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Abstract: Citation analysis of a certain publication acknowl-
edges its impact on the scientific community. This study
conducted a multivariate analysis of the top 50 most cited
articles published on the field of Bioactive Glass. A systemic
search was performed using the “All database” section of
the Web of Science to retrieve the top 50 most cited origi-
nal publications. The selected articles were then manually
cross-matched with Elsevier Scopus and Google Scholar
Database. Parameters such as article title, authorship, insti-
tution, country of publication, year, citation count, citation
density, current citation index, and journal name were re-
trieved from Web of Science. Different ranges of citation
numbers were retrieved for these publications in which
197-913 are fromWeb of Science, 209-962 are from Elsevier
Scopus, and 269-1225 are from Google Scholar. A total of 153
authors contributed to thismarked list, where Professor L.L.
Hench contributed the highest number of articles (n=21).
Imperial College London published the highest number of
articles (n=21). In summary, this study provides a good sci-
entometric picture of bioactive glass related publications,
which illustrate the trend of biomaterials development over
the years and suggests future scopes to the scientific com-
munity.
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1 Introduction
Biomaterials from various sources have been used for cen-
turies to regenerate human tissues and organs, which
can be developed from bio-active, bio-inert, and bio-
degradable materials used in 1D to 3D functionalized prod-
ucts. These biomaterials not only possess good biological
properties but also incite specific cell responses and induce
tissue regeneration. In 1969, Professor L.L. Hench invented
bioactive glass (BG) based on the idea of bonding amaterial
to bone following anunexpected bus ride conversationwith
a United States Army colonel who had returned from the
VietnamWar [1]. Prof. Hench planned to form a biodegrad-
able type of glass, which exhibited rigid bonds with bone
tissue as a substitute for metals or polymers available at the
time due to their bioinert characteristics. Subsequently, he
discovered anovel glass composition of 46.1 SiO2-24.4Na2O-
26.9 CaO-2.6 P2O5 (in mole percentages, mol.%), which was
granted the Bioglassr trademark, that made a progressive
bond with bone where it could not be removed from the
implanted site without breaking the bone [2].

Bone disease is a significant medical condition in hu-
mans, directly affects a patient’s health and quality of life,
especially among the elderly. Nearly 1,230,000 bone frac-
tures are treated in US every year using osteosynthesis
materials that impose a heavy economic burden [3]. Ap-
proximately, 80% of these conditions require bone graft
using autogenous and allogeneic bones [3]. However, auto-
genous bone collection causes damage to a healthy body,
which may elicit an immunological response due to differ-
ent genome sequences and the risk of inducing commu-
nicable diseases [4, 5]. Autografts have other drawbacks
such as limited amount of bone supply from the donor, in-
creased resorption level during healing, and anatomical
and structural problems. These issues have been addressed
since the invention of Bioglassr 45S5 in the early 1970. This
product has been used to reconstruct jaw bones in more
than a million patients and support orthopedic needs [6].
Subsequently, the variations and modifications of BG intro-
duced the era of bioactive ceramics, glass-ceramics, and
ceramics such as synthetic hydroxyapatite (HA) and other
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calcium phosphates, thereby creating a new dimension in
this therapeutic field [7].

Based on a glossary of statistical terms from the Or-
ganization for Economic Co-operation and Development
(OECD), bibliometrics refers to the statistical analysis of
articles and citations, which uses data on numbers and
authors as a measurable output [8]. Bibliometrics enables
the analysis of thousands of papers written about a specific
topic or field and finds the most effective publications, au-
thors, journals, institutions, and countries to assist readers
or researchers within a minimal period. Surprisingly, few
bibliometric studies have been conducted in the biomate-
rial field, and none has specifically focused onBGmaterials.
To provide a holistic update on this specific topic in recent
decades, the current study focuses on identifying and ana-
lyzing the top 50 most cited original research publications
that have received more than 100 citations on BG since its
invention.

2 Methods

2.1 Study design and search strategy

This is a retrospective study that utilizes available publica-
tion data from several databases. A systematic literature
search was performed on October 19, 2020 using the “All
database” sections of the Web of Science (WoS), Elsevier
Scopus (ES) and Google Scholar (GS) with no language
restrictions, study design, or publication year range. The
Preferred Reporting Items for Systemic Reviews and Meta-
Analysis (PRISMA) guidelines were followed (Figure 1). The
topic sectionwas searchedwith the specific keywords using
selected inclusion and exclusion criteria.

2.2 Inclusion and exclusion criteria

The inclusion criteria were (1) keyword terms for search
‘Bioactive Glass’ OR ‘Bioglass’ OR ‘Bioactive Glass-

Figure 1: PRISMA 2009 Flow Diagram
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Ceramics’, (2) titles and abstracts of the published articles
in peer-reviewed journals, and (3) original research papers.

The exclusion criteria were (1) articles published with
less than 100 citations in the WoS, ES and GS repositories
(2) articles published in low or no-impact factor journals,
(3) review articles.

2.3 Data extraction and bibliometric
parameters

A total of 9,840 publications were retrieved initially from
the database of the WoS using the specific keywords (Fig-
ure 1). The publications were listed according to prevalence
of citations in a descending manner. After abstract screen-
ing, approximately 122 articles were extracted from the top
list that are not related to the keywords and review articles;
thus, the top 50 most cited original research publications
were selected based on citation frequency (Figure 1). Se-
lected articles were cross matched with those on the ES and
GS databases. All authors’ contributions were recorded in
the final list consisting of the following bibliometric param-
eters such as authorship, article title, affiliate institution,
country of publication, year of publication, citation count
(on WoS, ES, and GS), citation density, current citation in-
dex, and journal name from theWoS repository. Each article
was then manually searched for keywords.

2.4 Data retrieval and statistical analysis

Data retrieved were subjected to RStudio, Biblioshiny,
and Bibliometrix software (4.0.1, Boston, United States) to
graphically represent the authors’ contributions and collab-
orations with different affiliations [9]. Visualization of Sim-
ilarities software (1.6.15, Leiden University, Netherlands)
was used to illustrate the authors’ keywords in mapping
networks that have been used in the most cited articles.
This free software platform has been used previously to
present data in a simple graphical form [10, 11]. The IBM
Statistical Package for Social Science, version 26.0 (IBM, Ar-
monk, NY, USA) was used to analyze descriptive data. Data
normality was evaluated by the Shapiro- Wilk test. Linear
regression analysis was performed between independent
and dependent variables to analyze associations between
citation frequency with the age of publication and changes
in trends of citation density with the age of publication.
Furthermore, Kruskal- Wallis test was performed to investi-
gate differences between multiple independent groups and
ensure differences between variables, a Bonferroni Post-hoc
test was conducted.

3 Results

3.1 Citation frequency, citation density, and
current citation index

The top 50 most cited original articles published on BG
along with their citation count in various databases, year
of publication, citation density and current citation index
are presented in Table 1.

In order to provide distinction between original re-
search articles and reviews in the BG field, the top 10 most
cited reviews on BG are presented in Table 2 because these
reviews are also important in attracting readers and re-
searchers to identify new knowledge or research gaps in
the mentioned field.

The top 50 most cited published articles on BG have a
citation frequency (CF) of 16,151 on WoS, 17,173 on ES and
22,267 on GS. The CF is defined as the number of times
the article was cited in the literature, whereas the average
number of citations per year is called citation density (CD).
Articles available on the WoS have been cited with CF is in
the range of 197-913 with an average of 1004 citations per
year. For ES, CF is in the ranges of 209-962 with CD of 1068
while GS recorded a CF range of 269-1225 with CD of 1370.

The article entitled “Gene-expression profiling of hu-
man osteoblasts following treatment with the ionic prod-
ucts of Bioglassr 45S5 dissolution” is the most cited article
by Ioannis D. Xynos with a CF of 913 (WoS), 962 (ES), and
1225 (GS), and a CD of 48 (WoS). The second article entitled
“45S5 Bioglassr derived glass-ceramic scaffolds for bone
tissue engineering” has a total of 822 (WoS), 879 (ES), 1129
(GS) citations, and a CD of 59 (WoS). “Ionic products of
bioactive glass dissolution increase proliferation of human
osteoblasts and induce insulin-like growth factor II mRNA
expression and protein synthesis” is ranked third with 717
(WoS), 757 (ES) and 950 (GS) citations, and CD of 36 (WoS).

These citation counts and densities were analyzedwith
respect to the age of publication ranging from 0 to 50 years
for the articles that have been available to scientific com-
munities. Despite a slightly upward CF trend with the age
of publication, these observations were not significant (R2

= 0.0041, p = 0.659), as shown in Figure 2(A). However, a
sharp downward trend of CD is recorded with the increase
in age of publication as shown in Figure 2(B), and this result
was statistically significant (R2 = 0.2243, p = 0.0002).



Bibliometric profiles of top 50 most cited articles on bioactive glass | 73
Ta
bl
e
1:
Ra
nk
in
g
of
th
e
to
p
50

m
os
tc
ite

d
or
ig
in
al
ar
tic
le
s
pu

bl
is
he
d
on

BG
ac
co
rd
in
g
to
W
oS

da
ta
ba
se

N
o

Ti
tle

of
ar
tic

le
Ye
ar

of
pu

bl
ic
at
io
n

To
ta
lC

ita
tio

n
N
um

be
r

CD
CC

I2
01
9

W
oS

ES
G
S

1
Ge

ne
-e
xp
re
ss
io
n
pr
ofi
lin

g
of
hu

m
an

os
te
ob
la
st
sf
ol
lo
w
in
g
tre

at
m
en
tw

ith
th
e
io
ni
cp

ro
du

ct
so

fB
io
gl
as
sr

45
S5

di
ss
ol
ut
io
n
[1
2]
.

20
01

91
3

96
2

12
25

44
53

2
45
S5

Bi
og
la
ss

r
-d
er
iv
ed

gl
as
s-
ce
ra
m
ic
sc
aff
ol
ds

fo
rb

on
e
tis
su
e
en
gi
ne
er
in
g

[1
3]
.

20
06

82
2

87
9

11
29

54
73

3
Io
ni
cp

ro
du

ct
so

fb
io
ac
tiv
eg

la
ss
di
ss
ol
ut
io
n
in
cr
ea
se

pr
ol
ife
ra
tio

n
of
hu

m
an

os
te
ob
la
st
sa

nd
in
du

ce
in
su
lin

-li
ke

gr
ow

th
fa
ct
or

II
m
RN

A
ex
pr
es
si
on

an
d

pr
ot
ei
n
sy
nt
he
si
s[
14
].

20
00

71
7

75
7

95
0

33
50

4
Su
rfa

ce
-c
he
m
is
try

of
bi
oa
ct
iv
e
gl
as
s-
ce
ra
m
ic
s[
15
].

19
90

61
7

61
5

82
0

19
17

5
Bi
og
la
ss

r
45
S5

st
im

ul
at
es
os
te
ob
la
st
tu
rn
ov
er
an
d
en
ha
nc
es
bo
ne

fo
rm

at
io
n

in
vi
tro

:I
m
pl
ic
at
io
ns

an
d
ap
pl
ic
at
io
ns

fo
rb

on
e
tis
su
e
en
gi
ne
er
in
g
[1
6]
.

20
00

52
9

56
0

71
6

24
26

6
H
ig
hl
y
or
de
re
d
m
es
op
or
ou

sb
io
ac
tiv
e
gl
as
se
sw

ith
su
pe
rio

ri
n
vi
tro

bo
ne
-

fo
rm

in
g
bi
oa
ct
iv
iti
es

[17
].

20
04

48
1

50
0

56
2

28
41

7
Op

tim
is
in
g
bi
oa
ct
iv
e
gl
as
ss
ca
ffo

ld
sf
or

bo
ne

tis
su
e
en
gi
ne
er
in
g
[1
8]
.

20
06

47
9

50
2

69
9

31
29

8
An

in
ve
st
ig
at
io
n
of
bi
oa
ct
iv
e
gl
as
sp

ow
de
rs
by

so
l-g
el
pr
oc
es
si
ng

[1
9]
.

19
91

47
1

49
2

66
4

15
27

9
H
ig
hl
y
bi
oa
ct
iv
e
P 2
O 5

-N
a 2
O-
Ca
O-
Si
O 2

gl
as
s-
ce
ra
m
ic
s[
20
].

20
01

39
0

40
8

52
5

19
25

10
Th

e
eff
ec
to
fi
on

ic
pr
od
uc
ts
fro

m
bi
oa
ct
iv
e
gl
as
sd

is
so
lu
tio

n
on

os
te
ob
la
st

pr
ol
ife
ra
tio

n
an
d
co
lla
ge
n
pr
od
uc
tio

n
[2
1]
.

20
04

38
3

38
3

51
0

22
14

11
Co

pp
er
-c
on

ta
in
in
g
m
es
op
or
ou

s
bi
oa
ct
iv
e
gl
as
s
sc
aff
ol
ds

w
ith

m
ul
tif
un

c-
tio

na
lp
ro
pe
rti
es

of
an
gi
og
en
es
is
ca
pa
ci
ty
,o
st
eo
st
im

ul
at
io
n
an
d
an
tib

ac
te
-

ria
la
ct
iv
ity

[2
2]
.

20
13

36
6

38
7

46
3

45
73

12
Th

e
eff
ec
ts
of
st
ro
nt
iu
m
-s
ub

st
itu

te
d
bi
oa
ct
iv
e
gl
as
se
s
on

os
te
ob
la
st
s
an
d

os
te
oc
la
st
si
n
vi
tro

[2
3]
.

20
10

36
1

38
6

48
4

32
46

13
Bi
oa
ct
iv
e
so
l-g
el
fo
am

sf
or

tis
su
e
re
pa
ir
[2
4]
.

20
02

33
0

35
0

45
5

17
14

14
St
ru
ct
ur
al
st
ud

y
of
so
l-g
el
si
lic
at
e
gl
as
se
sb

y
IR

an
d
Ra

m
an

sp
ec
tro

sc
op
ie
s

[2
5]
.

20
09

32
8

34
2

43
2

27
46

15
W
el
l-o

rd
er
ed

m
es
op
or
ou

sb
io
ac
tiv
e
gl
as
se
s(
M
BG

):
A
pr
om

is
in
g
bi
oa
ct
iv
e

dr
ug

de
liv
er
y
sy
st
em

[2
6]
.

20
06

32
0

31
1

38
4

21
18

16
No

du
le
fo
rm

at
io
n
an
d
m
in
er
al
is
at
io
n
of
hu

m
an

pr
im

ar
yo

st
eo
bl
as
ts
cu
ltu

re
d

on
a
po
ro
us

bi
oa
ct
iv
e
gl
as
ss
ca
ffo

ld
[2
7]
.

20
04

31
8

34
5

41
8

18
18

17
Eff

ec
to
fc
ry
st
al
liz
at
io
n
on

ap
at
ite
-la
ye
rf
or
m
at
io
n
of
bi
oa
ct
iv
e
gl
as
s4

5S
5

[2
8]
.

19
96

31
6

42
7

52
3

13
36

18
Ca
lc
iu
m
-P
ho

sp
ha
te
fo
rm

at
io
n
on

so
l-g
el
-d
er
iv
ed

bi
oa
ct
iv
e
gl
as
se
si
n-
vi
tro

[2
9]
.

19
94

30
9

32
0

38
5

11
9



74 | M. Khan Sujon et al.

Ta
bl
e
1:
...
co
nt
in
ue
d

N
o

Ti
tle

of
ar
tic

le
Ye
ar

of
pu

bl
ic
at
io
n

To
ta
lC

ita
tio

n
N
um

be
r

CD
CC

I2
01
9

W
oS

ES
G
S

19
To
xi
co
lo
gy

an
d
bi
oc
om

pa
tib

ili
ty
of
bi
og
la
ss
es

[3
0]
.

19
81

30
4

32
2

53
9

7
10

20
In

vi
tro

di
ss
ol
ut
io
n
of
m
el
t-d

er
iv
ed

45
S5

an
d
so
l-g
el
de
riv
ed

58
S
bi
oa
ct
iv
e

gl
as
se
s[
31
].

20
02

29
7

32
0

44
5

15
15

21
Co

at
in
g
of
VE

GF
-re

le
as
in
g
sc
aff
ol
ds

w
ith

bi
oa
ct
iv
e
gl
as
sf
or

an
gi
og
en
es
is

an
d
bo
ne

re
ge
ne
ra
tio

n
[3
2]
.

20
06

29
2

29
7

37
8

19
21

22
Br
oa
d-
sp
ec
tru

m
ba
ct
er
ic
id
al
ac
tiv
ity

of
Ag

2O
-d
op
ed

bi
oa
ct
iv
e
gl
as
s[
33
].

20
02

29
0

30
4

38
0

15
22

23
De

ve
lo
pm

en
ta
nd

in
vi
tro

ch
ar
ac
te
ris
at
io
n
of
no

ve
lb
io
re
so
rb
ab
le
an
d
bi
oa
c-

tiv
ec
om

po
si
te
m
at
er
ia
ls
ba
se
d
on

po
ly
la
ct
id
ef
oa
m
sa

nd
Bi
og
la
ss

r
fo
rt
is
su
e

en
gi
ne
er
in
g
ap
pl
ic
at
io
ns

[3
4]
.

20
02

28
9

30
6

39
8

15
11

24
Th

re
e-
di
m
en
si
on

al
,b
io
ac
tiv
e,
bi
od
eg
ra
da
bl
e,
po
ly
m
er
-b
io
ac
tiv
e
gl
as
sc

om
-

po
si
te
sc
aff
ol
ds

w
ith

im
pr
ov
ed

m
ec
ha
ni
ca
lp
ro
pe
rti
es

su
pp

or
tc
ol
la
ge
n
sy
n-

th
es
is
an
d
m
in
er
al
iz
at
io
n
of
hu

m
an

os
te
ob
la
st
-li
ke

ce
lls

in
vi
tro

[3
5]
.

20
03

28
3

29
6

42
2

15
16

25
Th

e
in
-v
itr
o
bi
oa
ct
iv
ity

of
m
es
op
or
ou

sb
io
ac
tiv
e
gl
as
se
s[
36
].

20
06

26
8

27
1

31
5

17
16

26
Ki
ne
tic
sa

nd
m
ec
ha
ni
sm

so
ft
he

co
nv
er
si
on

of
si
lic
at
e
(4
5S
5)
,b
or
at
e,
an
d

bo
ro
si
lic
at
e
gl
as
se
st
o
hy
dr
ox
ya
pa
tit
e
in
di
lu
te
ph

os
ph

at
e
so
lu
tio

ns
[3
7]
.

20
06

26
7

28
9

36
9

17
26

27
Or
de
re
d
m
es
op
or
ou

sb
io
ac
tiv
e
gl
as
se
sf
or

bo
ne

tis
su
e
re
ge
ne
ra
tio

n
[3
8]
.

20
06

25
6

26
7

30
7

17
18

28
Po
ro
us

po
ly
(a
lp
ha
-h
yd
ro
xy
ac
id
)/
Bi
og
la
ss

r
co
m
po
si
te
sc
aff
ol
ds

fo
rb

on
e

tis
su
e
en
gi
ne
er
in
g.
I:
pr
ep
ar
at
io
n
an
d
in
vi
tro

ch
ar
ac
te
riz
at
io
n
[3
9]
.

20
04

25
3

26
7

35
1

14
14

29
Hy

po
xi
a-
m
im

ic
ki
ng

m
es
op
or
ou

sb
io
ac
tiv
e
gl
as
ss
ca
ffo

ld
sw

ith
co
nt
ro
lla
bl
e

co
ba
lt
io
n
re
le
as
e
fo
rb

on
e
tis
su
e
en
gi
ne
er
in
g
[4
0]
.

20
12

24
9

26
4

31
0

27
38

30
In
te
ra
ct
io
ns

of
bi
oa
ct
iv
e
gl
as
se
s
w
ith

os
te
ob
la
st
s
in

vi
tro

:e
ffe
ct
s
of

45
S5

Bi
og
la
ss

r
,a
nd

58
S
an
d
77
S
bi
oa
ct
iv
e
gl
as
se
so

n
m
et
ab
ol
is
m
,i
nt
ra
ce
llu

la
r

io
n
co
nc
en
tr
at
io
ns

an
d
ce
ll
vi
ab
ili
ty
[4
1]
.

20
01

24
8

24
7

32
4

12
15

31
Bi
oa
ct
iv
e
gl
as
ss
tim

ul
at
es

th
e
se
cr
et
io
n
of
an
gi
og
en
ic
gr
ow

th
fa
ct
or
sa

nd
an
gi
og
en
es
is
in
vi
tro

[4
2]
.

20
05

24
7

26
3

34
8

15
19

32
An

tib
ac
te
ria

le
ffe
ct
so

fa
bi
oa
ct
iv
e
gl
as
sp

as
te
on

or
al
m
ic
ro
or
ga
ni
sm

s[
43
].

19
98

24
5

27
2

39
1

10
23

33
Pr
oc
es
si
ng

an
d
pr
op
er
tie
so

fs
ol
-g
el
bi
oa
ct
iv
e
gl
as
se
s[
44
].

20
00

23
3

24
4

30
1

11
12

34
Ch

ar
ac
te
riz
at
io
n
of

m
el
t-d

er
iv
ed

45
S5

an
d
so
l-g
el
-d
er
iv
ed

58
S
bi
oa
ct
iv
e

gl
as
se
s[
45
].

20
01

23
2

26
1

36
7

12
29

35
Co

m
pa
ris
on

of
na
no

sc
al
e
an
d
m
ic
ro
sc
al
e
bi
oa
ct
iv
e
gl
as
so

n
th
e
pr
op
er
tie
s

of
P(
3H

B)
/B
io
gl
as
sr

co
m
po
si
te
s[
46
].

20
08

23
2

25
8

31
1

17
17

36
N
ov
el
bi
od
eg
ra
da
bl
e
ch
ito

sa
n-
ge
la
tin

/n
an
o-
bi
oa
ct
iv
e
gl
as
sc

er
am

ic
co
m
-

po
si
te
sc
aff
ol
ds

fo
ra
lv
eo
la
rb

on
e
tis
su
e
en
gi
ne
er
in
g
[4
7]
.

20
10

22
9

26
1

28
9

21
31



Bibliometric profiles of top 50 most cited articles on bioactive glass | 75
Ta
bl
e
1:
...
co
nt
in
ue
d

N
o

Ti
tle

of
ar
tic

le
Ye
ar

of
pu

bl
ic
at
io
n

To
ta
lC

ita
tio

n
N
um

be
r

CD
CC

I2
01
9

W
oS

ES
G
S

37
Qu

an
tit
at
iv
e
co
m
pa
ris
on

of
bo
ne

gr
ow

th
be
ha
vi
or

in
gr
an
ul
es

of
Bi
og
la
ss

r
,

A-
W

gl
as
s-
ce
ra
m
ic
,a
nd

hy
dr
ox
ya
pa
tit
e
[4
8]
.

20
00

22
9

24
7

34
1

10
11

38
An

tib
ac
te
ria

la
ct
iv
ity

of
pa
rti
cu
la
te
Bi
og
la
ss

r
ag
ai
ns
ts
up

ra
-a
nd

su
bg
in
gi
va
l

ba
ct
er
ia
[4
9]
.

20
01

22
9

25
4

38
4

11
17

39
Th

re
e-
di
m
en
si
on

al
pr
in
tin

g
of
hi
er
ar
ch
ic
al
an
d
to
ug
h
m
es
op
or
ou

sb
io
ac
tiv
e

gl
as
ss
ca
ffo

ld
sw

ith
a
co
nt
ro
lla
bl
e
po
re
ar
ch
ite
ct
ur
e,
ex
ce
lle
nt

m
ec
ha
ni
ca
l

st
re
ng
th

an
d
m
in
er
al
iz
at
io
n
ab
ili
ty
[5
0]
.

20
11

22
3

23
1

27
5

22
26

40
So
lu
tio

n
eff
ec
ts
on

th
e
su
rfa

ce
-re

ac
tio

ns
of
a
bi
oa
ct
iv
e
gl
as
s[
51
].

19
93

22
1

24
8

31
7

8
8

41
De

ve
lo
pm

en
ta

nd
ch
ar
ac
te
ris
at
io
n
of

si
lv
er
-d
op
ed

bi
oa
ct
iv
e
gl
as
sc
oa
te
d

su
tu
re
sf
or

tis
su
e
en
gi
ne
er
in
g
an
d
w
ou

nd
he
al
in
g
ap
pl
ic
at
io
ns

[5
2]
.

20
04

22
1

24
6

31
9

13
17

42
St
ru
ct
ur
al
tr
an
sf
or
m
at
io
ns

of
bi
oa
ct
iv
e
gl
as
s4

5S
5
w
ith

th
er
m
al
tre

at
m
en
ts

[5
3]
.

20
07

21
5

23
6

29
4

15
17

43
Bi
or
es
or
ba
bl
e
an
d
bi
oa
ct
iv
e
po
ly
m
er
/B
io
gl
as
sr

co
m
po
si
te
sw

ith
ta
ilo

re
d

po
re
st
ru
ct
ur
e
fo
rt
is
su
e
en
gi
ne
er
in
g
ap
pl
ic
at
io
ns

[5
4]
.

20
03

21
3

23
1

32
1

12
9

44
PD

LL
A/
Bi
og
la
ss

r
co
m
po
si
te
sf
or

so
ft-
tis
su
e
an
d
ha
rd
-ti
ss
ue

en
gi
ne
er
in
g:

an
in
vi
tro

ce
ll
bi
ol
og
y
as
se
ss
m
en
t[
55
].

20
04

21
2

23
0

29
2

12
15

45
Bi
oa
ct
iv
e
gl
as
sp

ar
tic
ul
at
e
m
at
er
ia
la
sa

fil
le
rf
or

bo
ne
-le
si
on

s[
56
].

19
91

21
1

22
9

35
7

7
9

46
Ex
tr
ac
el
lu
la
r
m
at
rix

fo
rm

at
io
n
an
d
m
in
er
al
iz
at
io
n
on

a
ph

os
ph

at
e-
fre

e
po
ro
us

bi
oa
ct
iv
e
gl
as
ss
ca
ffo

ld
us
in
g
pr
im

ar
y
hu

m
an

os
te
ob
la
st
(H
OB

)c
el
ls

[5
7]
.

20
07

20
9

22
2

28
7

15
7

47
As
se
ss
m
en
to

fp
ol
yg
ly
co
lic

ac
id

m
es
h
an
d
bi
oa
ct
iv
e
gl
as
s
fo
rs
of
t-t
is
su
e

en
gi
ne
er
in
g
sc
aff
ol
ds

[5
8]
.

20
04

20
7

23
3

28
1

12
15

48
FT
IR

an
d
XP

S
st
ud

ie
so

fb
io
ac
tiv
e
si
lic
a-
ba
se
d
gl
as
se
s[
59
].

20
03

20
0

20
9

26
9

11
32

49
Co

m
po
si
tio

na
ld
ep
en
de
nc
e
of
th
e
fo
rm

at
io
n
of
ca
lc
iu
m
-p
ho

sp
ha
te
fil
m
so

n
Bi
og
la
ss

r
[6
0]
.

19
80

20
0

21
3

32
8

5
7

50
Re
m
in
er
al
iz
at
io
n
of
hu

m
an

de
nt
in
us
in
g
ul
tr
afi
ne

bi
oa
ct
iv
e
gl
as
sp

ar
tic
le
s

[6
1]

20
07

19
7

20
9

31
3

14
14

R
–
Ra

nk
,W

oS
–
W
eb

of
Sc
ie
nc
e,
ES

–
El
se
vi
er
Sc
op
us
,G

S
–
Go

og
le
Sc
ho

la
r,
CD

–
Ci
ta
tio

n
De

ns
ity
,C
CI

–
Cu

rr
en
tC

ita
tio

n
In
de
x



76 | M. Khan Sujon et al.

Table 2: Ranking of the top 10 most cited review articles published on BG according to WoS database

No Title of article Year of publication Total Citation Number
WoS ES GS

1 Bioceramics – From Concept to Clinic [62] 1991 3624 3805 5371
2 A Review of The Biological Response to Ionic Disso-

lution Products from Bioactive Glasses and Glass-
Ceramics [63]

2011 1256 1314 1596

3 The Story of Bioglassr [1] 2006 1198 1248 1834
4 Review of Bioactive Glass: from Hench to Hybrids [7] 2013 1028 1094 1514
5 Bioactive Glass in Tissue Engineering [64] 2011 850 900 1207
6 Bioactive Glass-Ceramics: Properties and Applica-

tions [65]
1991 803 838 1188

7 Surface-Active Biomaterials [66] 1984 753 807 1185
8 Bioactive Materials [67] 1996 635 702 1010
9 Bioactive Glass and Glass-Ceramic Scaffolds for

Bone Tissue Engineering [68]
2010 457 489 642

10 Effect of Bioactive Glasses on Angiogenesis: A Re-
view of In Vitro and In Vivo Evidences [69]

2010 360 396 489

R – Rank, WoS – Web of Science, ES – Elsevier Scopus, GS – Google Scholar

Figure 2: Association of CF (n = number) with age of publication (year) (A) and CD with age of publication (year) (B)
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Figure 3: Three-Fields plot analysis of contributing authors, institutions and countries by Bibliometrix RStudio software

3.2 Contributing authors

The inventor of BG, Professor L.L. Hench, is the most
frequent contributing author with 21 most cited articles,
among which 4 articles credited him as corresponding
author, followed by Professor A. R. Boccaccini who con-
tributed 8 and Professor J. R. Jones who contributed 6 arti-
cles. A total of 158 authors were identified who contributed
to the top 50 most cited articles; among them, 31 authors
contributed 2 or more cited articles. Prof. Hench is the top-
most collaborating author who works with various scien-
tific groups in several countries (Figure 3) and is affiliated
with the University of Florida (US) and Imperial College
London (United Kingdom). Moreover, all the most cited ar-
ticles contributed by Prof. Boccaccini were published when
hewas based at Imperial College London; 6 of these articles
credited him as corresponding author.

3.3 Aflliated institutions and country of
publication

A total of 15 countries contributed to the top 50 original
articles published on BG. Among these, the UK contributed
the highest number of publications (n=24), followed by US
(n=11), China (n=6), Brazil (n=5), Belgium (n=5), and Aus-
tralia (n=4) (Figure 3). Three publications each (n=3) were
contributed from Japan and Spain. Two publications each
(n=2) were contributed by Finland, Germany and Switzer-
land, and one publication each (n=1) by France, India,
South Korea and Sweden.

Among 54 individual institutions, Imperial College
London accounted for the largest number of publications
(n=21), followed by the University of Florida (n=6), Uni-
versity of Liege (n=4), Chinese Academy of Sciences (n=3),
Queensland University of Technology (n=3), Shanghai In-
stitute of Ceramics (n=3), Fudan University (n=2), Tongji
University (n=2), King’s College London (n=2), University
of Vigo (n=2), University of Pennsylvania (n=2), National
Nuclear Energy Commission (Portugal) (n=2), Federal Uni-
versity of São Carlos (n=2), ETH Zurich (n=2) and 37 other
institutions contributed in the top 50 list.
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The UK and Imperial College London (based on RStu-
dio software database, “Imperial College London” is also
recognized as “University of London, Imperial College of
Science, Technology, and Medicine”) is the topmost col-
laborating country and institution, respectively (Figure 3).
Moreover, Prof. Hench (n=15), Prof. Boccaccini (n=6), Prof.
Jones (n=6), and J. M. Polak (n=4) are affiliated with Im-
perial College London and contributed to all 21 articles
published from this world-renowned institution.

3.4 Year of publication

The top 50 most cited published articles on BG were pub-
lished between 1980 [61] and 2013 [7]. In 2004 and 2006,
the highest numbers of articles (n=7 each year) were pub-
lished (Figure 4). Furthermore, 36 articles were published
in 2000-2009, followed by 7 articles in 1990-1999, 5 articles
in 2010-2019, 2 articles in 1980-1989 (Figure 4). The 2000s

represented the most productive decade in the history of
BG research.

3.5 Journal titles for publications

The top 50 most cited articles on BG were published by 19
different peer-reviewed journals from well-known publish-
ers as shown in Table 3 below. The Biomaterials journal
published by Elsevier accounted for the highest number of
publications (n=18), followed by the Journal of Biomedical
Materials Research (n=11), Journal of Non-Crystalline Solids
(n=4), Acta Biomaterialia (n=2) and 15 other renowned jour-
nals that each published one article. A significant (p < 0.05)
association was found between the number of publications
and citation count, where the Journal of Biomedical Materi-
als Research andActa Biomaterialia countedmore citations
per year for every article compared with other journals.

Table 3: List of journals that published the top 50 most cited articles published on BG

No Journal Name No. of
Publications

Impact Factor
(2019)

1 Biomaterials 18 10.317
2 Journal of Biomedical Materials Research 11 3.525
3 Journal of Non-Crystalline Solids 4 2.929
4 Acta Biomaterialia 2 7.242
5 Acta Materialia 1 2.929
6 Acta Odontologica Scandinavica 1 1.537
7 Angewandte Chemie-International Edition 1 12.959
8 Antimicrobial Agents and Chemotherapy 1 4.680
9 Biochemical and Biophysical Research Communications 1 2.985
10 Calcified Tissue International 1 3.437
11 Chemical Engineering Journal 1 10.652
12 Chemistry of Materials 1 9.940
13 Composites Science and Technology 1 7.094
14 Journal of Applied Biomaterials 1 2.000
15 Journal of Biomedical Materials Research Part A 1 3.525
16 Journal of Controlled Release 1 7.727
17 Journal of Materials Science-Materials in Medicine 1 2.489
18 Journal of Oral Rehabilitation 1 2.580
19 Tissue Engineering 1 3.616
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Figure 4: Number of articles published per year among the top 50 most cited original articles on BG

3.6 Keywords

Among the top 50most cited published articles, 306 unique
keywords are highlighted. The most frequently occur-
ring keywords are “bioactive glass” followed by “in-vitro”,

“bone”, “hydroxyapatite”, “differentiation”, “osteoblast”,
“bioactivity”, and “tissue engineering”. Figure 5 illustrates
a graphical trend visualization network map of keywords
and their link strength with other clusters.

Figure 5: Network analysis of keywords extracted from the top 50 most cited articles published on BG using VOS viewer
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4 Discussion
The scientific community across the world spends a con-
siderable amount of time in laboratories to discover novel
methods, materials, or protocols to ameliorate human liv-
ing standards. BG is a novel material that was not invented
coincidentally compared with many other significant in-
ventions that have been discovered through laboratory ex-
periments. BG was invented by Prof. Hench in 1969 to re-
store the basic living standards of war-affected soldiers
in accordance with the concept of, “a material that could
bond with the bone and sustain the invasive environment
of the human body” [1]. He developed the hypothesis in
between 1967-69 and funded for a year to test the hypothe-
sis from the US Army Medical Research and Development
Fund. The first test was conducted for six weeks in which
BG was implanted on rat femoral with the composition of
45% SiO2-24.5% Na2O-24.5% CaO-6% P2O5. They reported
these ceramics implant bonded in place and these implants
did not come out from the bone. In 1971, Prof. Hench pub-
lished their findings first time in “Bonding Mechanisms at
the Interface of Ceramic Prosthetic Materials” which was
cited for 3539 times in GS database. This highly cited origi-
nal article was absent from the top 50 most cited original
articles list reported in this study because WoS database
records articles beginning from 1975.

A bibliometric analysis of the most cited articles that
have become “classics” when cited more than 400 times
or not less than 100 times in certain respected fields with
fewer researchers acknowledges the excellence and scien-
tific contributions of the relevant field experts, researchers,
or scientists [70]. Moreover, such an analysis exhibits up-
dated scientific and academic information, affiliation, and
current research trends in a specificfield. The term“citation”
is a common and impactful term in research. The quality
of a publication is evaluated based on the increased CF
[71]. In the scientific community, an article is considered as
“classic” when it has been cited more than 100 times [72].

To the best of our knowledge, this study is the first bib-
liometric analysis to classify and analyze the top 50 most
cited “classic” articles published on BG research. The se-
lection of these articles was based on the aforementioned
definition. The purpose of choosing original research arti-
cles is to appreciate the actual contribution of researchers
in a particular field. The outcomes are newhypotheses, find-
ings, or inventions. Simultaneously, the impact of research
reviews is immeasurable. A good review article can provide
an overview of that specific research area, identify research
gaps, and endorses the future directions. Therefore, we ac-
knowledge the contribution of top 10 most cited reviews

as shown in Table 2. Furthermore, all original articles are
ranked 1st to 50th based on the number of citations. The
article ranked 1st [12] was cited 913 times and the article
ranked 50th [61] was cited 197 times according to the WoS
database.

An irregular trend of citation counts was observed
among the various databases searched. For instance, the
top 50 publications found in this study were cited more
than 15,000 times based on the WoS database. This result
indicates the importance of database selection to avoid
bias in the study. The WoS database by Clarivate Analyt-
ics is recognized as the benchmark. Since 1975, WoS had
widespread distributionwithin the database that is capable
of recording citation names, types, and counts as well as
bibliographic features are unique, innovative, and benefi-
cial for researchers [72]. In contrast, the ESdatabase records
citation indicators from 1996 [73], thereby creating limita-
tions for bibliometric analysis and the factors of selecting
top listed articles based on citation count. Moreover, the GS
database records higher citation counts because it includes
citation counts from published articles, books, theses or
dissertations, conference papers, and preprints [72].

However, a slightly upward trend of CF with the age
of publication and a sharp downward trend of CD with
the increase in the age of publications recorded in the cur-
rent study is in accordance with the work of Arshad et
al. [11]. Nevertheless, significant differences were observed
between CD and age of publication, which contrasts with
the findings of previously published bibliometric analyses
on dental caries [11]. The trend analysis revealed that the
influence of age of publication on CD decreased the citation
count. However, the citation index for 2019 argued that the
reason for these findings may be that an article published
in the scientific community attracts few citations in the be-
ginning and additional citations over time. This condition
implies that a classic article has a strong impact on the
future direction of research and invention.

A hypothesis is proposed that according to the liter-
ature of bibliometric analysis, at least two decades are
needed for the published article to gain actual publication
impact [11, 73, 74]. The current study observed a similar
incidence. A debate would arise when we consider that the
accessibility in various peer-reviewed journals, archives,
or libraries improved significantly in the last two decades
due to the digital technology revolution. This argument
is supported by the current study, which shows the great-
est number of “classics” (n=41) published in the last two
decades. This condition indicates that to become the most
cited “classics” in the digital era, articles may have to ma-
ture in only a few years.
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The three-plot analysis of this study (Figure 3) illus-
trates that the greatest number of “classics” contributed
by the UK, China, the US, Australia and Japan indicates
that publication productivity is directly correlated with the
economic power of these countries. These developed coun-
tries are known for funding the research and development
sector. Imperial College London exhibits its significance in
the field of BG by contributing 21 “classics” out of 50 pub-
lished articles and collaborating with various institutions
and countries (Figure 3), which explains the presence of
enormous financial support and active expert researchers.
The number of contributions from the US in BG “classics”
was affected by the time span of WoS database. Some of
highly cited articles from Prof. Hench published in between
1971-74 is not listed in this study because theWoSdatabase’s
records started from 1975. Moreover, in the mid 1990’s, Prof.
Henchmoved to theUK, andafterwards, hepublishedmany
papers on BG, which could affect the number of contribu-
tions from the US.

Keywords are the most fundamental part of a system-
atic search method to discover any publication in a specific
field. Interestingly, keywords were introduced in an article
as early as 1995. The keyword network analysis indicates
the words “bioactive glass”, “in-vitro”, “bone”, “bioactiv-
ity”, “angiogenesis” “surface” and “degradation” as cluster
centers. The trend of keywords used in the most cited “clas-
sics” indicates that BG is still widely used in bone tissue
regeneration. Nevertheless, the current trend of BG applica-
tion opens various horizons in biomaterials, for instance- in
soft tissue regeneration, advanced 3D manufacturing, and
combined applicationwith othermaterials such as polymer
and carbon nanotubes [7, 75]. The current study proposes
various scopes of BG application that needs further focus
in the near future.

In the 1960s, the choice of biomaterials was limited and
mostly proven pathogenic or toxic as its application was
not intended for or based on immune response [76]. Later
in this decade, the first generation of BG was developed
to ensure minimal toxic reaction in the host, and approxi-
mately 2-3 million prosthetics were implanted annually in
the US. The aim of the second generation of BG was to pro-
duce bioactive components that have a controlled reaction
in the physiological environment [66]. The complex compo-
sition of BG (Na2O-CaO-P2O5-SiO2) bonded with the living
tissue through 11 reaction steps [62]. This generation of BG
is widely used in hard tissue repair or regeneration, such
as orthopedic and dental fields, in the form of powders,
coatings on the metallic surface, or porous implants [76].
Resorbable properties of BG represent another achievement
of thismaterial, where foreign componentswere completely
replaced by regenerating tissues and no visible difference

was observed between the implant and host sites [77]. Fi-
nally, the future of BG begins with the development of a
third-generation designed to incite cellular response at the
molecular level, where BG dissolutions ions can enhance
osteoblast cell responses through activation of certain path-
ways such as RANKL and NKF-β [23].

Indeed, as highlighted in the aforementioned keyword
network analysis, the effect of cobalt-containing bioac-
tive glasses in angiogenesis through activation of hypoxia
inducible factor (HIF) pathway proposed a new method
of mesenchymal stem cell survival and regeneration [78]
and also bone repair [79]. The effects of biologically ac-
tive ions released from BGs on cellular responses when in
contact with stem cells (not only osteoblast) have been
reported to include human umbilical cord perivascular
cells (HUCPVCs) [80], osteoblast-like cells (MG-63) and hu-
man dermal microvascular endothelial cells (hDMECs) [81],
and human adipose stem cells (hASCs), which highlight
the widespread applications of BG for human benefit. The
emerging field of BG applications in wound healing and
soft tissue regeneration paves the new way for the use of
BG in combination with biodegradable polymers and natu-
ral products such as patches, dressings, and films through
advanced fabrication methods that promote soft tissue re-
generation and combat bacterial infection [82–84].

In tissue engineering, the combined application of BG,
stem cells and scaffolds can grow the cells in-vitro and
mimic natural tissues. These engineered tissues are later
implanted in the damaged or diseased sites of the patients.
Subsequently, the scaffolds will be absorbed and replaced
by host tissues with blood supply and nerves. For example,
the combined application of dental pulp stem cells, BG,
and scaffolds could repair or regenerate the dental-pulp tis-
sue. This scope of BG application in regenerative dentistry
needs to get more focus and embarked further.

Research has to be highlighted on 3D advanced manu-
facturing and processing rather than powder form as pro-
genitor cells mimic the 3D structure during differentiation
that, thereby providing greater accuracy of regenerated
tissue. The BG gold standard four compositions has re-
ceived much attention and current research focuses on sim-
ple compositions (two or three components) rather than
complex compositions. From melt-derived to sol-gel BG
form, the components advance to nano size. Closer focus
is needed on nano sized components and improvement of
using BG as a nanocarrier for drug delivery.
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4.1 Limitations

Conducting bibliometric analysis based on citation count
is a subjective limitation in judging the quality of a publi-
cation. First, author reputation in a specific field or pref-
erence of high-impact journals may influence the citation
count. Second, the affiliation of co-authors cannot be docu-
mented as the address and affiliation of the corresponding
author was used for analysis; therefore, the contribution
from other countries and organizations remains detached
from the scientific community. Finally, the WoS database
recognizes only the publications from index journals. Some
articles with a high citation count from non-index journals
may be extracted from this study, although we manually
cross checked the articles in ES and GS databases.

5 Conclusion
This study represents the first bibliometric analysis of top
50most cited articles published on BG, which recognize the
benchmark publications in this field. This study shows that
citation count increases with the increase in the age of pub-
lication, butmost cited “classics” requires a few years to get
its attribute. Articles published in the Journal of Biomedical
Materials Research and Acta Biomaterialia were cited more
per year compared with others. This bibliometric analysis
can be a useful guide for researchers to obtain knowledge
on the trends of BG research over the years and identify
potential research direction in the future.
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