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Abstract: Functional polymeric biomaterials (FPBMs) with bioactive characteristics obtained by
radiation-induced graft copolymerisation (RIGC) have been subjected to intensive research and
developed into many commercial products. Various studies have reported the development of a
variety of radiation-grafted FPBMs. However, no reports dealing with the quantitative evaluations
of these studies from a global bibliographic perspective have been published. Such bibliographic
analysis can provide information to overcome the limitations of the databases and identify the main
research trends, together with challenges and future directions. This review aims to provide an
unprecedented bibliometric analysis of the published literature on the use of RIGC for the preparation
of FPBMs and their applications in medical, biomedical, biotechnological, and health care fields.
A total of 235 publications obtained from the Web of Science (WoS) in the period of 1985–2021
were retrieved, screened, and evaluated. The records were used to manifest the contributions to
each field and underline not only the top authors, journals, citations, years of publication, and
countries but also to highlight the core research topics and the hubs for research excellence on these
materials. The obtained data overviews are likely to provide guides to early-career scientists and
their research institutions and promote the development of new, timely needed radiation-grafted
FPBMs, in addition to extending their applications.

Keywords: bibliometric analysis; functional polymeric biomaterials; radiation induced grafting;
medical and biomedical applications; enzyme carriers; antimicrobial fabrics

1. Introduction

Functional polymeric biomaterials (FPBMs) are a class of materials that is receiving
increasing interest because of their relevance to applications in various areas impacting
human life and living [1]. FPBMs represent the most popular usage of natural, synthetic,
or hybrid polymeric materials interacting with biological regimes and are used to protect
against microbes and regenerate, repair, and treat any type of tissue in the organs, or
improve the functions of the human body [2]. Thus, the research on FPBMs has enabled the
development of various implants, medical devices, drug carriers, and scaffolds for tissue
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engineering with greater antimicrobial resistance, biocompatibility, and biofunctionality
together with lower cytotoxicity against malignant cells [3]. FPBMs can be developed
using various methods involving surface treatment such as etching, metallisation, ion
sputtering, chemical grafting, and radiation-induced graft copolymerisation (RIGC) with
low-energy radiation sources (plasma, laser treatment, and UV lamp) and high-energy
radiation sources such as γ-rays and electron beam (EB) [4]. Each modification method has
its pros and cons, and the selection of a particular method usually controls the developed
topical structure and the level as well as the stability of the enhanced properties conferred
to the polymer substrates.

Of all methods, RIGC is a distinctive technique for modification of polymer substrates
that has been known for the past six decades. The versatility of this method is derived
from its ability to permanently modify polymeric substrates by imparting new functionali-
ties originated for the incoming polar monomers (acrylic or vinylic monomers) without
compromising the inherent properties of the parent polymers. Such versatility enabled
this technology to be used to develop many hybrid polymeric materials with desired prop-
erties [5–8]. The advantages of this method over its well-established chemically induced
counterpart are not only in its ability to meticulously control the grafting yield by manipu-
lation of the grafting parameters and the absence of detrimental impurities that maintain
the purity of the product but also in the consumption of fewer chemicals and the ability
to overcome product shaping problems. This is because grafting reactions can be started
with polymer substrates of different physical forms, including films, non-woven fabric,
particles, and fibres. Moreover, RIGC is also capable of achieving bulk modifications in
the substrates when using γ-rays and EB sources, with the capability to scale up grafted
products compared to plasma- and UV-induced grafting, which are limited to laboratory
scale [9,10].

RIGC works by exposing a polymer substrate to ionising radiation, leading to the
generation of active sites or radicals. The formed radicals initiate copolymerisation when
exposed to monomer molecules, forming macroradicals that allow propagation of the
molecular chains to form side chain grafts when terminated. RIGC can be carried out by the
direct interaction between the monomer and the polymer substrate during irradiation, and
this method is called simultaneous radiation grafting. Alternatively, the polymer substrate
is initially irradiated and subsequently brought in contact with the monomer molecules in
a separate step, and the technique is called pre-irradiation grafting. Introducing functional
groups can be made by direct grafting of functional (acrylic) monomers or by a post-
grafting reaction upon grafting vinylic monomers. Figure 1 shows a schematic diagram
representing the preparation of functional polymeric materials by irradiation, grafting of
the monomer, and subsequent functionalisation. More details on RIGC methods, including
their advantages and disadvantages, can be found elsewhere [11].

RIGC has been extensively used to endow interesting functional characteristics such
as hydrophilicity, hydrophobicity, ion conduction, metal ion binding capacity, adhesion,
microbial and fouling resistance, and biocompatibility to different polymer substrates. This
led to the development of various functional polymeric materials through the integration
of various monomer/polymer combinations enduring desired characteristics to polymer
substrates. The resultant radiation-grafted functional materials’ applications include battery
separators [12–14], polymer electrolyte membranes [15,16], chelating adsorbents [17–19],
ion exchange membranes [20,21], and FPBMs [6,22].

Particularly, the application of RIGC for the development of FPBMs is one of the areas
that has received paramount efforts since the early days of the technique’s invention by A.
Chapiro (a French scientist) [23] and A. Charlesby (a British scientist) [24]. Subsequently,
many researchers used this technique to make enormous contributions to designing and
developing innovative materials for medical, biomedical, health care, and biotechnological
applications. Figure 2 shows some examples of FPBMs prepared by RIGC for various
applications. This leads to the emergence of many potential radiation-grafted materials



Polymers 2022, 14, 4831 3 of 30

with great potential for commercialisation, and this field seems to be broadly opening for
imaginative future developments.
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Several articles have been devoted to reviewing the use of RIGC for the development
of adsorbents for purifications and separations in environmental applications, including
wastewater treatment and CO2 capture [25,26], polymer electrolyte membranes and separa-
tors for energy conversion and storage [9,10,27], and protein capture [21]. The preparation
and applications of biomaterials such as stimuli-responsive polymer systems and their
polymer-biomolecule (protein) conjugates were also reviewed on two occasions [28,29].
Likewise, the use of RIGC or crosslinking to produce hydrogels of various size ranges
(microgels and nanogels) and their applications in various medical and biomedical ap-
plications were extensively reviewed in many publications [30–34] with some attention
recently paid to reviewing current approaches for crosslinking polysaccharides for hydrogel
formation [35]. On the other hand, FPBMs obtained by RIGC have also been reviewed on
various occasions, but with the focus limited to biomedical applications [6,26–29], cell sheet
engineering, and the characteristics of thermo-responsive scaffolds [36,37]. Most of the
published reviews mainly discussed strategies to construct a variety of radiation-grafted
biomaterials with desired structure, properties, dynamic functionality, and biological com-
plexity, taking the target application into account and elaborating on the challenges to
the endurance of the imparted functionality. Nevertheless, there is no review reported to
evaluate the accumulated publication of the research articles on radiation-grafted FPBMs
and their broadly tested applications in the fields of medical, biomedical, biotechnological,
and healthcare applications from a global bibliometric perspective.

Bibliometric analysis is a scientific computer-assisted review based on statistical
methodology that allows the evaluation of a large amount of written research publications
(articles and books) related to given academic topics [38]. This tool grants quantitative
analysis of citations in databases such as the Web of Science (WoS) and Scopus to establish
not only inter-relationships and impacts of publications in research area but also allows for
the efficient identification of core research, influential studies, authors, journals, years of
funding organisations, and countries as well as their relationship [39]. The benefit of biblio-
metric analysis makes it useful for assessing research trends in a variety of fields and the
quality of research output, overcoming the limitations of databases, and identifying the fac-
tors required for developing new research projects in a time-effective manner [40,41]. This
would certainly provide valuable assistance to the research triangle involving researchers,
funders, and policymakers.
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Bibliometric analysis studies covering various materials-related fields, such as polymer
composites for energy storage [42], antibacterial dental adhesive [43], artificial extracellular
matrices based on tissue engineering technology [44], liquid membranes [45], enzyme
immobilisation [40,46], and chitosan coating for fruits [41], have appeared in the literature
recently. However, there have been no bibliometric reviews of radiation-grafted materials
and their applications in various fields.

The objective of this article is to report a systematic bibliometric analysis for evaluating
the literature published on radiation-grafted FPBMs and their applications in medical,
biomedical, biotechnological, and healthcare fields. The bibliometric analysis was carried
out based on keywords, co-citations, and performance. The scope of the data mapping
included citation analysis and literature distributions with respect to progress in the field
of application of radiation-grafted bioactive materials, journals, authors, institutions, and
countries in terms of their research output in the period of 1985–2021. The data mapping
used various visualisation software such as VOSViewer and CiteSpace to present the
information.

2. Data Collection and Methods

The initial data mining was carried out between 15 and 22 August 2021 using the
WoS database. The principal theme was publications containing the query keywords
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“radiation grafted functional biopolymers *, OR bioactive surfaces *, OR medical *, OR
biotechnological *, OR biomedical *, OR health care *” in the titles or in the abstracts. A total
of 8854 records were found, including 5624 articles, 114 book chapters, 1026 proceeding
papers, 38 books, 38 editorial materials, 190 meeting abstracts, and 1824 reviews. The noise
in the records was high as the basic search was carried out using the booleans “OR” and
Field Tag “TS = Topic”. Titles, abstracts, and keywords of the 8854 records were individually
checked, and 357 records were identified as related to our interest. Later, these records
were carefully screened by reading each paper, taking into consideration the relevance and
scope of the topic of interest, and finally 235 papers linked to the investigated applications
were finalised for the period of 1985–2021. These 235 articles were searched on the WOS
database for extracting the full bibliometric records needed for scientometric analysis.
The metadata on the selected 235 articles on radiation-grafted FPBMs was transferred
into Microsoft Excel (for Windows 10), BibTex (version 0.99d), and plain text formats
suitable for bibliometric analysis using BibExcel (version 2016-02-20) and for visualisation
using Biblioshiny (RStudio) (version 3.6.1), VOSViewer (version 1.6.15), and CiteSpace
(version 5.3.R9). Particularly, BibExcel was used to conduct the descriptive analysis on
the sample dataset once the data were checked for duplication and missing information
using Microsoft Excel. The Biblioshiny (RStudio), VOSViewer, and CiteSpace were used
for the network and other visualisations for the analyses of citations and references, which
supports several types of bibliometrics meeting the needs of visual analytic tasks to depict a
systematic review visually. The open-source package Biblioshiny is used in the R language
environment, where bibliometrics allowed the completion of the process of the scientific
literature analysis and data processing [47]. Biblioshiny, on the other hand, was used to
perform pertinent bibliometric and visual analysis based on an interactive web interface.
CiteSpace and VOSViewer were used to create the co-occurrence of the keyword network
and cluster network. VOSviewer was used to obtain and visualise bibliometric records
with regards to popular keywords, citation records, and publication and collaboration
networks as reported elsewhere [48]. The bibliometric analysis focuses on the present
status, whereas the content analysis helps to describe the structural framework of the
literature on radiation-grafted FPBMs. Figure 3 illustrates the multi-step strategy used to
evaluate the bibliometrics of FPBMs by RIGC.

The collected 235 references were further sorted out manually based on the specific
applications of FPBMs prepared by RIGC that were categorised into four main areas:
medical, biomedical, biotechnological, and healthcare applications. Each of these areas was
divided into a few classes based on the reported applications. The contribution percentage
of each class of applications was estimated by considering the ratio of the number of
publications in each class and the total number of publications on FPBMs. The overall
classifications were tabulated with their relevant references, and the class percentage data
was graphically presented. The applications, which have very rare publications, such as
gene delivery [49,50], were ignored, although they might be appealing for preparation with
other methods falling beyond the scope of this article.

The keyword analysis network that was carried out to observe the changes in the
research themes was sorted out from the cloud generated from the titles and abstracts of
the collected sample of the articles. The network visualisation and density mapping of the
co-occurrence of the keywords related to the radiation-grafted FPBMs were presented in
four interrelated groups. The size of the nodes represents the frequency of the keywords,
and the thickness of the links between two nodes represents the co-occurrence of the
keywords. The keyword network of publications and co-cited references was clustered,
and their co-occurrence was visualised, taking the timeline into consideration. The network
was clearly defined, and we considered the co-citation clusters. The clusters were labelled
by the index terms selected from the citation frequencies that were arranged vertically
in the descending order of the cluster size, and the curves represent the co-citation links
between clusters.
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3. Results and Discussion
3.1. Classification and Applications of FPBMs Prepared by RIGC

The design of FPBMs by RIGC was found to focus on the broad aspects of polymer
surface modifications, inculcating antimicrobial resistance, biofilm formation prevention,
biocompatibility, cytotoxicity resistance, bio-functionality, control-release of therapeutic
agents in drug delivery, and healing functionalities in tissue engineering and regenerative
medicine [2]. The advantages of this method for the preparation of FPBMs include the use
of high-energy radiation for clean initiation (without chemical initiators) and the ability to
obtain sterilised products [51]. Applications of FPBMs prepared by RIGC have been fre-
quently reported in the literature, which prevailed the emergence of many urgently needed
innovative materials capable of meeting the requirements of diversified applications [6].
Particularly, radiation-grafted FPBMs, such as drug release carriers [52,53], antimicrobial
surgical sutures [54], thermo-responsive cell culture plates [55], scaffolds for tissue engineer-
ing [56], water-absorbing polymers [57], enzyme carriers [58], antimicrobial catheters [59],
implants [60], antimicrobial gauze [61], antimicrobial fabrics [62,63], antibacterial food
packing films [64,65], and antifouling membranes [66], have been widely investigated to
design efficient, safe, and viable products. Such a wide spectrum of applications empha-
sises a need for a deep understanding of the knowledge underlying not only radiation
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chemistry and radiation processing of polymers but also biomedicine, biochemistry, and
biomaterials characteristics. The various applications of FPBMs can be classified into four
categories, including: (i) medicine, (ii) biomedicine, (iii) biotechnology, and (iv) healthcare,
as shown in Table 1.

Table 1. Classification of FPBMs prepared by RIGC.

Field Applications References

Medical

Implants [60,67–74]
Catheter [58,59,75–81]

Surgical sutures [54,82–98]
Wound dressing hydrogels/patches [61,99–105]

Biomedical
Scaffolds for tissue engineering [56,106–117]

Cell culture plates [55,118–127]
Drug release carrier/delivery [49,50,52–54,83,102,128–152]

Biotechnological

Biosensors [50,146–151]
Support for enzyme

immobilization/release [58,153–161]

Antifouling membranes [66,162–172]

Health care
Antimicrobial fabrics and films [63,173–189]

Protective face mask [62,63,190]
Packaging films [64,65,191,192]

The percentage of each category and class relative to the total number of articles,
together with the distribution of publication on FPBMs prepared by RIGC, are illustrated
in Figure 4. It can be observed from Figure 4A that the biomedical field occupied the
highest number of applications with 37% of the total publications, followed by 27% for
medical, 19% for biotechnological, and 17% for healthcare applications. On the other hand,
the percentage of individual applications with respect to the overall publications revealed
that the drug carrier/release is the most investigated application with 21.33%, followed
by antimicrobial fabrics and films (12%), surgical sutures (11.33%), scaffolds for tissue
engineering (8.67%), antifouling membranes (8%), cell culture plates (7.33%), supports for
enzyme immobilisation and release (6.67%), catheters (6%), implants (4.67%), biosensors
(4.67%), packing films (2.67%), and protective face masks (2%). It is not a surprise that
the drug carrier/release application has the highest contribution, and this reflects the
significance and wide investigation for such an application since the early days of realising
the significance of RIGC. Moreover, this application has unlimited potential to provide
drug delivery therapies and devices for many diseases, making such an application a
source of innovation and promising technologies. The smallest contribution came from
the application protective face masks, which is most likely caused by the high cost of
such masks compared with the prices of normal surgical face masks. Nevertheless, the
emergence of iodine-containing face masks, which was triggered by the outbreak of the
swine flu (H1N1) pandemic in 2009 and commercialised by Ebara Clean Environment Co.,
Ltd., Japan [63], provides a potential area for further development of new fabrics for masks
and coatings with antimicrobial/antiviral properties for combating the outbreak of viruses
such as the Corona virus.
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3.2. Distribution of Publications on FPBMs Prepared by RIGC (1985–2021)

A total of 235 records were found to be appropriate after selecting the entire results
from the publications on FPBMs prepared by RIGC in the English language literature in
the WoS in the period of 1985–2021. As shown in Figure 4B, the entire distribution was clas-
sified into eight published sources, which were mainly articles (151 articles = 63.98%) and
reviews (48 articles = 20.34%). A total of 186 of these records, representing 78.96%, could
be found through the subscribed journals, and the rest were available in their open access
counterparts. The average total citation (TC) per the published documents was 164.23,
showing the popularity of FPBMs prepared by RIGC for various advanced biomedical de-
mands. The average number of authors per published document was found to be 1.75. The
documents related to FPBMs by RIGC were published under various disciplines, including
“Physics, Materials, and Chemistry”, followed by “Molecular Biology, and Immunology”
and “Medicine, Medical and Clinical Applications”.
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3.3. Number Annual of Publications on Application of FPBMs Prepared by RIGC since 1985

Figure 5 indicates the growing trend in FPBMs prepared by RIGC over the last four
decades. The number of annual publications on FPBMs prepared by RIGC indicates the
presence of an unsteady growth rate. The entire period of 37 years (1985–2021) can be
approximately divided into two periods: an initial explorative period until 2002 and a
progressive period from 2003 onward. Prior to 2003, the field started to grow slowly, as indi-
cated by the number of documents that were published. Particularly, this period witnessed
a growing level of support from the International Atomic Energy Agency (IAEA) to various
activities related to the applications of radiation chemistry in biomaterial and bioengineer-
ing fields, including three consecutive coordinated research project programmes (CRP) that
started in 1983. The first project was on “radiation technology for immobilisation of bioac-
tive materials” in the period of 1983–1987 [193], followed by another project on “radiation
processing technology applications in bioengineering” in the period of 1988–1994 [194],
and the third one on the “use of radiation processing to prepare biomaterials for applica-
tions in medicine” (1996–2000) [195]. This led to a remarkable increase in the number of
publications after 2007, in which more than 72% of the studies were published, and the
highest annual publication percentage was in 2012 (8.97%). The period of 2009–2021 also
witnessed another CRP from the IAEA, focusing on nanoscale radiation engineering of ad-
vanced materials for biomedical applications, which involves the use of ionising radiation
in the synthesis, modification, and characterisation of nanogels, nanoparticles, nanovehi-
cles, nanoporous membranes, and surfaces with enhanced biocompatibility for potential
biomedical applications, such as cell sheet engineering and artificial tissue construction,
diagnostics and imaging, and drug delivery [196].
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3.4. Leading Journals for Publication Related to FPBMs Prepared by RIGC

Table 2 shows the most influential journals associated with the published articles on
FPBMs prepared by RIGC, taking into consideration the total publications (TP) and TC. The
list of journals is headed by Radiation Physics and Chemistry, followed by the Journal of
Applied Polymer Science, ACTA Biomaterialia, Progress in Polymer Science, Biomaterials,
Polymer, Macromolecules, Materials and Langmuir. It can be seen that seven out of ten
of the most influential journals for publishing articles on the preparation of FPBMs by
RIGC are falling in the Q1 quartile index ranking in WoS, with three of these journals being
published in the UK, two in the Netherlands, and two in the USA. The sequence of leading
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publishers is Elsevier (eight journals), the American Chemical Society (two journals), Wiley
(one journal), and MDPI (one journal). Of all journals, the journal of Radiation Physics and
Chemistry (Elsevier) is ranked first in the number of publications with 28 articles (11.96%)
and a TC of 904 despite being the second-lowest in terms of IF (i.e., 2.858 in 2021) in this
list. This was followed by the Journal of Applied Polymer Science (Wiley) with an IF of
3.057 (in 2021) with 16 articles (6.83%) and a TC of 856. Interestingly, the Journal of Applied
Polymer Science (Wiley) published the first study on FPBMs by RIGC in 1985 [82]. Progress
in Polymer Science journal, with the highest IF of 31.28 in 2021, is in the middle of this
list with only eight articles (3.41%), albeit with the highest TC of 5506 due to its widely
established reputation as an international journal for publishing review articles only. The
open-access journal “Materials” from MDPI is the second-last of the listed journals, and
this is because it is a new journal in the area of FPBMs prepared by RIGC.

Table 2. Highly influential journals in relation to published articles on FPBMs prepared by RIGC.

Source TP (%),
1985–2021 TC Publisher Country IF 2021 Quartile

(Q)

Radiation Physics and Chemistry 28 (11.96) 904 Elsevier UK 2.858 1

Journal of Applied Polymer Science 16 (6.83) 856 Wiley USA 3.057 2

ACTA Biomaterialia 9 (3.84) 640 Elsevier Netherlands 10.633 1

Nuclear Instruments and Methods
in Physics Research Section B: Beam

Interactions with Materials and
Atoms

8 (3.40) 395 Elsevier Netherlands 1.377 2

Progress in Polymer Science 8 (3.40) 5506 Elsevier UK 31.281 1

Biomaterials 9 (3.01) 2241 Elsevier UK 12.479 1

Polymer 6 (2.56) 754 Elsevier Netherlands 4.967 1

Macromolecules 5 (2.13) 378
American
Chemical

Society
USA 6.057 1

Materials 5 (2.13) 270 MDPI Switzerland 3.748 2

Langmuir 4 (1.71) 1010
American
Chemical

Society
USA 4.331 1

Q = Quartile index; TP = Total publications; TC = Total citations; IF = Impact factor.

3.5. Highly Cited Published Articles
Highly Cited Review Articles

Among the search results, many review articles addressing different types of FPBMs
prepared by RIGC were published and subjected to analysis in this study, although they
might not provide sufficient research progress indications as they only reviewed the
progress that was limited to several years before the submission time. Table 3 shows
the top 10 highly cited review articles on FPBMs prepared by RIGC. Five review articles
that were published in Nature Materials [107], Advanced Materials [197], Seminars in
Immunology [198], Progress in Polymer Science [29], and Progress in Polymer Science [199]
received the highest citations in the period of 2004–2010 with a TC of 4011, 2689, 2648,
1976, and 1059, respectively. The major contributions in these top five review articles came
from the research groups in the US [29,197–199]. It can be noticed from the table that half
of the top 10 highly cited review articles fall in the open access literature, which is freely
accessible worldwide.
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Table 3. Top 10 highly cited review papers on FPBMs prepared by RIGC from 1985 to 2021.

Rank Title, Ref. DOI First Author—Corresponding
Author *

Countries’
Contribution

Source, (Q 2021),
IF 2021

TC
(1985–2021) C/Y * Open Access

Designation

1
Emerging applications of

stimuli-responsive polymer
materials, [107]

10.1038/NMAT2614 Stuart, Martien A. Cohen—Igor
Luzinov *, Sergiy Minko *

Netherlands,
UK, USA

Nature materials,
(1), 43.841 4011 364.63 -

2

Hydrogels in biology and
medicine: from molecular

principles to
bionanotechnology, [197]

10.1002/adma.200501612 Peppas, Nicholas A. *—Langer,
Robert * USA

Advanced
materials, (1),

32.086
2689 179.26 -

3 Foreign body reaction to
biomaterials, [198] 10.1016/j.smim.2007.11.004 Anderson, James M. -Analiz

Rodriguez * USA
Seminars in

immunology, (1),
8.856

2648 203.69 Green accepted

4
Stimuli-responsive
polymers and their
bioconjugates, [29]

10.1016/j.progpolymsci.2004.08.003 Eun Seok Gil—Samuel
M.Hudson * USA

Progress in
polymer science

(1), 31.281
1976 116.23 -

5
Conducting polymers in

biomedical
engineering, [199]

10.1016/j.progpolymsci.2007.05.012
Nathalie

K.Guimard—Christine
E.Schmidt *

USA
Progress in

polymer science
(1), 31.281

1059 75.64 -

6
Conductive polymers:

towards a smart biomaterial
for tissue engineering, [200]

10.1016/j.actbio.2014.02.015 Richard Balint—Sarah
H.Cartmell * UK Acta Biomaterialia,

(1), 10.121 860 122.85 Green published,
hybrid

7 Polymeric materials with
antimicrobial activity, [62] - Alexandra Muñoz-Bonilla

*—MartaFernández-García * Spain
Progress in

polymer science
(1), 31.281

816 90.66 -
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Table 3. Cont.

Rank Title, Ref. DOI First Author—Corresponding
Author *

Countries’
Contribution

Source, (Q 2021),
IF 2021

TC
(1985–2021) C/Y * Open Access

Designation

8
Thermoresponsive

Polymers for Biomedical
Applications, [201]

10.3390/polym3031215 Mark A. Ward * UK Polymers (1), 4.967 678 67.8 Green submitted,
gold

9
Electrochemical sensors

based on conducting
polymer- polypyrrole, [202]

10.1016/j.electacta.2005.11.052 Arunas Ramanaviciu * Lithuania Electrochimica
Acta (1), 6.901 640 40 Open access

10
Antibacterial surfaces: the
quest for a new generation

of biomaterials, [203]
10.1016/j.tibtech.2013.01.017 JafarHasan, Elena P. Ivanova * Australia

Trends in
biotechnology (1),

19.53
548 60.88 Open Access

C/Y = Citation per year; TC = Total citations; IF = Impact factor.
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3.6. Highly Cited Research Articles

Table 4 indicates the top 10 highly cited research articles on FPBMs prepared by RIGC
and their relevant applications such as controlled drug delivery systems, cell culture plates,
biosensors, antimicrobial surfaces, and implants. The first most-cited research article by
Dutch researchers was published in the Macromolecule Journal in 1993 (919 TC) [152].
Okano and co-workers [118] (researchers from Japan) published the second-most-cited
article on an essential tissue engineering related to FPBMs prepared by RIGC, which ob-
tained a TC of 792. In this article, the surface of the tissue culture polystyrene dishes was
successfully grafted onto a temperature-responsive polymer (poly(N-isopropylacrylamide))
using electron beam irradiation to obtain hydrophilic and hydrophobic surfaces below and
above 32 ◦C, respectively. These excellent temperature responses and thermo-switchable
assessments were found to be efficient in delivering localised and controllable cell attach-
ment/detachment without damage. Okano et al. [121] extended their work and published
another highly cited two articles (ranked 7 and 10) in 2004 and in 2001, respectively. Both
articles focused on temperature-responsive cell culture surfaces/plates with the latter ar-
ticle dedicated to functional cardiac myocyte tissues. This made the work of Okano and
co-workers on the cell culture plate among the top cited research in the field of FPBMs
prepared by RIGC, which were subsequently commercialised.

The third most-cited research article was written by Rogers and co-workers [204] and
was published in Nature Materials with the highest IF (43.84) and C/Y (86.12) in 2013.
This research article indicated that the synthesis of microscale temperature sensors was
necessary for both precision evaluation and mapping characterisation in a non-invasive
procedure onto the skin surface. This device and method offered precise measurement
of the skin temperature as affected by skin hydration, mental and physical actions, and
vasoconstriction/dilation.

3.7. The Top Influential Authors on Development of FPBMs Prepared by RIGC

Table 5 shows the top 10 leading authors who have contributed to FPBMs prepared
by the RIGC. These authors’ main research areas primarily fall within chemistry and
biomedical engineering, in addition to radiation chemistry and macromolecules. A total of
709 authors contributed to the research on FPBMs prepared by RIGC. Amongst the 10 top
co-cited authors, T. Okano (4854 TC) had the highest rank, followed by M. Yamato (2855
TC), A. Kikuchi (2075 TC), E. Bucio (592 TC), and B. Gupta (365 TC). It can be noticed from
the table that all three Japanese researchers have the highest TC. On the one hand, E. Bucio,
with the highest number of publications (30), had only 592 TC. A. Kikuchi, with only seven
publications, had prominently received a total of 2075 TC. On the other hand, T. Okano can
be considered the most influential author in terms of both publication (20) and TC (4854).
It can be noted that T. Okano has a longer history of publications on FPBMs prepared by
RIGC (1990–2018) compared to other authors such as H. Singh, who published his research
articles in the period 1989–2008. Thus, he can be considered the most influential author
in the area of FPBMs prepared by RIGC. Finally, it was interestingly found that the top
10 authors not only came from the same country but also had the same affiliations, sug-
gesting that the key to success for such authors was working in a team in addition to the
availability of funds and research facilities.
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Table 4. Top 10 highly cited original research articles on FPBMs prepared by RIGC.

Rank Title/Reference Application DOI First Author—
Research Leader *

Countries’
Contribution

Source, (Q 2021),
(IF 2021) TC (1985–2021) C/Y

1

Effect of comonomer hydrophilicity
and ionization on the lower critical

solution temperature of
N-isopropylacrylamide

copolymers, [152]

Controlled drug
delivery 10.1021/ma00062a016 H. Feil * Netherlands Macromolecules,

(1), (5.985) 919 32.82

2
Thermo-responsive polymeric

surfaces; control of attachment and
detachment of cultured cells, [118]

Cell culture 10.1002/marc.1990.030111109 N Yamada/T.
Okano * Japan

Die
makromolekulare

chemie, rapid
communication,

(-), (4.839)

750 35.71

3
Ultrathin conformal devices for
precise and continuous thermal

characterization of human skin, [204]
Biosensor doi.org/10.1038/nmat3755 R. Chad Webb/J.

A. Rogers *
USA, China,
Singapore

Nature materials,
(1), (47.656) 689 86.12

4

Permanent, non-leaching
antibacterial surfaces—2: How high
density cationic surfaces kill bacterial

cells, [187]

Antimicrobial
surface

10.1016/j.biomaterials.
2007.06.012

H. Murata/A. J.
Russell * USA Biomaterials, (1),

(12.479) 492 35.14

5

Synthesis and characterization of pH-
and temperature-sensitive

poly(methacrylic
acid)/poly(N-isopropylacrylamide)

interpenetrating polymeric
networks, [205]

Controlled drug
delivery 10.1021/ma00128a007 C. S. Brazel * USA Macromolecules

(1), (5.985) 436 16.76

6

Ultrathin
poly(N-isopropylacrylamide) grafted
layer on polystyrene surfaces for cell
adhesion/detachment control, [120]

Cell culture plates 10.1021/la036139f Y. Akiyama/ T.
Okano * Japan Langmuir, (1),

(4.331) 432 25.41
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Table 4. Cont.

Rank Title/Reference Application DOI First Author—
Research Leader *

Countries’
Contribution

Source, (Q 2021),
(IF 2021) TC (1985–2021) C/Y

7

Functional bioengineered corneal
epithelial sheet grafts from corneal
stem cells expanded ex vivo on a

temperature-responsive cell culture
surface, [121]

Cell culture plates 10.1097/01.TP.0000110320.
45678.30

K. Nishida/ T.
Okano * Japan Transplantation,

(2), (4.74) 424 24.94

8

Covalent attachment of
poly(ethylene glycol) to surfaces,

critical for reducing bacterial
adhesion, [206]

Antifouling
surface 10.1021/LA034032M P. Kingshott * Denmark Langmuir, (1),

(4.331) 266 14.77

9
A two year in vivo study of

polyvinyl alcohol-hydrogel (PVA-H)
artificial meniscus, [207]

Knee implant 10.1016/j.biomaterials.
2004.08.028 M. Kobayashi * Japan Biomaterials, (1),

(12.47) 259 16.18

10

Two-Dimensional Manipulation of
Cardiac Myocyte
Sheets Utilizing

Temperature-Responsive Culture
Dishes Augments the Pulsatile

Amplitude, [126]

Cell culture plates
(Cardiac myocyte

tissue)
10.1089/107632701300062732 T. Shimizu/

T. Okano * Japan

Tissue
Engineering: Part

A
(2), (3.845)

186 18.60

C/Y = Citation per year; TC = Total citations; IF = Impact factor.
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Results from the top 10 most prolific authors in the field of RIGC from 1985 to 2021
based on the dataset are presented in Figure 6, which shows the top 10 authors with high
productivity over the years. These authors have shown consistency in their contributions
to the research body in this field. The top authors were found to be more active in the
period of 2009–2019 based on TP and the h-index, which is calculated by counting the
number of publications for which an author has been cited by other authors at least that
same number of times. B. Gupta (h-index: 12, TP: 12) was found to have the longest impact
in this research area, followed by T. Okano (h-index: 19, TP: 20). B. Emilio (h-index: 16,
TP: 30) has the highest number of publications in this research area, even though his first
publication was in 2005. Both H. Alvarez-Loranzo (h-index: 11, TP: 16) and A. Concherio
(h-index: 11, TP: 16) have co-authored several papers in this area since 2009.

Table 5. Top 10 influential researchers (based on TC) on FPBMs prepared by RIGC.

Rank Author TC (1985–2021) No of Publication Affiliation Country

1 T. Okano 4854 20
Tokyo Women Med Univ, Inst Adv

Biomed Engn & Sci, TWIns, Shinjuku
Ku, Tokyo 1628666, Japan

Japan

2 M. Yamato 2855 11

Tokyo Women Med Univ, Ctr
Excellence Century 21, Inst Adv

Biomed Engn & Sci, Shinjuku Ku,
Tokyo 1628666, Japan

Japan

3 A. Kikuchi 2075 7

Tokyo Women Med Univ, Ctr
Excellence Century 21, Inst Adv

Biomed Engn & Sci, Shinjuku Ku,
Tokyo 1628666, Japan

Japan

4 B. Emilio 592 30

Univ Nacl Autonoma Mexico, Inst
Ciencias Nucl, Dept Quim Radiac &
Radioquim, Ciudad Univ, Mexico

City 04510, DF, Mexico

Mexico

5 B. Gupta 365 12 Indian Inst Technol, Dept Text
Technol, New Delhi 110016, India India

6 A. Concheiro 300 16
Univ Santiago de Compostela, Dept
Farm & Tecnol Farmaceut, Santiago

De Compostela 15782, Spain
Spain

7 C. Alvarez-
Lorenzo 300 16

Univ Santiago de Compostela, Dept
Farm & Tecnol Farmaceut, Santiago

De Compostela 15782, Spain
Spain

8 G. Burillo 289 8

Univ Nacl Autonoma Mexico, Inst
Ciencias Nucl, Dept Quim Radiac &
Radioquim, Mexico City 04510, DF,

Mexico

Mexico

9 H. Singh 264 10 Indian Inst Technol, Dept Text
Technol, New Delhi 110016, India India

10 H. I. Melendez-
Ortiz 82 7

Univ Nacl Autonoma Mexico, Inst
Ciencias Nucl, Dept Quim Radiac &
Radioquim, Ciudad Univ, Mexico

City 04510, DF, Mexico

Mexico

TC = Total citations.

3.8. The Most Influential Countries to Provide Funding for FPBMs Prepared by RIGC

The leading countries in providing funds for FPBMs prepared by RIGC are shown in
Table 6. About 99% of the published articles are multi-authored, indicating the presence of
collaboration among several research teams locally or internationally. The top 10 countries
with 210 publications occupy 62.86% of the total fund records in FPBMs prepared by RIGC.
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The % of the total fund was calculated from the publications from 1985 to 2021 by dividing
the number of funds of the country by the total funds of all countries multiplied by 100. For
instance, the USA (37 TP, 15.7% of fund) and Japan (33 TP, 14.9% of fund) are leading the list
in terms of citations and the number of publications. For Japan, this can be attributed to the
pioneering studies by leading researchers such as T. Okano and the effective governmental
plans on research funds for research institutes (e.g., to Tokyo Women Medical University,
Center Excellence Century). As for the USA, such a high funding percentage reflects the
presence of international collaboration networks, activities, and facilities driven by the
collaboration with US institutions and companies. Concerning the ratio between TP and
the country’s population, Portugal, with its small population, portrays a typical example of
high research intensity in FPBMs prepared by RIGC.
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Figure 6. Top 10 authors’ productivity over the period of 1985–2021. The line represents an author’s
timeline; the size of the bubbles is proportional to the number of documents produced by an author
per year; the colour intensity of the bubble is proportional to the total number of citations per year;
the first bubble on the line indicates when the author began to publish in the field; the bigger the
bubble is, the higher the number of articles published by an author per year; bubbles with deeper
colour intensity indicate higher citation counts.

Table 6. Most influential countries that provided funds for FPBMs prepared by RIGC in the period of
1985–2021.

Rank Country h-Index All Citations All Articles % of Total Fund

1 USA 28 17,558 37 15.7
2 Japan 25 5135 35 14.9
3 India 21 2041 28 11.9
4 China 19 2179 26 11.1
5 Mexico 16 592 30 12.8
6 Spain 12 1217 19 8.1
7 Portugal 9 1458 10 4.3
8 Canada 8 4514 8 3.4
9 Germany 7 4673 9 3.8

10 UK 7 5863 8 3.4

Several national and international research funds and grant programmes have been
launched in many countries to focus on promoting interdisciplinary research and the
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approach towards international collaboration has improved both the quality of the research
and inter-profession communication. The corresponding author’s country and the presence
of authors from other countries show the preference for international cooperation by the
respective corresponding authors. Particularly, the ratio of multiple country publications
(MCP) to total publications for most of the top 16 countries is between 10–67%. Mexico (67%)
and Spain (52%), which were found to have a strong collaboration as shown in Figure 7.
Although the USA and Japan have more MCP than China, India, and the countries in
the lower left group, they have a relatively low MCP to TP, standing at 24% and 21%,
respectively. Other notable countries in terms of MCP to TP that have a low number of
publications are the groups in the lower left corner, with values ranging from 25 to 50%.
This indicates a higher preference and importance of the international collaboration for
these countries for the research on FPBMs prepared by RIGC. Mapping the collaboration
among various countries revealed the presence of 173 collaboration networks among
26 countries, of which Mexico (22), Spain (18), and the USA (18) have the highest numbers
of collaboration networks.
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3.9. Keywords Analysis

A more visualised representation of the top researchers, their countries, and specific
areas of interest in the field of FPBMs prepared by RIGC is shown in Figure 8. The
emphasis of the three-factor plot is placed on the height of each box and the thickness
of the connecting lines to the taller boxes both indicate significance, and the thicker the
correlation line, the more information or volume of the work can be obtained. From the
country viewpoint, both Mexico (7) and Spain (7) have the highest numbers of the authors
who eventually prevailed as the top three authors in this research area in terms of author’s
affiliations. Surprisingly, all seven authors from Mexico and Spain have cross collaboration
involving these two countries. India has five authors in the field of FPBMs prepared by
RIGC led by B. Gupta. In terms of affiliations, Emilio Bucio (six) has the highest number of
country affiliations followed by G. Burillo (four). The Japanese authors (four) are found
to have affiliations with the USA. Authors from Mexico and Spain seem to be focusing
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on multi-level research as indicated by the diversity in research keywords. E. Bucio, C.
Alvarez-Lorenzo, and A. Concheiro focused on 18 of the top 20 keywords, followed by G.
Burillo and H. I. Melendez-Ortiz at 13. B. Gupta was found to be focused on 12 keywords,
including polymerisation and chitosan, among others. Hydrogels (14), polymers (13),
polymerisation (12), copolymerisation (11), chitosan (10), acrylic acid (10), membrane (10),
N-isopropylacrylamide (nine), and radiation (eight) are the important keywords found in
the three-factor plot among county–author keywords.
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obtained using Biblioshiny (R-Studio) software.

Keyword co-occurrence can effectively reflect the hotspots of research areas, allowing
exploration of the research trends and providing decision-making directions. The keyword
co-occurrence network of publications related to FPBMs prepared by RIGC was constructed
from 235 articles. The nodes in the map represent the corresponding keywords and the node
size represented the number of publications in the field of RIGC that include the keywords.
The link lines between the nodes represent the relationships between the keywords. The
235 articles were mapped to create a thematic concentration for the similar keywords
represented by the clusters. Figure 9 shows the co-occurrence of clustered keywords
network of publications on FPBMs prepared by RIGC. As can be seen, the co-occurrence
of keywords knowledge map revealed keywords with higher centrality and occurrence
counts and could be clustered into 15 main sub-clusters, including #0 Acrylic Acid, #1
Cell Sheet Engineering, #2 Composite Nanoparticle, #3 Synthesis Condition, #4 Critical
Solution Temperature, #5 Non-Polar Film, #6 Antibacterial Surface, #7 Thermo-responsive,
Polymer Nanocarrier, #9 Membrane Biosensor, #10 Gamma-Irradiation, #14 Moving Trend,
#14 Bacterial Adhesion, #20 Biology, #22 Acrylonitrile Monomer, and #23 Polyethersulfone
Nanofiltration Membrane.

Figure 10 presents a combined network visualisation and a density map of co-occurrence
of the keywords related to the radiation-grafted FPBMs. Four interrelated groups can be
observed. The size of the nodes represents the frequency of the keywords and the thickness
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of the links between two nodes represents the co-occurrence of the keywords. Although the
networks are prepared based on the period 1985–2021, the evolution of these keywords can
be found in Figure 10A. Moreover, the map in Figure 10B shows the density of the research
keywords. Polymerisation, hydrogels, polymers, acrylic-acid, surface modification, and
drug-delivery are among the heavy research areas.
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Reference analysis is one of the most common types of analysis in the field of biblio-
metrics and a clustered network of co-cited references was further performed and could
be shown by timeline visualisation. The modularity which is a multiplicative constant
representing the number of edges falling within groups divided by the expected number
in an equivalent network with edges placed at random. Values close to 1 indicate strong
community structure. The network has modularity of 0.885, which suggests that the re-
search on FPBMs prepared by RIGP is clearly defined considering co-citation clusters. The
clusters are labelled by index terms selected from the citation frequencies are arranged
vertically in descending order of cluster size, and the curves represent the co-citation links
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between clusters. The nodes with red tree rings or large sizes are references that required
more attention because of their high citation number, citation bursts, or both [208].

Further analysis of the co-citation clusters of keywords in the period of 1985–2021 was
performed using CiteSpace for the timeline overview prevailed that the duration varied
considerably among clusters. After extracting from the landscape of the co-citation network
in terms of cluster size, the major clusters with elevated levels of homogeneity are presented
in Table 7. The first two columns present the cluster ID and their respective sizes. The
“Silhouette” measures in the third column are of greater importance in the clustering of
keywords as it indicates the matching between the publications within the cluster and
clustering. The closer of the value of “Silhouette” to 1, the higher the homogeneity of the
network. In general, these clusters present the main subdomains in FPBMs prepared by
RIGP research and are closely related to each other. Some clusters may not be the larger
ones, but they are the hottest in this research area. The cluster labelled as “Acrylic Acid”
contains 133 publications across a 58-year period from 1962 to 2020. From the timeline,
it can be deduced that the initial conceptualisation, development, and expansion of this
cluster are going together with the bursts. Surprisingly, the longest surviving cluster in
FPBMs prepared by RIGC is the Thermo-responsive Polymer Nanocarrier, which has a
span of 18 years and is still active. This clearly shows that this cluster has a long-standing
impact on the development of this research area. The cluster of Biology lasted for 16 years
in this research area. Other major active clusters include Cell Sheet Engineering, Composite
Nanoparticles, Antibacterial Surfaces, and Gamma-irradiation.

Table 7. Temporal properties of major clusters.

Cluster ID Size Silhouette Mean (Year) Start End Duration Activeness Theme

0 133 0.955 2004 1962 2020 58 Active Acrylic Acid

1 68 0.942 1999 1969 2014 45 Active Cell Sheet Engineering

2 65 0.941 2008 1992 2018 26 Active Composite Nanoparticle

3 59 1.000 1975 1959 1989 30 Inactive Synthesis Condition

4 51 0.959 1990 1945 2006 61 Inactive Critical Solution Temperature

5 47 0.922 1993 1974 2003 29 Inactive Non-Polar Film

6 35 0.995 2005 1997 2011 14 Active Antibacterial Surfaces

7 28 0.994 1972 1899 2017 18 Active Thermo-responsive Polymer
Nanocarrier

9 26 0.984 1987 1956 1995 39 Inactive Membrane Biosensor

10 20 0.990 2010 1969 2020 51 Active Gamma-Irradiation

11 19 0.997 2001 1991 2006 15 Inactive Moving Trend

14 16 0.991 2000 1989 2008 19 Inactive Bacterial Adhesion

20 11 0.994 1999 1989 2005 16 Inactive Biology

22 11 0.996 1985 1962 1998 36 Inactive Acrylonitrile Monomer

23 9 0.999 2003 1986 2007 21 Inactive Polyethersulfone Nanofiltration
Membrane

3.10. Limitation of Study

The restriction of the keywords to radiation grafted functional biopolymers *, OR
bioactive surfaces *, OR medical *, OR biotechnological *, OR biomedical *, OR health care *
in the titles and abstracts; the search results may not cover all the studies related to FPBMs
prepared by RIGC. This is because some authors may not have mentioned the applications,
neither in the title nor in the abstract. This is most likely because their studies were still at
the preliminary or the fundamental stage. Another account in which the search of keywords
may have not been covered is in the studies in which combined techniques, including
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RIGC and other living polymerisation methods, such as reversible addition fragmentation
chain transfer (RAFT) polymerisation, may have been used. This is most likely led to
modified names representing the new hybrid techniques such as “radiation induced RAFT
polymerization” or “RAFT mediated radiation graft polymerization” that could not be
captured. Nevertheless, such studies are not many as compared to the mainstream using
conventional RIGC.

4. Conclusions and Outlook

The last four decades have witnessed an intense concern in the synthesis of novel
radiation-grafted polymers with bioactive surfaces for use in bio-driven applications.
The present bibliometric analysis has delivered an overview of FPBMs prepared by RIGC
publication trends based on 235 articles selected from the WoS. The study demonstrated that
the number of publications related to these materials have been enhanced after 2002, with
the lowest and highest numbers of publications being in 1999 and 2012, respectively. The
scientometric findings revealed that the applications of FPBMs fall into four main categories,
including medical, biomedical, biotechnological, and healthcare applications. Moreover, all
applications were dominated by the drug carrier/release materials, which stand at 21.33%,
followed by 12.0% for antimicrobial fabrics/films, 11.33% for surgical sutures, 8.67% for
scaffolds/tissue engineering, 8% for antifouling membranes, 7.33% for cell culture plates,
6.67% for supports in enzyme immobilisation/release, 6% for catheters, 4.67% for implants,
4.67% for biosensors, 2.67% for packaging films, and 2% for antimicrobial face masks.
The Radiation Physics and Chemistry journal is found to be the most dominant journal
in publishing articles related to FPBMs prepared by RIGC and applications. Authors
such as T. Okano, B. Gupta, H. Singh, H. Feil, and B. Emilio are found to be the most
influential researchers in research and collaboration on the preparation and applications
of radiation-grafted FPBMs. Countries such as the USA, Japan, and India are the most
globally active hubs in research on FPBMs prepared by RIGC, as indicated by the level of
international contributions and the sequence of the total funds of 15.7%, 14.9%, and 11.9%,
respectively. This coincided with being the leading country in terms of the absolute number
of publications and the highest citations.

The drop in publications that took place in the past several years is most likely caused
by a combination of factors, such as a lack of funds and less involvement of researchers
from universities. This is due to the captivity of irradiation facilities in industries or in
radiation research institutes (i.e., facilities are dedicated to certain products/applications),
which certainly led to limited access to such external researchers. This is coupled with the
competition from other cheaper and well-established technologies of physical immobili-
sation of bioactive agents to polymer substrates. Nevertheless, several recommendations
have been made in recent studies to promote the applications of radiation-grafted FPBMs,
including the use of RIGC in the fabrication of more tuneable pH and thermo-responsive
polymers for tissue engineering, drug delivery, and medical devices in addition to polymers
for implants and antibacterial applications. Finally, it can be concluded that appropriate
raising of research funds and establishing systematic collaborative research are required
not only to use the RIGC method widely and effectively to design more sustainable, non-
toxic, affordable, and timely-needed FPBMs products to advance medical, biomedical,
biotechnological, and healthcare fields but also to promote such technology among new
generations of young researchers and ultimately help to promote a healthier society in the
coming years.
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