparticles. Without a clear knowledge in the
biological fate on cell, tissue, organ and system level, the
pharmacokinetics and pharmacodynamics profile of nano-
particles will not be clarified, which provokes the potential
safety risk and doubtable therapeutic efficacy [14]. Worse
still, the actual biological disposition of nanoparticles is
generally quite different from the one revealed in in vitro
studies, making it difficult to predict the in vivo fate [15]. It
is vital to claim the biological fate of nanoparticles.

Recently, evidence accumulates that protein corona has a
great impact on the biological fate of nanoparticles [16—
22]. Protein corona is a corona-like supramolecular
structure formed around the surface of nanoparticles
upon contact with biological fluids [23]. There are
numerous types of proteins in biological fluids, which
renders the composition of protein corona very compli-
cated [24]. The formation of protein corona alters the

surface chemistry of nanoparticles, i.e., change from the
nanoparticulate coating layer into protein complex [25]. It
is established that the surface chemistry of xenobiotics
determines the cellular recognition and uptake processes
[26]. Thus, protein corona will affect the cellular recogni-
tion and uptake of nanoparticles [27], and even the
inflammatory [28] and cytotoxic pathways [29]. As to
nanoparticles for drug delivery, premature cargo release
may occur after protein corona formation [30]. The
influence of protein corona can largely account for the
failure of biological fate prediction.

The investigation on protein corona is necessary to
interpret the biological fate of nanoparticles, and to finally
promote the clinical translation. Since K. A. Dawson et al.
proposed the concept of protein corona in 2007 [31], many
efforts have been made in this region. The protein corona
formation behaviors and mechanisms of lipid-based [32],
polymeric [33], metal [34] silica [35] and other nanopar-
ticles [36—38] have been comprehensively explored. With
these works, relatively profound understanding of protein
corona formation phenomenon is obtained.

Of note, the protein corona study should be continuously
paid attention to. For one thing, because of the complex
physiological environment, the interaction modes between
coronated nanoparticles and cells are still unclear, limiting
the interpretation of the in vivo evolution of protein corona.
For another thing, nanoparticles prepared from new
materials are emerging rapidly, and the previously
established models cannot be directly applied to the new
cases. Therefore, it is foreseen that protein corona will act
as a research hotspot in the future.

In the present work, a bibliometric landscape of studies
on protein corona of nanoparticles was illustrated.
Specifically, basic bibliometric characteristics of the related
papers were shown, and citation analysis and hotspots
mining were performed. It is expected that this paper can
provide an overall mastering of the relevant researches,
analyze the current trend of studies, and inspire feasible
topics for further investigations.

2 Methods

2.1 Searching of literature

Literature survey was finished at 11:00 a.m., April 21st,
2021 (UST + 8). With the search set of (TOPIC = protein
corona) and (TOPIC = nanoparticle), the literature pub-
lished in the time span of 2007-2020 were scanned in the
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Science Citation Index Expanded database that pertains to
Web of Science Core Collection. The starting time 2007
was chosen because the first two papers about protein
corona [31,39] were published then.

2.2 Bibliometrics analysis

The duplicated and irrelevant results were removed, and
the list of publications with full record and cited references
information was exported. Subsequently, bibliometrics
analyses were conducted via several tools including
Clarivate Analytic (Philadelphia, PA) [40], VOSviewer
(Leiden University, Netherlands) [41], HistCite (HistCite
Software LLC, NY) [42], SATI [43] and bibliometric
online platform [44].

2.3 Website and software operations
2.3.1 Clarivate analytic

After papers were retrieved from Web of Science Core
Collection, the functions of ‘analyze results’ and ‘create
citation report’ were utilized. The data rows were down-
loaded and visualized by Microsoft Office Excel (Micro-
soft Corporation, WA), Origin (OriginLab Corporation,
MA) or GraphPad Prism (GraphPad Software, CA).

2.3.2 VOSviewer

Bibliographic data and text data were imported into
VOSviewer, and maps were created. For bibliographic
data, co-authorship with ‘authors’ and ‘organizations’ as
unit of analysis was visualized. Also, the co-occurrence
with ‘keywords plus’ as unit of analysis was illustrated, and
the minimal occurrence number was set as 10. Biblio-
graphic coupling was performed with ‘documents’ as unit
of analysis. It was worth mentioning that only 1000
documents with the greatest connection strength were
analyzed. For text data, title and abstract (structured
abstract labels ignored) were extracted, and the minimum
number of occurrences was set to 10. The 60% most
relevant terms were involved.

In all analyses, full counting was used, normalization
method was association strength and clustering resolution
was 1.

2.3.3 HistCite

The graph maker tool of HistCite was employed to
visualize the cross-citation profile of retrieved documents.

In order to simplify the graph, the items of top 10 local
citation score (LCS) counts were analyzed.

2.3.4 SATI

The exported full record and cited references information
was compacted into a zip file, and uploaded to the online
SATI system. The ‘stem extraction’ and ‘smart cleanse’
functions were activated, and the maximum size of matrix
was 50. The time series data were visualized by Microsoft
Office Excel.

2.3.5 Bibliometric online platform

Through the platform, the publications were classified by
region and year. Besides, the cooperation relationship
between different regions was scrutinized.

2.3.6 Computer environment

The computer environment was Windows® 10 operation
system (x64, Microsoft Corporation, WA) installed with
Java 8 (Oracle Corporation, CA) and Visual C ++ 2017
(Microsoft Corporation, WA).

3 Results and discussion

3.1 Basic bibliometrics characteristics

The literature survey returned 1417 papers. Of these
papers, 514 were Open Access. In order to describe the
overall feature of these papers and excavate their potential
values, basic bibliometrics characteristics were summar-
ized below.

The first two papers about protein corona of nanopar-
ticles were published in 2007 [31,39], and since then the
number of publications was raising gradually (Fig. 1(a)).
After 2014, over 100 papers were published each year;
more than 200 papers were published per year since 2019.
After plotting the number of publications versus year, a
linear regression was conducted. The fitted formula was y =
19.413x — 38987 (R* = 0.9673). By this formula, it is
estimated that 247 papers of this topic will be published in
2021, and will still increase after 2021. Overall, protein
corona of nanoparticles was, is and will be attracting the
interest in the scientific community.

In the 1417 papers, article, review and other types of
documents accounted for 81.43%, 14.67% and 3.89%,
respectively (Fig. 1(b)). The majority of documents were
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articles, and the percentage of reviews was considerable.
The category ‘other’ mainly referred to meeting abstracts
and news items, and claimed for a minority.

According to Fig. 1(c), the main research fields of the
published papers included chemistry, material science,
physics, biochemistry & molecular biology, pharmacology
& pharmacy, toxicology, biophysics, engineering, biotech-
nology & applied microbiology and the other topics of
science and technology. The covered fields were concerned
about the biomedical uses of nanoparticles, and thus were
interest in the topic of protein corona.

Nearly 100% of 1417 papers were in English, and only
0.28% of them (4 documents) were in other languages (Fig.
1(c), lower panel). Using English in writing would
facilitate the international communication in the area.

Most of papers (1243, 87.72%) were granted by at least
one funding. United States Department of Health Human
Services, National Institutes of Health (NIH), European
Commission, National Natural Science Foundation of
China (NSFC) and National Science Foundation offered
grants for more than 100 papers (Fig. 1(d)), and German

Research Foundation, NIH National Institute of Environ-
mental Health Sciences, NIH National Cancer Institute and
National Basic Research Program of China granted for
more than 40 papers. These were the top-10 sources of
funding. It was revealed that USA, China and the Europe
paid much attention to the research about protein corona of
nanoparticles.

There were 69 regions contributing to this topic, that is,
20.54 papers per region. The region-related information
was displayed in Fig. 2. Classified by region and year, the
distribution of publications was shown in Fig. 2(a). The
first two papers in 2007 were from Ireland. In the period of
five years (2007-2011), Germany, USA, Spain, UK, Italy,
France, Canada and China also participated in the
conversation. India jointed the discussion in 2012. There
was a macroscopic trend that the numbers of publication
from Italy, German, China and USA were growing with
year.

Figure 2(b) depicted the regions with top-10 total
number of publications. Over 450 papers were from
USA, and more than 100 papers were contributed by
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Fig. 2 (a) Number of publication from top-10 regions over time, stacked. (b) Number of publication from top-10 regions. (c)

Cooperation links between regions.

Germany, China and Italy. Spain, England, France, Ireland,
India and Canada credited for 50-100 papers. This was
basically in parallel with the results in Fig. 2(a). It could be
perceived that these regions pay much attention to this
field.

The cooperation relationship between different regions
in the research on protein corona of nanoparticles was
visualized in Fig. 2(c). The connecting curves represented
the cooperation deeds, and the boldness of the curve was
correlated to the cooperation times. Evidently, the
cooperation was highly active in such a filed. China and
USA shared a firm cooperation relationship in this topic.
Also, Italy—USA, Iran—-USA, Germany—USA and Czech—
Italy built strong cooperation relationship. It was antici-
pated that the cooperative investigation could effectively

advance the understanding and application of protein
corona.

The papers were published in 346 periodicals, or 4.10
papers per periodical. A word cloud of periodicals was
provided in Fig. S1. The top-10 periodicals publishing the
papers of interest were summarized in Fig. 3(a), ranking in
the sequence of ACS Nano, Nanoscale, ACS Applied
Materials & Interfaces, Langmuir, Colloids and Surface B:
Biointerfaces, Nanomedicine, Small, and International
Journal of Nanomedicine, Nanotoxicology and Biomater-
ials. The above journals are all specific for the field of
nanoscience and nanotechnology, especially focused on the
biomedical, pharmaceutical and toxicological aspects,
which was in parallel with the main research fields in
Fig. 1(c). The top-5 periodicals published more than 30
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papers, and the 5th—10th periodicals published about 20
papers. The papers published in the top-10 periodicals only
accounted for 29.50% out of 1417, indicating a relatively
homogenous distribution in all periodicals. Further, it could
be inferred that such a topic had arouse broad interests from
various periodicals, which was in turn favorable for the
relevant fundamental studies.

The time evolution of the number of publication in top-
10 periodicals was depicted in Fig. 3(b). The number of
publication before 2010 was neglectable (only 1 paper was
published in Langmuir in 2008), which was in accordance
with the overall time distribution profile in Fig. 1(a).
Biomaterials, ACS Applied Materials & Interfaces,
Nanoscale and ACS Nano published 4, 2, 1 and 1 paper
in 2010, respectively. Since then, the number of publication
ascended. It should be mentioned that the first two papers
in 2007 were published in Proceedings of the National
Academy of Sciences of the United States of America [31]
and Advances in Colloid and Interface Science [39], whilst
they were not listed in the top-10 periodicals.

It should be noted that 1544 institutions contributed in
the area, and the number of institutions was even more than
the number of publications (1417). Accordingly, it was
speculated that a significant proportion of papers were the
products of inter-institution cooperation. Please refer to
Fig. S2 for the word cloud of institutions. The top-10
contributing institutions were shown in Figs. 4(a) and 4(b).
Chinese Academy of Sciences contributed the highest
number of publications (63) in this field. Institutions in
USA, like University of Illinois, University of California
and Harvard University, appeared in the top-10 list.
Besides, institutions in Ireland (University College
Dublin), France (Centre National De La Recherche

Scientifique), Germany (Helmholtz Association and
Johannes Gutenberg University of Mainz) and Italy
(Sapienza University of Rome) were also included. These
institutions located in China, USA, Ireland, France,
Germany and Italy, whose positions had been recorded in
Fig. 2(b) (top-10 regions).

The cooperation linkage of the top-1 institution, i.e.,
Chinese Academy of Sciences, was visualized in Fig. 4(b).
There were intense cooperation bonds between Chinese
Academy of Sciences and University of Chinese Academy
of Sciences or National Center for Nanoscience &
Technology, China, two institutions with strong nano-
research background in China. It established cooperation
relationship with many other Chinses institutions as well,
e.g., Shandong University, Anhui
Chongqing Medical University. International cooperation

University and

was conducted between Chinese Academy of Sciences and
Columbia University, University of Hawaii at Monoa,
Mahidol University, etc. From this example, it could be
seen that the inter-institution collaboration was quite
active. Because each institution had unique strength in
nanoscience research, the collaboration between institu-
tions facilitated the interaction of the newest knowledge of
protein corona.

The 1417 papers were authored by 6294 researchers. In
average, there were 4.44 researchers in the authorlist of one
paper. Co-authorship was a common phenomenon in the
protein corona studies, and it would be beneficial for the
integration of academic viewpoints of authors. Figure S3
showed the word cloud of authors. The time evolution
profile of top-10 authors with the highest number of
publications was illustrated in Fig. 5(a). For the first time in
2007, K. A. Dawson, 1. Lynch and T. Cedervall cooperated
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with each other and published two papers, viz. those
published in Proceedings of the National Academy of
Sciences of the United States of America [31] and Advances
in Colloid and Interface Science [39]. A. Salvati [45] and
W. J. Parak [46] separately authored their first paper in
2009. Subsequently, G. Caracciolo, D. Pozzi and
K. Landfester published their first papers in 2010.
M. Mahmoudi and C. Chen joined the community
afterwards.

Taking K. A. Dawson, the top-1 author for instance, the
cooperation linkage was shown in Fig. 5. K. A. Dawson is
from University College Dublin in Ireland (top-2 institu-
tion in Figs. 4(a) and 4(b)), who co-authored with the
researchers from the same institution (like I. Lynchi, in
green circle), other institutions in Ireland (like L. Rocks
from Science Foundation Ireland, in red circle), institutions
in other regions of Europe (like T. Cederval from Lund
University in Sweden, in green circle), and institutions in
other continents (like A. S. Pitek from Case Western
Reserve University in USA, in green circle but not literally
marked). As the pioneer and the most “fruitful’ researcher
in this field, K. A. Dawson established intense collabora-
tive tiles with other investigators. For emerging investiga-
tors, it was advisable to learn the research mode of K. A.
Dawson delicately.

The basic bibliometric characteristics of the publications
about protein corona of nanoparticles had been elaborated.
In summary, the related interests were growing in a large
number of institutions and periodicals all over the world,
and the cooperation in the frontier was very active. It was
expected that more creative works in such a field would be
published in the future.

3.2 Citation analysis

Furthermore, citation analysis of the retrieved 1417 papers
was performed, so as to understand the secondary
exploitation situations of these publications, and to clarify
what insight they provided for the scientific community.

The primary papers were cited for 63558 times by 27814
secondary papers within 2007-2020. Averagely, one
primary paper was cited for 44.85 times by 19.63
secondary papers, with an H-index of 110. This meant
that 110 out of 1417 papers were cited for at least 110
times. Basic bibliometrics attributes of the secondary
papers were summarized in Fig. 6.

The number of cited publications and times cited over
year was demonstrated in Fig. 6(a). The primary papers
were cited for 11 times by 11 secondary papers in 2007.
From 2008 on, times cited was greater than the number of
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cited publications, and both of them increased moderately.
Since 2012, substantial increment had been witnessed each
year. More citations were anticipated in 2021 and the
upcoming years.

According to Fig. 6(b), 77.22%, 19.08% and 3.70% of
the secondary papers were in the forms of article, review
and other types, respectively. The major part was still
article, but compared to the situation of the primary papers
(81.43%, Fig. 1(b)), the percentage dropped slightly; the
proportion of review increased from 14.67% to 19.08%,
indicating that the discussion of protein corona phenome-
non was involved in the reviews with other topics.

The top-10 research fields of the secondary papers
included chemistry, materials science, physics, pharmaco-
logy & pharmacy, biochemistry & molecular biology,
engineering, toxicology, environmental science & ecology,
polymer science and the other topics of science and
technology (Fig. 6(c), upper panel). The major fields were
identical with those of the primary papers, but biophysics
and biotechnology & applied microbiology were replaced
by environmental science & ecology and polymer science
in the list. This indicated that the investigators of
environmental and polymer science realized the potential
impact of protein corona in the corresponding fields.
Protein-coronated nanomaterials in the environment might

threaten the human health [47], and the formation of
protein corona could influence the biopolymer functions
[48]. Therefore, such a topic deserved the interests from
those two fields.

The distribution of language (Fig. 6(c), lower panel) was
similar to that of the primary papers, i.e., > 99% in English
and < 1% in other languages. This would favor the
international discussion about the related topics.

The secondary papers were financially supported by
24290 sources. Seen from Fig. 6(d), NSFC supported 5266
secondary papers, accounting for 18.93%, which was a
significant proportion. Top-2 to top-5 and top-6 to top-10
sources supported more than 1000 and 500 secondary
papers, respectively. The top-10 sources were in China,
USA and Europe.

Figure 6(e) depicted the top-10 contributing regions. In
the scenario of the primary papers, USA contributed the
highest number of publication (Fig. 2(b)). Herein, China
with approximately 7000 hits ranked in the first place,
exceeding USA. It was associated with the strong support
from NSFC. In addition, Germany, Italy, India, England,
France and Spain appeared in both lists, and Republic of
Korea and Australia were newly added into Fig. 6(e).

The main publication media for the secondary papers
were displayed in Fig. 6(f): Nanoscale, ACS Nano, ACS
Applied Materials & Interfaces, Langmuir, RSC Advances,
International Journal of Nanomedicine, Colloids and
Surface B: Biointerfaces, Scientific Reports, Small and
Journal of Controlled Release. However, RSC Advances,
Scientific Reports and Journal of Controlled Release were
not listed in Fig. 3(a), top-10 periodicals of the primary
papers. The top-5 periodicals each published more than
500 papers, and top-6 to top-10 periodicals published over
300 papers. In total, they published 5113 papers, or 18.38%
of 27814. The percentage was even lower than that of the
primary papers (29.50%), suggesting a highly homoge-
neous distribution of secondary papers in all periodicals.

As for the contributing institutions, Chinese Academy of
Sciences, Centre National De La Recherche Scientifique,
University of California, Harvard University and Helm-
holtz Association ranked in the top 10, in parallel with the
situation of the primary papers. Chinese Academy of
Sciences contributed 1428 papers, which was significantly
more than other institutions ( < 900 papers).

There was a relatively high degree of similarity in the
basic bibliometric properties between the primary papers
and the secondary papers, in terms of document type,
research field, language, contributing region, periodicals,
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(d) Funding sources (1: National Natural Science Foundation of China (NSFC); 2: United States Department of Health Human Services;
3: National Institutes of Health (NIH); 4: European Commission; 5: National Science Foundation; 6: German Research Foundation;
7: NIH National Cancer Institute; 8: National Basic Research Program of China; 9: Fundamental Research Funds for The Central
Universities; 10: UK Research Innovation). () Number of publication from top-10 regions. (f) Number of publication in top-10
periodicals (1: Nanoscale; 2: ACS Nano; 3: ACS Applied Materials & Interfaces; 4: Langmuir; 5: RSC Advances; 6: International Journal
of Nanomedicine; 7: Colloids and Surface B: Biointerfaces; 8: Scientific Reports; 9: Small, 10: Journal of Controlled Release).
(g) Number of publication from top-10 institutions (1: Chinese Academy of Sciences; 2: Centre National De La Recherche Scientifique; 3:
University of California System; 4: University of Chinese Academy of Sciences; 5: Harvard University; 6: Helmholtz Association;
7: Consejo Superior De Investigaciones Cientificas; 8: Consiglio Nazionale Delle Ricerche; 9: CNRS Institute of Chemistry Inc.;

10: Sichuan University).

etc. An evident difference was that investigators in China
show the greatest interest in citing the works about protein
corona of nanoparticles, although the number of publica-
tion they contributed only ranked in the third place. This
could be explained as the growing concern on such a topic,
and maybe more interesting works would be reported by
China.

In order to showcase the citation circumstances of the
primary papers, the top-10 most cited ones of which were
extracted, shown in Table 1 [31,49-57].

All papers were published in 2013 or earlier, and could
be viewed as the pioneering researches in the field. They
were published in the important periodicals of chemistry
and material sciences. Among them, Nos. 1, 2, 4, 5, 8, 9
and 10 were articles, and Nos. 3, 6 and 7 were reviews. The
numbers of citing publication of the 10 papers were
illustrated in Fig. 7(a).

As the first paper systemically reporting protein corona
phenomenon, the No. 1 paper was cited in 2007, the same
year of publication. Nos. 4, 5, 6, 7, 8, 9 and 10 also
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Fig. 7 (a) Time evolution of number of cited publications of
primary papers. (b) The code 1-10 referred to the top-10 most
cited primary papers listed in Table 1; bibliographic coupling
visualization.

welcomed their first citation in the published year. Nos. 2
and 3 were published in September and December,
respectively, and consequently received the first citation
in the second year. It was demonstrated that these papers
provoked prompt discussions and inspired follow-up
studies. After the first citation, the number of citing
publications raised, fluctuated, and roughly reached a
plateau in 2016—-2020. Of note, a significant increment was
observed in 2020 for Nos. 1, 2 and 4. These papers might
continue to motivate new exploitations in the field.

For outlining the papers mostly representing the research
front, bibliographic coupling profiles of the 1417 primary
papers were illustrated (Fig. 7(b)). It was documented that
bibliographic coupling worked by linking two documents
that referenced the identical set of cited third documents,
and documents were clustered by the co-citing behaviors
[58]. Four clusters were obtained for the 1000 documents
with strongest connections, marked in red (370 docu-
ments), green (295 documents), blue (178 documents) and
yellow (157 documents), respectively. Isolated circles in
Fig. 7(b) meant no coupling with other documents.

The results of bibliographic coupling were indicators of
the similarities in topics between documents [59]. High
degrees of topic similarities were shown in Fig. 7(b). For

instance, Nos. 2, 4, 6 and 10 papers from Table 1 exhibited
great coupling in red cluster. As the pioneering researches,
they might share similar references that inspired the protein
corona investigations.

By far, it was elucidated that citations were accumulating
along with time for the 1417 primary papers, and an intense
bibliographic coupling was revealed. Some peripheral
citation analysis data were shown in Fig. S4.

3.3 Hotspot mining

Having understood the basic bibliometrics characteristics
and citation status, it was advisable to mine the research
hotspots in the field to put forward new orientations for the
studies on protein corona of nanoparticles.

Analysis on keywords might be a useful approach for
hotspot mining. The keywords in 1417 papers were
screened (a word cloud of which was displayed in Fig.
S5), the top-10 high-frequency ones were refined, and their
time evolution was depicted in Fig. 8(a). ‘Protein corona’,
‘nanoparticle’, ‘gold nanoparticle’, ‘nanomedicine’,
delivery’, ‘cellular uptake’,
ticle’, ‘nanotoxicology’ and ‘protein adsorption’ were the

‘drug
‘cytotoxicity’, ‘silver nanopar-
keywords with highest frequency.

However, since the topic per se was ‘protein corona of
nanoparticles’, the keywords ‘protein corona’, ‘nanoparti-
cle’ and ‘nanomedicine’ could not provide further
information. With these null keywords filtered, a new

top-10 list was obtained: ‘gold nanoparticle’, ‘drug

delivery’, ‘cytotoxicity’, ‘cellular uptake’, ‘silver nanopar-
ticle’, ‘nanotoxicology’, ‘protein adsorption’, ‘proteo-
mics’, ‘macrophage’ and ‘magnetic nanoparticle’. These

keywords could be classified into four groups: (1) ‘Gold
nanoparticle’, ‘silver nanoparticle’ and ‘magnetic nano-
particle’: main subjects; (2) ‘Drug delivery’ and ‘nanotoxi-
research categories; (3) ‘Cytotoxicity’, ‘cellular
and ‘macrophage’: physiological aspects; (4)
‘Protein adsorption’ and ‘proteomics’:

cology’:
uptake’
methodologies. It
was inferred that the type of nanoparticles, characterization
methods, impacts on physiological pathways and implica-
tions for other disciplines were the focuses of most studies.

The associated time evolution profile was shown in Fig.
8(b), and basically the curves were fluctuating with time.
The researches involving these keywords were published
each year, while it was difficult to judge the evolving
tendency of the keywords.

The average time overlay profile of keywords was
visualized in Fig. 8(c) (the corresponding density visuali-
zation was provided in Fig. S6). The keywords were
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Fig. 8 (a) Time evolution of number of top-10 keywords, unfiltered. (b) Time evolution of number of top-10 keywords, filtered.

(c) Average time overlay visualization of keywords.

marked in blue—green—yellow gradients, and blue and
yellow represent an early and late published year,
respectively. It was found that most keywords were in
blue or green color, suggesting an early published year. For
example, ‘cells’ and ‘internalization’ were in blue, which
indicated that the effect of protein corona on cell
internalization of nanoparticles had been intensively
reported in the earliest stage. ‘Drug delivery’ and ‘cancer’
were in green, implying that the manipulation of protein
corona for drug delivery and cancer treatment was
documented in the early phase. ‘PEG (polyethylene
glycol)’ and ‘siRNA (small interfering ribonucleic acid)
delivery” were in pale green, which meant that the

PEGylation of nanomaterials for the shielding of protein
corona, and the application of protein corona in siRNA
delivery were relatively new topics. ‘Recognition’ and
‘graphene oxide” were in yellow, and thus the influence of
protein corona of molecular recognition process of
nanosized xenobiotics and the protein corona forming
mechanisms of newly-developed nanomaterials like gra-
phene oxide were the recent emphases.

Hotspots of studies on protein corona of nanoparticles
were partly analyzed using keywords, but keywords did not
convey the full emphases of a paper. For a more accurate
mining, all terms in the documents should be taken into
consideration. To this end, average time overlay and
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density visualization of co-occurred terms (60% most
relevant ones) were conducted, illustrated in Figs. 9(a)
and 9(b).
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Fig. 9 (a) Average time overlay visualization of terms.
(b) Density visualization of terms.

Similar to the results in Fig. 8, the terms ‘nanosilver’,
‘internalization’, etc. were mostly mentioned in the early
years, and the terms ‘delivery’ and ‘cancer’ were used more
recently. It should be mentioned that Fig. 9 revealed several
new focuses marked in yellow: Nanosilica, MWCNTs
(multi-walled carbon nanotubes), T cells, mRNA (messen-
ger ribonucleic acid), LNP (lipid nanoparticles), virus
(representing virus-like nanoparticles) and nanoMIP
(molecularly imprinted polymers). Among them,
MWCNT referred to carbon nanotubes with multi-wall
structure, which was a one-dimension nanomaterial of
ultrahigh strength; nanoMIP was a nanotechnology
employing molecular imprinting techniques in biorecogni-
tion, exhibiting ample potentials in targeted therapy. These
terms could be categorized into two parts: (1) Nanosilica,
MWCNTs, LNP, virus and nanoMIP. They were associated
with the protein corona studies on new patterns of
nanoparticles. (2) T cells and mRNA. They reflexed the

investigation upon the cellular/molecular level fates of
coronated-nanoparticles.

To sum up, the hotspots of studies on protein corona of
nanoparticles included the impact of protein corona
formation on the biological fate of nanoparticles, and the
protein corona forming behaviors of innovative nanoma-
terials.

3.4 Possible fields under exploitation

Based on the above discussion, it could be envisioned that
the field of protein corona of nanoparticles deserved
exploitation. Here, the authors recommended several
possible fields pending investigation:

(1) Subcellular and molecular level biological fate of
coronated nanoparticles. This would help to give a clearer
manifestation of in vivo fate, and promote the clinical
translation of nanoparticulate drug delivery systems.

(2) Protein corona forming mechanisms of nanoparticles
with clinical translation potentials (like cubosomes [60]).
These nanoparticles had demonstrated the feasibility as
drug carriers, and the clarification of their protein corona
formation behaviors would be very beneficial for clinical
translation.

(3) Attificial protein corona for the design of novel nano-
system. Preincubation with a certain protein to form an
artificial protein corona could endow nanoparticles with
new functions (like an artificial apolipoprotein E4 corona
enabled brain targeting [61]), which might stimulate new
ideas in nanomaterials design.

4 Conclusions

In this paper, the bibliometrics landscape of the researches
on protein corona of nanoparticles was illustrated in detail.
Firstly, the basic bibliometrics characteristics were
assessed, and the results showed that this topic arouse
increasing interests across the world. International colla-
boration in it was highly active. Secondly, citation analysis
of the primary papers was launched, and interestingly the
secondary papers possessed similar bibliometrics charac-
teristics with the primary ones. Besides, the bibliographic
coupling phenomenon was quite evident. Thirdly, hotspot
mining was realized through the analysis of high-frequency
keywords and terms. It was revealed that claiming
biological fate on cellular and molecular level after protein
corona formation and the forming mechanisms of protein
corona on newly synthesized nanomaterials were the major
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hotspots. Overall, this work provided a whole picture of
protein corona studies from a bibliometrics perspective.
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