
Biomaterials
Science

PAPER

Cite this: Biomater. Sci., 2020, 8,
4792

Received 15th April 2020,
Accepted 21st July 2020

DOI: 10.1039/d0bm00599a

rsc.li/biomaterials-science

Bioinorganic supplementation of calcium
phosphate-based bone substitutes to improve
in vivo performance: a systematic review and
meta-analysis of animal studies†

Irene Lodoso-Torrecilla,a,b Raquel Klein Gunnewiek,a Eline-Claire Grosfeld,a,b

Rob B. M. de Vries,c Pamela Habibović, d John A. Jansena,b and
Jeroen J. J. P. van den Beucken *a,b

Supplementation of CaP-based bone graft substitutes with bioinorganics such as strontium, zinc or

silicon is an interesting approach to increase the biological performance in terms of bone regenerative

potential of calcium phosphate (CaP)-based bone substitutes. However, the in vivo efficacy of this

approach has not been systematically analyzed, yet. Consequently, we performed a systematic review

using the available literature regarding the effect of bioinorganic supplementation in CaP-based bioma-

terials on new bone formation and material degradation in preclinical animal bone defect models and

studied this effect quantitatively by performing a meta-analysis. Additional subgroup analyses were used

to study the effect of different bioinorganics, animal model, or phase category of CaP-based biomaterial

on bone formation or material degradation. Results show that bioinorganic supplementation increases

new bone formation (standardized mean difference [SMD]: 1.43 SD, confidence interval [CI]: 1.13–1.73).

Additional subgroup analysis showed that strontium, magnesium and silica significantly enhanced bone

formation, while zinc did not have any effect. This effect of bioinorganic supplementation on new bone

formation was stronger for DCPD or β-TCP and biphasic CaPs than for HA or α-TCP (p < 0.001). In

general, material degradation was slightly hindered by bioinorganic supplementation (mean difference

[MD]: 0.84%, CI: 0.01–1.66), with the exception of strontium that significantly enhanced degradation.

Overall, bioinorganic supplementation represents an effective approach to enhance the biological per-

formance of CaP-based bone substitutes.

1. Introduction

Bone is one of the most commonly transplanted tissues with
over 2 million bone graft procedures performed annually
worldwide.1 However, bone regeneration is still a challenge for
large defects or in patients with systemic diseases that nega-
tively affect bone regeneration (e.g., osteoporosis2 or diabetes

mellitus3). Autografts, i.e. a patient’s own bone, is the gold
standard in treating bone defects resulting from e.g. trauma or
tumor removal. However, this therapeutic approach shows
many disadvantages, including low availability, additional sur-
gical site for tissue harvest, and donor site morbidity.4 In
order to overcome these problems, research has focused on
synthetic bone grafts, which are off-the-shelf available and do
not require a second surgical site. Amongst available synthetic
alternatives for bone graft substitutes, calcium phosphate
(CaP)-based bone substitutes are preferred due to their simi-
larity in crystalline structure and chemistry to the inorganic
phase of natural bone, which offers them excellent
biocompatibility.5,6 Depending on the Ca/P molar ratio,
different CaP compounds can be distinguished, which have
different physicochemical properties (Table 1). CaP-based
bone substitutes are applied as bone substitute material in the
form of granules, blocks or cements.

The inorganic portion of bone primarily includes calcium
phosphates with hydroxyapatite as the most abundant phase,

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
d0bm00599a

aDentistry – Biomaterials, Radboudumc, PO Box 9101, 6500 HB Nijmegen,

The Netherlands. E-mail: jeroen.vandenbeucken@radboudumc.nl; https://www.

regenerative-biomaterials.nl; Tel: +31-6-21101724
bRadboud Institute for Molecular Life Sciences, Radboudumc, PO Box 9101,

6500 HB Nijmegen, The Netherlands
cSYRCLE, Department for Health Evidence, Radboud Institute for Health Sciences,

Radboudumc, Nijmegen, The Netherlands
dDepartment of Instructive Biomaterials Engineering, MERLN Institute for

Technology-Inspired Regenerative Medicine, Maastricht University, PO Box 616,

6200 MD Maastricht, The Netherlands

4792 | Biomater. Sci., 2020, 8, 4792–4809 This journal is © The Royal Society of Chemistry 2020

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 7
:3

7:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

www.rsc.li/biomaterials-science
http://orcid.org/0000-0001-8249-5155
http://orcid.org/0000-0002-0301-1966
http://crossmark.crossref.org/dialog/?doi=10.1039/d0bm00599a&domain=pdf&date_stamp=2020-08-24
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0bm00599a
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM008017


and trace amounts of bioinorganics such as magnesium, zinc,
strontium or fluorine.10–12 Therefore, addition of bioinorgan-
ics to synthetic CaP-based bone substitutes is an interesting
approach to improve their resemblance with the inorganic
composition of bone and to potentially enhance the biological
properties (e.g. increase bone regeneration potential). Multiple
bioinorganics have been added to CaPs with variable biologi-
cal effects. Among them, strontium, silicon, magnesium and
zinc seem to be the most studied ones, and have been sup-
plemented to CaPs mainly either by substitution of one atom
by the other (e.g. Sr for Ca) or by physical entrapment in the
lattice. Strontium (Sr) is an element chemically similar to
calcium, and can substitute calcium ions in osteoblast-
mediated processes.13 Multiple studies have shown that Sr has
a beneficial effect on bone tissue by enhancing osteoblast
activity, while inhibiting osteoclast-mediated resorption.14–16

Silicon (Si) plays an essential role in bone formation, mineral-
ization and crosslinking of collagen and proteoglycans during
bone growth.17–19 For example, the presence of Si in bioactive
glasses, another widely used synthetic bone graft substitute,
was described to benefit initial cell adherence, which in turn
increases cell proliferation and differentiation.20 Although
different studies have shown that Si-supplementation of CaP-
based bone substitutes enhanced osteoblast proliferation and
differentiation,21,22 others showed contradictory results.23

Another effect of Si is, that when supplemented to CaP cer-
amics, it enhances their stability.24,25 Magnesium (Mg) is one
of the most abundant ions in the human body with >50% of
the total Mg amount present within bone tissue. Mg improves
bone metabolism by enhancing cell proliferation and differen-
tiation and maintaining the normal function of parathyroid
glands and metabolism of vitamin D.26,27 Mg deficiency is a
risk factor of osteoporosis.28–31 In vivo studies have shown that
Mg-supplementation in CaP-based bone substitutes implanted
in the maxillary sinus floor enhanced their biodegradation
and improved their osteoconductivity compared to Mg-free
controls.32 Zinc (Zn) is required for the growth, development
and maintenance of healthy bones, in which it stimulates
osteoblast activity, inhibits osteoclast’s resorptive function,
and enhances bone protein synthesis, leading to increased
bone mass and growth.33,34 Cultures of osteoblasts or osteo-
blast precursors in the presence of Zn ions have shown an
upregulation of osteogenic marker gene expression, while Zn
deficiency downregulated their expression.35–37 In combi-

nation with CaP-based bone substitutes, Zn has shown to
enhance osteoblast proliferation in vitro and enhance osteo-
conduction and osteoinduction in vivo.38–42

In general, bioinorganic supplementation to CaP-based
bone substitutes has been largely studied and many studies
have explored the effect of bioinorganic supplementation on
the physico-chemical characteristics and in vitro and in vivo be-
havior of the CaP-based bone substitutes. Specifically, mainly
small animal models (i.e. rat or rabbit) have been considered,
although some studies have included larger animals, such as
sheep or dogs. However, the use in human patients has been
limited and only CaPs with Mg43–45 and Si46–48 have been
implanted. To further enhance their clinical applicability it is
important to review the current available data of preclinical
studies in order to set a direction for future preclinical and
clinical studies. Further, in view of the ambiguous effects of
bioinorganic supplementation of CaP-based bone substitutes,
there is a clear need to create an overview of all relevant in vivo
studies. To this end, in vivo studies using experimental animal
bone defect models were retrieved from the literature to
analyze the effect of bioinorganic supplementation of CaP-
based bone substitutes on bone formation and material degra-
dation. Studies including synthetic CaP-based bone substitutes
supplemented with any bioinorganic were analyzed. For com-
parison reasons, it was important that the CaP-based bone
substitute without the bioinorganic was also one of the
studied groups and that only one bioinorganic was studied. To
this end, the available literature was systematically reviewed
for data on this topic and gathered data was used to perform a
meta-analysis, where the main outcome measures were new
bone formation (NBF) and remaining material (RM), both col-
lected from histomorphometric data.

2. Methods
2.1. Search strategy

The study protocol was designed following SYRCLE
(SYstematic Review Center for Laboratory animal
Experimentation) guidelines (ESI Fig. S1†).49 For identification
of all original papers on the topic, we systematically searched
PubMed and Embase (via OvidSP). The search was conducted
on the 27th November 2018 without any language restrictions
and consisted of four main components: “bone regeneration”,

Table 1 Main CaP compounds used as bone substitutes and their Ca/P ratio7–9

Compound and typical abbreviation Chemical formula Ca/P ratio

Dicalcium phosphate anhydrous (DCPA) CaHPO4 1
Dicalcium phosphate dihydrate (DCPD) CaHPO4·H2O 1
Amorphous calcium phosphate (ACP) CaxHy(PO4)z·nH2O, n = 3–4.5; 15–20% H2O 1.2–2.2
α-Tricalcium phosphate (α-TCP) α-Ca3(PO4)2 1.5
β-Tricalcium phosphate (β-TCP) β-Ca3(PO4)2 1.5
Calcium deficient hydroxyapatite (CDHA) Ca10−x(HPO4)x(PO4)6−x(OH)2−x 1.5–1.67
Hydroxyapatite (HA) Ca10(PO4)6(OH)2 1.67
Tetracalcium phosphate (TTCP) CaO·Ca3(PO4)2 2.0
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“bone substitutes”, “bioinorganics” and “animal studies”. For
each component, relevant thesaurus terms were collected and
synonyms were identified for application in a title/abstract
search [TiAb]. The full search strategies in PubMed and
Embase are depicted in Tables S1 and S2,† respectively.

2.2. Paper selection

The selection process was carried out using SyRF
(CAMARADES, UK) and divided into two phases. In the first
phase, two reviewers (E-C. G., and J. B.) independently per-
formed the paper selection based on title and abstract.
Differences were resolved by a third reviewer (I. L. T.). In the
second phase, the full text of the selected papers of the first
phase was reviewed by two independent reviewers (I. L. T. and
J. B). Differences were resolved by discussion until mutual
agreement was reached. The inclusion and exclusion criteria
for these two phases are depicted in Table S3.†

2.3. Data extraction and quality assessment

The study characteristics data were extracted by I. L. T. from
each selected paper: animal species, strain, number of defects
per group and time point, category of CaP-based biomaterial,
bioinorganic supplement, number of relevant groups, surgical
site, implantation period and main outcomes are presented in
Table 2. This Table 2 shows a summary of all the study charac-
teristics extracted (Table S4†). Bibliographic details (e.g.
author, year of publication, and language), animal numbers/
characteristics/medical condition, dose of bioinorganic and
number of defects per animal and their size were also regis-
tered (Table S4†).

Additionally, (histo-)morphometric data on bone formation
and/or material degradation were extracted for meta-analysis.
For all included papers, outcome data for experimental and
control groups were extracted if mean, standard deviation (SD)
or standard error (SE), and number of defects per group (n)
were reported or could be recalculated. If (histo-)morphometric
data were presented only graphically, data were remeasured
using image analysis software (Fiji 1.51n, ImageJ, National
Institutes of Health, Bethesda, MD, USA).50

The risk of bias was assessed using SYRCLE’s risk of bias
tool.51 Each paper was subjected to 9 questions related to the
general risk of bias and 3 questions related to quality of report-
ing of study quality items. The risk of bias was categorized as
low, unclear, or high, the reporting quality as yes or no. Two
independent reviewers (I. L. T. and R. K. G.) performed quality
assessment of all included papers. Disagreements were
resolved by discussion until mutual agreement was reached.

2.4. Data synthesis and statistical analysis

Data were meta-analyzed using Review Manager Version 5.3.2
(Copenhagen, The Nordic Cochrane Centre, The Cochrane
Collaboration, 2012). Forest plots were used to display individ-
ual and overall effect sizes. New bone formation (NBF) and
remaining material (RM) data were extracted from the included
papers and standardized mean differences (SMD; for NBF) or
mean differences (MD; for RM) and 95% confidence intervals

(CIs) were calculated per study/comparison. Overall effect sizes
were computed using a random effects model. Heterogeneity
was assessed using I2. When a paper included measurements
at different implantation periods, the outcome was extracted at
every time point. Exceptionally, when the same animals were
used for measurements at all implantation periods (i.e.
without sacrificing the animals at each time point), only the
measurements of the sacrificial time point were considered.
When a control group was used as comparison for different
experimental groups, the number of defects in the control
group was divided by the number of experimental groups to
avoid multiple comparisons with the same defects.

To explore possible causes of heterogeneity and to assess
the influence of several variables, subgroup analyses (post hoc
analyses) were performed on the condition that three or more
independent papers with five or more comparisons were avail-
able. The variables included in the subgroup analyses were
‘type of bioinorganic’, ‘animal species’ and ‘category of CaP-
based bone substitute’.

3. Results
3.1. Paper identification and selection

The systematic literature search identified 1341 references in
PubMed and 1094 references in Embase, leading to a total of
1943 references after removal of duplicates (Fig. 1). Of those,
1768 references were excluded in the title and abstract screen-
ing phase, leaving 175 papers for full-text evaluation. After full-
text study, 99 papers were excluded based on exclusion criteria
(Fig. 1) and 76 papers were included in the systematic review.
Some papers were excluded for more than one exclusion cri-
terion. One paper was not analyzed in the further steps of the
review because it was in Japanese and there were no resources
that allowed proper translation,122 one paper was retracted123

and three papers were excluded because they used non-syn-
thetic CaPs.124–126 In the meta-analysis, 45 papers with 133
quantitative bone formation comparisons and 20 studies with
57 quantitative remaining material comparisons could be
included.

3.2. Description of characteristic of included papers

The main characteristics of the included papers are listed in
Table 2, ranked in alphabetical order of first author’s
surname. Further details of the characteristics (e.g. animal
numbers/characteristics/medical condition, dose of bio-
inorganic and number of defects per animal and their size) are
provided in Table S4.†

The included papers showed use of various animal species,
including rabbits (40 papers), rats (27 papers), sheep
(5 papers), dogs (2 papers), goats (1 paper) and pigs (1 paper),
with predominantly healthy animals (65 papers, ∼85%). In
11 papers, animals (female) were subjected to bilateral ovari-
ectomy-induced osteoporosis and in one paper animals were
subjected to steroid-induced osteonecrosis. Bone defects were
created in different sites, including femur (33 papers), tibia
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(17 papers), calvaria (14 papers), maxilla (4 papers), mandible
(2 papers), radius (2 papers), humerus (1 paper), ulna
(1 paper), vertebra (1 paper) and tarsal bone (1 paper).
Regarding the CaP-based materials used, 44 papers used slow
degrading ceramics (HA or α-TCP, from now on HA/α-TCP),
18 papers used fast degrading ceramics (DCPD or β-TCP, from
now on DCPD/β-TCP), 5 papers used a combination of HA and
β-TCP or a combination of TTCP and DCPA (from now on,
biphasic CaPs) and 9 used other CaPs, including calcium poly-
phosphates (CPPs) or calcium phosphate cements (CPCs) with
unknown exact composition. In addition, a wide range of bio-
inorganics were used; strontium (Sr, 31 papers), silicon (Si, 20
papers), magnesium (Mg, 9 papers), zinc (Zn, 8 papers), fluor-
ide (F, 3 papers), chloride (Cl, 1 paper), chromium (Cr,
1 paper), copper (Cu, 1 paper), iron (Fe, 1 paper), lithium (Li,
1 paper) and sulfur (S, 1 paper). A graphical overview of these
categories can be observed in Fig. S2.† In all papers that
involved the use of diseased animals (either osteoporosis or
osteonecrosis, 12 papers), CaP-based bone substitutes were sup-
plemented with Sr. Further, the bioinorganics dose, defect size
and implantation time widely varied among studies. Regarding
publication date, Fig. 2 shows an increase in number of papers
particularly over the last ten years. Trends in the use of bio-
inorganics are also clear: while Si was the most common bio-
inorganic used between 2000 and 2013, Sr became the most
commonly used bioinorganic for supplementation after 2013.

3.3. Risk of bias and quality of included studies

Fig. 3 presents the overall results of the risk of bias and report-
ing quality assessment of the 76 papers included in the sys-
tematic review. Overall, the reporting of quality items was
poor. Randomization was mentioned in less than 50% of the
included papers, blinding was seldom mentioned and only
3 papers addressed how the sample size was calculated.
Additionally, only 5.3% of the included papers indicated the
randomization method followed and this method was con-
sidered adequate and in as few as 2.6% of the papers the
implant allocation was correctly concealed. In addition, 22.4%
of the comprised papers registered low risk of bias regarding
to performance bias items “random housing” and “blinding of
the caregivers” and 26.3% were scored as low risk of bias for
the detection bias item “random outcome assessment”. For
this detection bias item, it is important to mention that even
more than 70% of the studies showed an ‘unclear’ risk of bias,
because bone formation is a rather slow process, the exact
order of sacrifice is not critical. As a rule, studies where each
animal had more than one group implanted, a low risk of bias
was considered for “random housing” and “blinding of the
caregivers” and “random outcome assessment”. Finally, 11.8%
of the papers scored high risk of bias for the attrition bias
item “incomplete outcome data” and 18.4% of the papers
appeared to have other problems, mainly, an unclear number
of animals or defects per animal or a low number of animals/
time point/group. Although most studies showed poor report-
ing which led to unclear risk of bias, none of the papers was
excluded based on its quality or risk of bias assessment.T
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3.4. Meta-analysis of outcome measures

New bone formation (NBF) and remaining material (RM) were
the outcome measures included in the meta-analysis (Fig. 4).
Additional subgroup analyses were conducted for variables
that likely influence bone formation and material degradation,
i.e. type of bioinorganic, animal species, and category of CaP-
based bone substitute (HA/α-TCP, DCPD/β-TCP, or biphasic
CaP). To ensure reliability, subgroup analysis was only per-
formed if at least five different comparisons from at least three
different papers were available.

New bone formation. Forty-five papers with 133 bone for-
mation comparisons met the inclusion criteria for meta-ana-
lysis of NBF (expressed as number of SDs difference; hereafter:

SD) (Table 3 & Fig. S3†). The analysis contained 134 experi-
mental groups, including data of 1345 bone defects. The
overall effect of bioinorganics on new bone formation (i.e.
SMD intra-paper comparisons of CaP-based bone substitute
supplemented with a bioinorganic vs. control CaP-based bone
substitute) was 1.43 SD with 95% CI = [1.13, 1.73] and a rela-
tively high heterogeneity of 71%. In 52 comparisons, the sup-
plementation of bioinorganics significantly increased NBF,
while only one comparison showed that bioinorganic sup-
plementation significantly decreased NBF. Regarding the type
of bioinorganic, supplementation with Mg, Si or Sr signifi-
cantly increased NBF, while Zn showed to have no effect.
Incorporation of Zn had significantly less effect on NBF than
incorporation of any of the other bioinorganics (p < 0.001).
Bioinorganic supplementation significantly enhanced NBF in
all animal species and increased NBF regardless of the type of
CaP-based bone substitute, but was particularly prominent for
DCPD/β-TCP and biphasic CaPs (p < 0.001). In general, sub-
group analysis decreased the heterogeneity, but this slight
decrease does not explain the heterogeneity.

Remaining material. Twenty papers with 57 remaining
material comparisons met the inclusion criteria for meta-ana-
lysis of RM (%) (Table 4 & Fig. S4†). The analysis contained 57
experimental groups, including data of 616 bone defects. The
overall effect of bioinorganic supplementation on RM (i.e. MD
between CaP-based bone substitute and CaP-based bone sub-
stitute with bioinorganics) was 0.84% with 95% CI = [0.01,
1.66] and a very high heterogeneity of 100%. For interpretation
of the results, it is important to understand that a ‘positive’
effect (MD > 0) means that there was more RM in bioinorganic
supplemented materials than in control materials without bio-
inorganic. In 22 comparisons, bioinorganic supplementation

Fig. 1 Flow diagram showing literature search and selection results. SR: systematic review; MA: meta-analysis; NBF: new bone formation; RM:
remaining material.

Fig. 2 Cumulative number of papers published per year that were
included in the systematic review, as a whole, and depending on the
type of bioinorganic used. After a single paper in 1988, the number of
papers increased after 2000. Bioinorganics that were used in only one
paper were not included (i.e. Cl, Cr, Cu, Fe, Li and S).
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significantly increased RM, while in 18 comparisons bio-
inorganic supplementation significantly decreased RM.
Regarding type of bioinorganic, Si supplementation signifi-
cantly increased RM, Mg did not have an effect, and Sr signifi-

cantly decreased RM (p < 0.05 compared to Si and p > 0.001
compared to Mg). Bioinorganic supplementation did not have
an effect in any animal species nor type of CaP-based bone
substitute. Similarly to NBF, subgroup analysis decreased

Fig. 3 Risk of bias.

Fig. 4 Meta-analysis of (a) new bone formation (NBF; SD) and (b) remaining material (RM; %). For NBF (SD) the standardized mean difference [95%
CI] is plotted and for RM (%) the mean difference [95% CI] is plotted. Black indicator represents the overall effect of bioinorganics supplementation
to CaP-based bone substitutes. Subgroup analysis is shown in different colours; bioinorganics in grey, animal species in blue and CaP type in red.
Dotted lines represent the ‘no effect’ value and the dashed lines represent the overall average effect.

Table 3 Subgroup analysis of the included papers for outcome new bone formation (NBF; SD)

Subgroup Number of comparisons Number of defects Effect estimate SMD [95% CI] Heterogeneity (I2)

Overall 134 1345 1.43 [1.13, 1.73] 71%

Magnesium, Mg 19 168 1.67 [0.83, 2.50] 66%
Silicon, Si 59 486 1.49 [1.04, 1.95] 57%
Strontium, Sr 27 393 1.93 [1.26, 2.59] 80%
Zinc, Zn 15 162 0.14 [−0.47, 0.76] 66%

Rat 38 417 1.65 [1.08, 2.23] 72%
Rabbit 76 736 1.46 [1.03, 1.89] 73%
Sheep 10 94 1.09 [0.30, 1.88] 50%

HA/α-TCP 85 811 0.87 [0.56, 1.18] 61%
DCPD/β-TCP 36 346 2.26 [1.52, 3.00] 75%
Biphasic CaP 7 96 3.06 [1.84, 4.28] 69%

Biomaterials Science Paper

This journal is © The Royal Society of Chemistry 2020 Biomater. Sci., 2020, 8, 4792–4809 | 4799

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 7
:3

7:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0bm00599a


the heterogeneity, but the decrease does not explain the
heterogeneity.

4. Discussion

Supplementation of CaP-based bone substitutes with bioinor-
ganics is a widely researched method to enhance their bone
regenerative potential. While in the early 2000s and even
before few papers on the topic were published, the past decade
has shown a substantial increase in studies on the use of bio-
inorganics, probably related to an increasing need for effective
synthetic bone substitutes. To date, however, no consensus
exists regarding the efficacy of bioinorganic supplementation
of CaP-based bone substitutes. Here, we systematically
reviewed the literature to retrieve papers on the subject and
utilized the reported data for a meta-analysis to quantitatively
determine the effect of bioinorganic supplementation of CaP-
based bone substitutes on bone formation and material degra-
dation. Subgroup analyses were also done to determine the
effect of individual bioinorganic supplementation, differences
between different types of CaP-based bone substitutes, and
animal model effects on these outcome parameters. Our main
finding is that bioinorganic supplementation of CaP-based
bone substitutes enhances bone formation and affects
material degradation in a bioinorganic-compound-dependent
manner. Subgroup analyses showed that Sr, Mg and Si signifi-
cantly enhanced bone formation, while addition of Zn did not
have an effect. Bone formation was most enhanced in the
more degradable DCPD/β-TCP ceramics and biphasic CaPs,
while the effect in the more stable HA/a-TCP was less pro-
nounced. Finally, the effects of bioinorganic supplementation
of CaP-based bone substitutes on bone formation and material
degradation were similar in different animal models.

4.1. Type of bioinorganic

Bioinorganic supplementation of CaP-based bone substitutes
is commonly performed by ionic substitution. Bivalent cations
such as Sr2+, Mg2+ and Zn2+ can substitute Ca2+ ions within
the crystal lattice of CaP, while CO3

2− as well as SiO4
4− can sub-

stitute the phosphate group (i.e. PO4
3− or HPO4

2−) and F− as
well as Cl− can replace the hydroxyl (OH−) group. Because

these bioinorganic ions commonly have different ionic radii
than the replaced ones, their supplementation can induce
different conformational changes in the crystal lattice struc-
ture, which in turn, can lead to changes in crystal lattice stabi-
lity, microstructure, crystallinity and solubility.127 This change
in the lattice structure can also lead to an increased calcium
and/or phosphate release, and more generally, the ion
exchange dynamics between the ceramic and a biological
system, which can affect processes related to bone formation
and remodeling.128 Thus, the effect of bioinorganics sup-
plementation of CaP-based bone substitutes on bone for-
mation or material degradation is likely related to direct
chemical effect of the bioinorganic compound used as well as
to changes in the lattice structure of the CaP ceramic resulting
from its incorporation. Most studies using bioinorganic sup-
plementation did not show the release of bioinorganics in vivo,
which leads us to infer that the enhancement in bone for-
mation is also related to the conformational changes induced
in the CaPs when supplemented with bioinorganics.23

Regarding the effect of bioinorganic supplementation on
bone formation, all bioinorganics included in this study
improved bone formation, with the exception of Zn. While the
exact reason for this positive effect can still not be fully
explained, it may be partly related to previous findings that Si
plays a role in the initiation of the mineralization process of
bone,17 Mg can increase the alkaline phosphatase (ALP)
activity129 and Sr stimulates osteoblastic activity.130 Zn,
however, has demonstrated to have a concentration-dependent
effect on bone formation both in vitro and in vivo.127 Ikeuchi
et al. observed that supplementation with 6.5 µg mL−1 of Zn to
the culture medium of human bone marrow cells induced
mineralization, but higher Zn concentrations hindered it.131

Similarly, Ito et al. reported that CaP ceramics containing up
to 1.3 wt% of Zn enhanced the proliferation of MC3T3 osteo-
blastic cells, while higher concentrations were cytotoxic.38 In
the included animal studies, a wide range of Zn concentrations
was used (from 0.04 wt% to 5 wt%). Therefore, it is not sur-
prising that, on average, Zn supplementation had no effect on
bone formation due to the inhibitory effect of the higher con-
centrations. In agreement with this, Kawamura et al.40

observed an increased bone formation when supplementing
HA-based scaffolds with 0.316 wt% of Zn, but in scaffolds con-

Table 4 Subgroup analysis of the included papers for outcome remaining material (RM;%)

Subgroup Number of comparisons Number of defects Effect estimate MD [95% CI] Heterogeneity (I2)

Overall 57 616 0.84 [0.01, 1.66] 100%

Magnesium, Mg 6 60 3.83 [−2.03, 9.68] 93%
Silicon, Si 27 250 6.08 [1.72, 10.43] 97%
Strontium, Sr 15 180 −2.60 [−3.94, −1.27] 100%

Rat 13 138 2.68 [−1.80, 7.15] 86%
Rabbit 33 348 −0.78 [−1.69, 0.14] 100%

HA/α-TCP 20 202 −0.32 [−1.62, 0.99] 100%
DCPD/β-TCP 33 256 3.15 [−0.71, 7.02] 97%
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taining higher Zn concentration, an increased bone resorption
was observed. Furthermore, the substitution of Zn towards Ca
is restricted to about 15%,132 while other bioinorganics, such
as Sr can fully substitute the Ca.133 For example, Elgali et al.
(2016) studied three levels of Ca substitution of HA by Sr, up to
50%.70 Hence, it can be supposed that the effect of Zn is
limited compared to Sr. It is important to mention that com-
parison between studies regarding the bioinorganic dose is
complicated, as different authors express the amount of bio-
inorganics incorporated with different units (i.e. moles or
degree of Ca substitution, among others) and, most impor-
tantly, many studies do not indicate the specific dose. On the
other hand, Cruz et al. (2018) performed a qualitative systema-
tic review on the effect of Zn supplementation into CaPs and
concluded that Zn supplementation may be an interesting
option for enhancing bone repair.134

In vivo degradation of CaP materials can be achieved by two
different routes: passive degradation by dissolution of the
ceramic matrix or active degradation due to cellular inter-
action. Bioinorganics supplementation may fine-tune degra-
dation by altering either or both of those routes. Our systema-
tic analysis revealed that incorporation of Sr increased material
degradation. Because it is known that Sr decreases osteoclast
formation and osteoclast resorbing activity,135,136 a delay in
material degradation would be expected. Therefore, we assume
that the enhancement of material degradation is related to a
change in the lattice structure due to the smaller size of Sr
ions compared to Ca.10 This change in the CaP lattice structure
may reduce its stability and enhance the passive degradation
of the CaP matrix.

The sub-group analysis revealed that supplementation with
Si inhibited material degradation. This finding is in agreement
with the hypothesized mechanism of action, as Si has been
commonly supplemented to increase CaP stability.25,137

Further, careful review of the included papers shows that the
use of calcium silicate (CaSiO3) was the preferred method for
Si supplementation of the CaP ceramic, i.e. β-TCP.89,115,118

While β-TCP or calcium silicate alone degrade relatively fast,
the combination of both interfered with their degradation and
was found to enhance bone formation. The authors hypoth-
esized that the degradation of β-TCP or calcium silicate
occurred too rapidly to provide adequate conditions for bone
in-growth. Apparently, the combination of both created the
appropriate environment for new bone formation, even when
delaying CaP degradation.

Moreover, it was observed that Sr supplementation was
used in all the papers dealing with osteoporotic animals, plau-
sibly due to the fact that Sr has shown beneficial effects in the
treatment of osteoporosis.138,139 For example, Sr ranelate, is a
commonly used anti-osteoporotic drug.140,141

4.2. Type of animal model

An animal model in biomedical research is commonly chosen
based on the 3Rs principles as well as practical issues.142–144

Still, it is known that large animal models can more accurately
mimic the clinical situation and, hence, are more adequate to

assess the efficacy of bone substitutes.4 However, a low preva-
lence of large animal models was observed in the systematic
review. Sheep were used in a sufficient number of papers to
allow the meta-analysis of new bone formation, but the
number of papers was too low for proper meta-analysis of
remaining material. Dogs, goats and pigs were also used, but
not enough data were available for meta-analysis. Apart from
animal species, the defect characteristics are also important
for the outcome and clinical relevance of a study. Defect size
and defect site (cortical vs. trabecular bone) have been proven
to affect the bone formation process. Cortical bone has been
shown to regenerate slower than trabecular bone when bioma-
terials are used as graft substitutes.145,146 Regarding defect
size, it is important that the animal studies involve the use of
“critical size defects”, which cannot heal spontaneously. For
example, in case of a rat calvarial model, an 8 mm defect is
generally considered critically-sized,147 although smaller
defects up to 5 mm have been also described as critical.148,149

In the current review, it was observed that some studies used a
5 mm defect,92,120 while others used a larger defect size of up
to 10 mm.67,95,104

4.3. Type of CaP-based bone substitute

Based on the classification suggested by LeGeros (2002), CaP-
based bone substitutes can be categorized in different groups
with different stability/solubility: (1) hydroxyapatite (HA) and
α-tricalcium phosphate (α-TCP); (2) biphasic CaPs, and (3)
dicalcium phosphate dihydrate (DCPD) and β-tricalcium phos-
phate (β-TCP).150 Overall, we observed that bioinorganic sup-
plementation had no effect on material degradation, but
enhanced bone formation for all types of CaPs. This effect was
more significant for DCPD/β-TCP and biphasic CaPs than for
HA/α-TCP. This can be explained due to the faster degradation
of DCPD/β-TCP and biphasic CaPs compared to HA/
α-TCP.151–153 Passive CaP degradation is determined by the
chemistry and stability of the used calcium phosphate,154,155

and hence faster degrading bone substitutes (i.e. DCPD/β-TCP
and biphasic CaPs) release the bioinorganics earlier, which in
turn enhances faster bone formation.

4.4. Limitations of the study and clinical relevance

Our search strategy allowed for inclusion of a large number of
studies, which gave a detailed overview of the used approaches
for supplementing bioinorganics to CaP-based bone substi-
tutes. Moreover, the large number of papers enabled the per-
formance of meta-analysis and sub-group analysis. However,
this led to a high statistical heterogeneity, which is related to
the considerable experimental variability.156,157 Therefore, it
has to be emphasized that the current findings should not be
generalized as subgroup analysis did not reduce the heterogen-
eity. In order to compensate for experimental variability, a
random effect model was used in the meta-analysis. Ideally, all
experiments should be performed in a similar manner, but as
previously observed in other systematic reviews using pre-clini-
cal studies, this is difficult to achieve.3,158,159 Another limit-
ation of the systematic review is the low quality of reporting in
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pre-clinical papers. Study blinding was seldom reported and
randomization was reported in less than half of the included
papers. Most papers reported bone formation as a percentage
of the defect area but, however, some articles reported it as
BMD (mg cm−3) or as a regeneration efficiency ratio, which
required to plot the NBF by means of the SMD (in SD, not %).
Therefore, it is not known exactly to which extent the bone for-
mation was enhanced (in %). Nevertheless, an estimate of
∼8% increase in bone formation would be expected.

Regarding the clinical application of supplementation of
bioinorganics, a general screening of literature available was
performed in PubMed using a similar search and the ‘Clinical
Trial’ filter. This search showed that only Mg43–45,160–163 and
Si46–48 have been already supplemented to CaP materials for
clinical applications and are being commercialized for oral
and orthopedic surgical procedures.164,165 Although both bio-
inorganics were shown to enhance bone formation compared to
unfilled defects and to the similar extent as xenografts,161,163

autografts showed a superior performance.46,166

5. Conclusion

This systematic review and meta-analysis indicates a signifi-
cant positive effect on new bone formation by supplementing
CaP-based bone substitutes with bioinorganics compared to
CaP-based bone substitutes without bioinorganics, especially
when using strontium, silicon or magnesium. Moreover, the
rapidly degrading DCPD/β-TCP ceramics and biphasic CaPs
benefited from bioinorganic supplementation to a higher
extent than the slowly degrading HA/α-TCP. Bioinorganic sup-
plementation did not have an overall effect on material degra-
dation, but strontium significantly enhanced and silicon
inhibited degradation of synthetic CaP-based bone substitutes.
Further research is needed to pinpoint whether these effects
on new bone formation and material degradation are directly
related to the biological properties of bioinorganics or to the
structural changes in CaP-based bone substitutes resulting
from supplementation by bioinorganics.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work is financially supported by Life Science &
Health (project BONE-IP2), Dutch Ministry of Economic
Affairs. P. H. gratefully acknowledges the Gravitation Program
“Materials Driven Regeneration”, funded by the Netherlands
Organization for Scientific Research (024.003.013). The
authors want to thank Alice H. J. Tillema for the help with the
systematic search strategy development. I. L. T wants to thank
Ms Bing Wang, DDS for her help in the translation from
Chinese of three of the included papers.

References

1 J. Van der Stok, E. M. M. Van Lieshout, Y. El-Massoudi,
G. H. Van Kralingen and P. Patka, Bone substitutes in the
Netherlands – A systematic literature review, Acta
Biomater., 2011, 7(2), 739–750.

2 C. I. van Houdt, P. R. Gabbai-Armelin, P. M. Lopez-Perez,
D. J. Ulrich, J. A. Jansen, A. C. M. Renno and J. J. van den
Beucken, Alendronate release from calcium phosphate
cement for bone regeneration in osteoporotic conditions,
Sci. Rep., 2018, 8(1), 15398.

3 W. A. Camargo, R. de Vries, J. van Luijk, J. W. Hoekstra,
E. M. Bronkhorst, J. A. Jansen and J. J. van den Beucken,
Diabetes mellitus and bone regeneration: a systematic
review and meta-analysis of animal studies, Tissue Eng.,
Part B, 2017, 23(5), 471–479.

4 R. Cancedda, P. Giannoni and M. Mastrogiacomo,
A tissue engineering approach to bone repair in large
animal models and in clinical practice, Biomaterials, 2007,
28(29), 4240–4250.

5 J. H. Shepherd, D. V. Shepherd and S. M. Best, Substituted
hydroxyapatites for bone repair, J. Mater. Sci.: Mater. Med.,
2012, 23(10), 2335–2347.

6 K. A. Hing, Bone repair in the twenty–first century:
biology, chemistry or engineering?, Philos. Trans. R. Soc.,
A, 2004, 362(1825), 2821–2850.

7 E. Fernandez, F. Gil, M. Ginebra, F. Driessens, J. Planell
and S. Best, Calcium phosphate bone cements for clinical
applications. Part I: solution chemistry, J. Mater. Sci.:
Mater. Med., 1999, 10(3), 169–176.

8 S. V. Dorozhkin, Calcium orthophosphate cements and
concretes, Materials, 2009, 2(1), 221–291.

9 S. V. Dorozhkin and M. Epple, Biological and medical sig-
nificance of calcium phosphates, Angew. Chem., Int. Ed.,
2002, 41(17), 3130–3146.

10 R. Z. LeGeros, Calcium Phosphate-Based Osteoinductive
Materials, Chem. Rev., 2008, 108(11), 4742–4753.

11 H. Skinner, Biominerals,Mineral. Mag., 2005, 69(5), 621–641.
12 H. Catherine and W. Skinner, In praise of phosphates,

or why vertebrates chose apatite to mineralize their
skeletal elements, Int. Geol. Rev., 2000, 42(3), 232–240.

13 J. Coulombe, H. Faure, B. Robin and M. Ruat, In vitro
effects of strontium ranelate on the extracellular calcium-
sensing receptor, Biochem. Biophys. Res. Commun., 2004,
323(4), 1184–1190.

14 S. Peng, X. S. Liu, T. Wang, Z. Li, G. Zhou, K. D. K. Luk,
X. E. Guo and W. W. Lu, In vivo anabolic effect of stron-
tium on trabecular bone was associated with increased
osteoblastogenesis of bone marrow stromal cells,
J. Orthop. Res., 2010, 28(9), 1208–1214.

15 E. Bonnelye, A. Chabadel, F. Saltel and P. Jurdic, Dual
effect of strontium ranelate: Stimulation of osteoblast
differentiation and inhibition of osteoclast formation and
resorption in vitro, Bone, 2008, 42(1), 129–138.

16 H. Valiense, M. Barreto, R. F. Resende, A. T. Alves,
A. M. Rossi, E. Mavropoulos, J. M. Granjeiro and

Paper Biomaterials Science

4802 | Biomater. Sci., 2020, 8, 4792–4809 This journal is © The Royal Society of Chemistry 2020

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 7
:3

7:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0bm00599a


M. D. Calasans-Maia, In vitro and in vivo evaluation of
strontium-containing nanostructured carbonated hydroxy-
apatite/sodium alginate for sinus lift in rabbits, J. Biomed.
Mater. Res., Part B, 2016, 104(2), 274–282.

17 E. M. Carlisle, Silicon: a possible factor in bone calcifica-
tion, Science, 1970, 167(3916), 279–280.

18 K. Schwarz and D. B. Milne, Growth-promoting effects of
silicon in rats, Nature, 1972, 239(5371), 333–334.

19 E. M. Carlisle, Silicon: a requirement in bone formation
independent of vitamin D1, Calcif. Tissue Int., 1981, 33(1),
27–34.

20 A. Hoppe, N. S. Güldal and A. R. Boccaccini, A review of
the biological response to ionic dissolution products from
bioactive glasses and glass-ceramics, Biomaterials, 2011,
32(11), 2757–2774.

21 S. Zou, D. Ireland, R. A. Brooks, N. Rushton and S. Best,
The effects of silicate ions on human osteoblast adhesion,
proliferation, and differentiation, J. Biomed. Mater. Res.,
Part B, 2009, 90(1), 123–130.

22 K. Guth, T. Buckland and K. A. Hing, Silicon dissolution
from microporous silicon substituted hydroxyapatite and its
effect on osteoblast behaviour, Key Engineering Materials,
Trans Tech Publ, 2006, pp. 117–120.

23 M. Bohner, Silicon-substituted calcium phosphates –

A critical view, Biomaterials, 2009, 30(32), 6403–6406.
24 A. E. Porter, C. M. Botelho, M. A. Lopes, J. D. Santos,

S. M. Best and W. Bonfield, Ultrastructural comparison of
dissolution and apatite precipitation on hydroxyapatite
and silicon-substituted hydroxyapatite in vitro and in vivo,
J. Biomed. Mater. Res., Part A, 2004, 69A(4), 670–679.

25 I. M. Martínez, P. A. Velásquez and P. N. De Aza, Synthesis
and stability of α-tricalcium phosphate doped with dical-
cium silicate in the system Ca3(PO4)2−Ca2SiO4, Mater.
Charact., 2010, 61(7), 761–767.

26 J. Cabrejos-Azama, M. H. Alkhraisat, C. Rueda, J. Torres,
L. Blanco and E. López-Cabarcos, Magnesium substitution
in brushite cements for enhanced bone tissue regener-
ation, Mater. Sci. Eng., C, 2014, 43, 403–410.

27 P. Reddy and L. R. Edwards, Magnesium supplementation
in vitamin D deficiency, Am. J. Ther., 2019, 26(1), e124–e132.

28 R. K. Rude, Magnesium Deficiency: A Cause of
Heterogenous Disease in Humans, J. Bone Miner. Res.,
1998, 13(4), 749–758.

29 S. Galli, M. Stocchero, M. Andersson, J. Karlsson, W. He,
T. Lilin, A. Wennerberg and R. Jimbo, The effect of mag-
nesium on early osseointegration in osteoporotic bone: a
histological and gene expression investigation,
Osteoporosis Int., 2017, 28(7), 2195–2205.

30 A. Ismail and A. Thurston, How magnesium deficiency
affects bone health, Osteoporosis Rev., 2010, 8, 9–12.

31 S. Castiglioni, A. Cazzaniga, W. Albisetti and J. Maier,
Magnesium and osteoporosis: current state of knowledge
and future research directions, Nutrients, 2013, 5, 3022–
3033.

32 D. Zeng, L. Xia, W. Zhang, H. Huang, B. Wei, Q. Huang,
J. Wei, C. Liu and X. Jiang, Maxillary sinus floor elevation

using a tissue-engineered bone with calcium-magnesium
phosphate cement and bone marrow stromal cells in
rabbits, Tissue Eng., Part A, 2012, 18(7–8), 870–881.

33 M. Yamaguchi, M. Goto, S. Uchiyama and T. Nakagawa,
Effect of zinc on gene expression in osteoblastic MC3T3-
E1 cells: enhancement of Runx2, OPG, and regucalcin
mRNA expressions, Mol. Cell. Biochem., 2008, 312(1–2),
157–166.

34 E. Gaffney-Stomberg, The impact of trace minerals on
bone metabolism, Biol. Trace Elem. Res., 2019, 188(1), 26–34.

35 A. Cerovic, I. Miletic, S. Sobajic, D. Blagojevic,
M. Radusinovic and A. El-Sohemy, Effects of zinc on the
mineralization of bone nodules from human osteoblast-
like cells, Biol. Trace Elem. Res., 2007, 116(1), 61–71.

36 M. Yamaguchi, M. Goto, S. Uchiyama and T. Nakagawa,
Effect of zinc on gene expression in osteoblastic MC3T3-
E1 cells: enhancement of Runx2, OPG, and regucalcin
mRNA expressions, Mol. Cell. Biochem., 2008, 312(1–2),
157–166.

37 I. S. Kwun, Y. E. Cho, R. A. Lomeda, H. I. Shin, J. Y. Choi,
Y. H. Kang and J. H. Beattie, Zinc deficiency suppresses
matrix mineralization and retards osteogenesis transiently
with catch-up possibly through Runx 2 modulation, Bone,
2010, 46(3), 732–741.

38 A. Ito, K. Ojima, H. Naito, N. Ichinose and T. Tateishi,
Preparation, solubility, and cytocompatibility of zinc-
releasing calcium phosphate ceramics, J. Biomed. Mater.
Res., 2000, 50(2), 178–183.

39 M. Ikeuchi, A. Ito, Y. Dohi, H. Ohgushi, H. Shimaoka,
K. Yonemasu and T. Tateishi, Osteogenic differentiation
of cultured rat and human bone marrow cells on the
surface of zinc-releasing calcium phosphate ceramics,
J. Biomed. Mater. Res., Part A, 2003, 67(4), 1115–1122.

40 H. Kawamura, A. Ito, S. Miyakawa, P. Layrolle, K. Ojima,
N. Ichinose and T. Tateishi, Stimulatory effect of zinc-
releasing calcium phosphate implant on bone formation
in rabbit femora, J. Biomed. Mater. Res., 2000, 50(2), 184–
190.

41 H. Kawamura, A. Ito, T. Muramatsu, S. Miyakawa,
N. Ochiai and T. Tateishi, Long-term implantation of zinc-
releasing calcium phosphate ceramics in rabbit femora,
J. Biomed. Mater. Res., Part A, 2003, 65(4), 468–474.

42 X. Luo, D. Barbieri, N. Davison, Y. Yan, J. D. de Bruijn and
H. Yuan, Zinc in calcium phosphate mediates bone induc-
tion: in vitro and in vivo model, Acta Biomater., 2014,
10(1), 477–485.

43 A. Rebaudi, A. A. Maltoni, M. Pretto and S. Benedicenti,
Sinus grafting with magnesium-enriched bioceramic
granules and autogenous bone: a microcomputed tomo-
graphic evaluation of 11 patients, Int. J. Periodontics
Restor. Dent., 2010, 30(1), 53.

44 R. Crespi, E. Mariani, E. Benasciutti, P. Capparè, S. Cenci
and E. Gherlone, Magnesium-enriched hydroxyapatite
versus autologous bone in maxillary sinus grafting: com-
bining histomorphometry with osteoblast gene expression
profiles ex vivo, J. Periodontol., 2009, 80(4), 586–593.

Biomaterials Science Paper

This journal is © The Royal Society of Chemistry 2020 Biomater. Sci., 2020, 8, 4792–4809 | 4803

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 7
:3

7:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0bm00599a


45 L. Canullo, F. Heinemann, T. Gedrange, R. Biffar and
C. Kunert-Keil, Histological evaluation at different times
after augmentation of extraction sites grafted with a mag-
nesium-enriched hydroxyapatite: double-blinded random-
ized controlled trial, Clin. Oral Implants Res., 2013, 24(4),
398–406.

46 J. von Recum, J. Schwaab, T. Guehring, P.-A. Grützner and
M. Schnetzke, Bone incorporation of silicate-substituted
calcium phosphate in 2-stage revision anterior cruciate
ligament reconstruction: A histologic and radiographic
study, Arthroscopy, 2017, 33(4), 819–827.

47 L. Pimenta, L. Marchi, L. Oliveira, E. Coutinho and
R. Amaral, A prospective, randomized, controlled trial
comparing radiographic and clinical outcomes between
stand-alone lateral interbody lumbar fusion with either
silicate calcium phosphate or rh-BMP2, J. Neurol. Surg. A
Cent. Eur. Neurosurg., 2013, 74(6), 343–350.

48 T. Lerner and U. Liljenqvist, Silicate-substituted calcium
phosphate as a bone graft substitute in surgery for adoles-
cent idiopathic scoliosis, Eur. Spine J., 2013, 22(2), 185–
194.

49 R. B. de Vries, C. R. Hooijmans, M. W. Langendam,
J. van Luijk, M. Leenaars, M. Ritskes-Hoitinga and
K. E. Wever, A protocol format for the preparation, regis-
tration and publication of systematic reviews of animal
intervention studies, Evidence-Based Preclin. Med., 2015,
2(1), 1–9.

50 J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig,
M. Longair, T. Pietzsch, S. Preibisch, C. Rueden,
S. Saalfeld and B. Schmid, Fiji: an open-source platform
for biological-image analysis, Nat. Methods, 2012, 9(7),
676.

51 C. R. Hooijmans, M. M. Rovers, R. B. de Vries,
M. Leenaars, M. Ritskes-Hoitinga and M. W. Langendam,
SYRCLE’s risk of bias tool for animal studies, BMC Med.
Res. Methodol., 2014, 14, 43.

52 J. L. Aparicio, C. Rueda, A. Manchon, A. Ewald,
U. Gbureck, M. H. Alkhraisat, L. B. Jerez and
E. L. Cabarcos, Effect of physicochemical properties of a
cement based on silicocarnotite/calcium silicate on
in vitro cell adhesion and in vivo cement degradation,
Biomed. Mater., 2016, 11(4), 045005.

53 M. Baier, P. Staudt, R. Klein, U. Sommer, R. Wenz,
I. Grafe, P. J. Meeder, P. P. Nawroth and C. Kasperk,
Strontium enhances osseointegration of calcium phos-
phate cement: a histomorphometric pilot study in ovari-
ectomized rats, J. Orthop. Surg. Res., 2013, 8(1), 16.

54 S. Bose, D. Banerjee, S. Robertson and S. Vahabzadeh,
Enhanced In Vivo Bone and Blood Vessel Formation by
Iron Oxide and Silica Doped 3D Printed Tricalcium
Phosphate Scaffolds, Ann. Biomed. Eng., 2018, 46(9), 1241–
1253.

55 V. Bunpetch, X. Zhang, T. Li, J. Lin, E. P. Maswikiti, Y. Wu,
D. Cai, J. Li, S. Zhang, C. Wu and H. Ouyang, Silicate-
based bioceramic scaffolds for dual-lineage regeneration
of osteochondral defect, Biomaterials, 2018, 192, 323–333.

56 M. Calasans-Maia, J. Calasans-Maia, S. Santos,
E. Mavropoulos, M. Farina, I. Lima, R. T. Lopes, A. Rossi
and J. M. Granjeiro, Short-term in vivo evaluation of zinc-
containing calcium phosphate using a normalized pro-
cedure, Mater. Sci. Eng., C, 2014, 41, 309–319.

57 J. L. Calvo-Guirado, M. Garces, R. A. Delgado-Ruiz,
M. P. Ramirez Fernandez, E. Ferres-Amat and
G. E. Romanos, Biphasic β-TCP mixed with silicon
increases bone formation in critical site defects in rabbit
calvaria, Clin. Oral Implants Res., 2015, 26(8), 891–897.

58 C. L. Camiré, S. Jegou Saint-Jean, C. Mochales, P. Nevsten,
J. S. Wang, L. Lidgren, I. McCarthy and M. P. Ginebra,
Material characterization and in vivo behavior of silicon
substituted α-tricalcium phosphate cement, J. Biomed.
Mater. Res., Part B, 2006, 76(2), 424–431.

59 C. Cardemil, I. Elgali, W. Xia, L. Emanuelsson, B. Norlindh,
O. Omar and P. Thomsen, Strontium-doped calcium phos-
phate and hydroxyapatite granules promote different
inflammatory and bone remodelling responses in normal
and ovariectomised rats, PLoS One, 2013, 8(12), e84932.

60 A. Carmo, S. C. Sartoretto, A. Alves, J. M. Granjeiro,
F. B. Miguel, J. Calasans-Maia and M. D. Calasans-Maia,
Alveolar bone repair with strontium- containing nano-
structured carbonated hydroxyapatite, J. Appl. Oral Sci.,
2018, 26, e20170084.

61 S. Chandran, S. Babu, H. Varma and A. John, Osteogenic
efficacy of strontium hydroxyapatite micro-granules in
osteoporotic rat model, J. Biomater. Appl., 2016, 31(4),
499–509.

62 S. Chandran, S. J. Shenoy, Suresh Babu S., R. P. Nair,
Varma H. K. and A. John, Strontium Hydroxyapatite
scaffolds engineered with stem cells aid osteointegration
and osteogenesis in osteoporotic sheep model, Colloids
Surf., B, 2018, 163, 346–354.

63 C. Cheng, V. Alt, L. Pan, U. Thormann, R. Schnettler,
L. G. Strauss, M. Schumacher, M. Gelinsky and
A. Dimitrakopoulou-Strauss, Preliminary evaluation of
different biomaterials for defect healing in an experi-
mental osteoporotic rat model with dynamic PET-CT
(dPET-CT) using F-18-sodium fluoride (NaF), Injury, 2014,
45(3), 501–505.

64 V. Chissov, I. Sviridova, N. Sergeeva, G. Frank,
V. Kirsanova, S. Achmedova, I. Reshetov, M. Filjushin,
S. Barinov and I. Fadeeva, Study of in vivo biocompatibil-
ity and dynamics of replacement of rat shin defect with
porous granulated bioceramic materials, Bull. Exp. Biol.
Med., 2008, 146(1), 139–143.

65 J. S. Cho, D. S. Yoo, Y. C. Chung and S. H. Rhee,
Enhanced bioactivity and osteoconductivity of hydroxy-
apatite through chloride substitution, J. Biomed. Mater.
Res., Part A, 2014, 102(2), 455–469.

66 J. Chou, J. Hao, S. Kuroda, D. Bishop, B. Ben-Nissan,
B. Milthorpe and M. Otsuka, Bone regeneration of rat
tibial defect by zinc-tricalcium phosphate (Zn-TCP) syn-
thesized from porous Foraminifera carbonate macro-
spheres, Mar. Drugs, 2013, 11(12), 5148–5158.

Paper Biomaterials Science

4804 | Biomater. Sci., 2020, 8, 4792–4809 This journal is © The Royal Society of Chemistry 2020

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 7
:3

7:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0bm00599a


67 N. M. Costa, D. H. Yassuda, M. S. Sader, G. V. Fernandes,
G. D. Soares and J. M. Granjeiro, Osteogenic effect of tri-
calcium phosphate substituted by magnesium associated
with Genderm® membrane in rat calvarial defect model,
Mater. Sci. Eng., C, 2016, 61, 63–71.

68 G. Dagang, X. Kewei and H. Yong, The influence of Sr
doses on the in vitro biocompatibility and in vivo degrad-
ability of single-phase Sr-incorporated HAP cement,
J. Biomed. Mater. Res., Part A, 2008, 86(4), 947–958.

69 L. Deng, D. Li, Z. Yang, X. Xie and P. Kang, Repair of the
calvarial defect in goat model using magnesium-doped
porous hydroxyapatite combined with recombinant
human bone morphogenetic protein-2, Bio-Med. Mater.
Eng., 2017, 28(4), 361–377.

70 I. Elgali, A. Turri, W. Xia, B. Norlindh, A. Johansson,
C. Dahlin, P. Thomsen and O. Omar, Guided bone regen-
eration using resorbable membrane and different bone
substitutes: Early histological and molecular events, Acta
Biomater., 2016, 29, 409–423.

71 T. Gong, Z. Wang, Y. Zhang, Y. Zhang, M. Hou, X. Liu,
Y. Wang, L. Zhao, N. D. Ruse and T. Troczynski, A compre-
hensive study of osteogenic calcium phosphate silicate
cement: material characterization and in vitro/in vivo
testing, Adv. Healthcare Mater., 2016, 5(4), 457–466.

72 Y. Gu, D. Liao and Z. Zhou, The experimental study of Sr-
HAP on reconstructing mandibular bone defect, Zhonghua
Kouqiang Yixue Zazhi, 2001, 36(4), 262–265.

73 Z. Gu, X. Zhang, L. Li, Q. Wang, X. Yu and T. Feng,
Acceleration of segmental bone regeneration in a rabbit
model by strontium-doped calcium polyphosphate
scaffold through stimulating VEGF and bFGF secretion
from osteoblasts, Mater. Sci. Eng., C, 2013, 33(1), 274–281.

74 X. Guo, S. Wei, M. Lu, Z. Shao, J. Lu, L. Xia, K. Lin and
D. Zou, RNA-Seq investigation and in vivo study the effect
of strontium ranelate on ovariectomized rat via the invol-
vement of ROCK1, Artif. Cells, Nanomed., Biotechnol.,
2018, 1–13.

75 K. A. Hing, P. A. Revell, N. Smith and T. Buckland, Effect
of silicon level on rate, quality and progression of bone
healing within silicate-substituted porous hydroxyapatite
scaffolds, Biomaterials, 2006, 27(29), 5014–5026.

76 M. Inoue, H. Nagatsuka, H. Tsujigiwa, M. Inoue,
R. Z. LeGeros, T. Yamamoto and N. Nagai, In vivo effect of
fluoride-substituted apatite on rat bone, Dent. Mater. J.,
2005, 24(3), 398–402.

77 M. Inoue, A. P. Rodriguez, N. Nagai, H. Nagatsuka,
R. Z. LeGeros, H. Tsujigiwa, M. Inoue, E. Kishimoto and
S. Takagi, Effect of fluoride-substituted apatite on in vivo
bone formation, J. Biomater. Appl., 2011, 25(8), 811–824.

78 M. Kamitakahara, E. Tatsukawa, Y. Shibata, S. Umemoto,
T. Yokoi, K. Ioku and T. Ikeda, Effect of silicate incorpor-
ation on in vivo responses of α-tricalcium phosphate cer-
amics, J. Mater. Sci.: Mater. Med., 2016, 27(5), 97.

79 P. Kang, X. Xie, Z. Tan, J. Yang, B. Shen, Z. Zhou and
F. Pei, Repairing defect and preventing collapse of
femoral head in a steroid-induced osteonecrotic of

femoral head animal model using strontium-doped
calcium polyphosphate combined BM-MNCs, J. Mater.
Sci.: Mater. Med., 2015, 26(2), 80.

80 O. Kaygili, S. Keser, M. Kom, Y. Eroksuz, S. V. Dorozhkin,
T. Ates, I. H. Ozercan, C. Tatar and F. Yakuphanoglu,
Strontium substituted hydroxyapatites: synthesis and
determination of their structural properties, in vitro and
in vivo performance, Mater. Sci. Eng., C, 2015, 55, 538–
546.

81 X. Ke, C. Zhuang, X. Yang, J. Fu, S. Xu, L. Xie, Z. Gou,
J. Wang, L. Zhang and G. Yang, Enhancing the Osteogenic
Capability of Core-Shell Bilayered Bioceramic
Microspheres with Adjustable Biodegradation, ACS Appl.
Mater. Interfaces, 2017, 9(29), 24497–24510.

82 G. M. Kuang, W. P. Yau, J. Wu, K. W. Yeung, H. Pan,
W. M. Lam, W. W. Lu and K. Y. Chiu, Strontium exerts
dual effects on calcium phosphate cement: Accelerating
the degradation and enhancing the osteoconductivity
both in vitro and in vivo, J. Biomed. Mater. Res., Part A,
2015, 103(5), 1613–1621.

83 D. Laufer, D. Ben-Shachar, E. Livne, G. Maor and
M. Silbermann, Enhancing effects of fluoride-containing
ceramic implants on bone formation in the dog femur,
J. Cranio-Maxillofac. Surg., 1988, 16, 40–45.

84 X. Li, Y. Sogo, A. Ito, H. Mutsuzaki, N. Ochiai,
T. Kobayashi, S. Nakamura, K. Yamashita and
R. Z. LeGeros, The optimum zinc content in set calcium
phosphate cement for promoting bone formation in vivo,
Mater. Sci. Eng., C, 2009, 29(3), 969–975.

85 Y. Li, X. Shui, L. Zhang and J. Hu, Cancellous bone
healing around strontium-doped hydroxyapatite in osteo-
porotic rats previously treated with zoledronic acid,
J. Biomed. Mater. Res., Part B, 2016, 104(3), 476–481.

86 L. Li, Y. B. Qin, G. Ma and B. Li, Effect of a lithium-doped
calcium phosphate cement in promoting tibial bone
defect repair in rats. [Chinese], Nanfang Yike Daxue
Xuebao, 2016, 36(6), 824–828.

87 Y. Li, J. Wang, Y. Wang, W. Du and S. Wang,
Transplantation of copper-doped calcium polyphosphate
scaffolds combined with copper(II) preconditioned bone
marrow mesenchymal stem cells for bone defect repair,
J. Biomater. Appl., 2018, 32(6), 738–753.

88 D. Liao, Z. Zhou, Y. Gu and D. Chen, A fundamental study
on bioreactions of Sr-HA, Huaxi Kouqiang Yixue Zazhi,
2002, 20(3), 172–174.

89 S. Liu, F. Jin, K. Lin, J. Lu, J. Sun, J. Chang, K. Dai and
C. Fan, The effect of calcium silicate on in vitro physio-
chemical properties and in vivo osteogenesis, degradabil-
ity and bioactivity of porous β-tricalcium phosphate bio-
ceramics, Biomed. Mater., 2013, 8(2), 025008.

90 Y. Luo, S. Chen, Y. Shi and J. Ma, 3D printing of stron-
tium-doped hydroxyapatite based composite scaffolds for
repairing critical-sized rabbit calvarial defects, Biomed.
Mater., 2018, 13(6), 065004.

91 C. P. G. Machado, S. C. Sartoretto, A. T. N. N. Alves,
I. B. C. Lima, A. M. Rossi, J. M. Granjeiro and

Biomaterials Science Paper

This journal is © The Royal Society of Chemistry 2020 Biomater. Sci., 2020, 8, 4792–4809 | 4805

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 7
:3

7:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0bm00599a


M. D. Calasans-Maia, Histomorphometric evaluation
of strontium-containing nanostructured hydroxyapatite
as bone substitute in sheep, Braz. Oral Res., 2016, 30(1),
e45.

92 R. Masaeli, T. S. J. Kashi, R. Dinarvand, V. Rakhshan,
H. Shahoon, B. Hooshmand, F. M. Abbas, M. Raz,
A. Rajabnejad and H. Eslami, Efficacy of the biomaterials
3 wt%-nanostrontium-hydroxyapatite-enhanced calcium
phosphate cement (nanoSr-CPC) and nanoSr-CPC-incor-
porated simvastatin-loaded poly (lactic-co-glycolic-acid)
microspheres in osteogenesis improvement: An explora-
tive multi-phase experimental in vitro/vivo study, Mater.
Sci. Eng., C, 2016, 69, 171–183.

93 J. E. Maté-Sánchez de Val, J. L. Calvo-Guirado,
R. A. Delgado-Ruiz, M. P. Ramírez-Fernández, B. Negri,
M. Abboud, I. M. Martínez and P. N. de Aza, Physical pro-
perties, mechanical behavior, and electron microscopy
study of a new α-TCP block graft with silicon in an animal
model, J. Biomed. Mater. Res., Part A, 2012, 100(12), 3446–
3454.

94 B. G. Mohan, S. J. Shenoy, S. S. Babu, H. Varma and
A. John, Strontium calcium phosphate for the repair of
leporine (Oryctolagus cuniculus) ulna segmental defect,
J. Biomed. Mater. Res., Part A, 2013, 101(1), 261–271.

95 W. E. Mueller, E. Tolba, M. Ackermann, M. Neufurth,
S. Wang, Q. Feng, H. C. Schröder and X. Wang,
Fabrication of amorphous strontium polyphosphate
microparticles that induce mineralization of bone cells
in vitro and in vivo, Acta Biomater., 2017, 50, 89–101.

96 N. Patel, S. Best, W. Bonfield, I. R. Gibson, K. Hing,
E. Damien and P. Revell, A comparative study on the
in vivo behavior of hydroxyapatite and silicon substituted
hydroxyapatite granules, J. Mater. Sci.: Mater. Med., 2002,
13(12), 1199–1206.

97 N. Patel, R. Brooks, M. Clarke, P. Lee, N. Rushton,
I. R. Gibson, S. Best and W. Bonfield, In vivo assessment
of hydroxyapatite and silicate-substituted hydroxyapatite
granules using an ovine defect model, J. Mater. Sci.: Mater.
Med., 2005, 16(5), 429–440.

98 S. Pina, S. Vieira, P. Rego, P. Torres, O. da Cruz E Silva,
E. da Cruz E Silva and J. Ferreira, Biological responses of
brushite-forming Zn-and ZnSr-substituted beta-tricalcium
phosphate bone cements, Eur. Cells Mater., 2010, 20, 162–
177.

99 A. Porter, N. Patel, J. Skepper, S. Best and W. Bonfield,
Comparison of in vivo dissolution processes in hydroxy-
apatite and silicon-substituted hydroxyapatite biocera-
mics, Biomaterials, 2003, 24(25), 4609–4620.

100 R. S. Preethanath, P. Rajesh, H. Varma, S. Anil,
J. A. Jansen and J. J. van den Beucken, Combined
Treatment Effects Using Bioactive-Coated Implants and
Ceramic Granulate in a Rabbit Femoral Condyle Model,
Clin. Implant Dent. Relat. Res., 2016, 18(4), 666–677.

101 S. Reitmaier, A. Kovtun, J. Schuelke, B. Kanter, M. Lemm,
A. Hoess, S. Heinemann, B. Nies and A. Ignatius,
Strontium(II) and mechanical loading additively augment

bone formation in calcium phosphate scaffolds, J. Orthop.
Res, 2018, 36(1), 106–117.

102 B. Rentsch, A. Bernhardt, A. Henss, S. Ray, C. Rentsch,
M. Schamel, U. Gbureck, M. Gelinsky, S. Rammelt and
A. Lode, Trivalent chromium incorporated in a crystalline
calcium phosphate matrix accelerates materials degra-
dation and bone formation in vivo, Acta Biomater., 2018,
69, 332–341.

103 R. F. Resende, G. V. Fernandes, S. R. Santos, A. M. Rossi,
I. Lima, J. M. Granjeiro and M. D. Calasans-Maia, Long-
term biocompatibility evaluation of 0.5% zinc containing
hydroxyapatite in rabbits, J. Mater. Sci.: Mater. Med., 2013,
24(6), 1455–1463.

104 J. Roh, J. Y. Kim, Y. M. Choi, S. M. Ha, K. N. Kim and
K. M. Kim, Bone Regeneration Using a Mixture of Silicon-
Substituted Coral HA and β-TCP in a Rat Calvarial Bone
Defect Model, Materials, 2016, 9(2), 97.

105 F. Salamanna, G. Giavaresi, A. Parrilli, P. Torricelli,
E. Boanini, A. Bigi and M. Fini, Antiresorptive properties
of strontium substituted and alendronate functionalized
hydroxyapatite nanocrystals in an ovariectomized rat
spinal arthrodesis model, Mater. Sci. Eng., C, 2019, 95,
355–362.

106 S. A. Schendel and J. Peauroi, Magnesium-based bone
cement and bone void filler: preliminary experimental
studies, J. Craniofacial Surg., 2009, 20(2), 461–464.

107 A. A. P. d. S. Suruagy, A. T. N. N. Alves, S. C. Sartoretto,
J. d. A. Calasans-Maia, J. M. Granjeiro and M. D. Calasans-
Maia, Physico-chemical and Histomorphometric Evaluation
of Zinc-containing Hydroxyapatite in Rabbits Calvaria, Braz.
Dent. J., 2016, 27(6), 717–726.

108 Z. Tao, W. Zhou, Y. Jiang, X. Wu, Z. Xu, M. Yang and
J. Xie, Effects of strontium-modified calcium phosphate
cement combined with bone morphogenetic protein-2 on
osteoporotic bone defects healing in rats, J. Biomater.
Appl., 2018, 33(1), 3–10.

109 U. Thormann, S. Ray, U. Sommer, T. ElKhassawna,
T. Rehling, M. Hundgeburth, A. Henß, M. Rohnke,
J. Janek and K. S. Lips, Bone formation induced by stron-
tium modified calcium phosphate cement in critical-size
metaphyseal fracture defects in ovariectomized rats,
Biomaterials, 2013, 34(34), 8589–8598.

110 M. Tian, F. Chen, W. Song, Y. Song, Y. Chen, C. Wan,
X. Yu and X. Zhang, In vivo study of porous strontium-
doped calcium polyphosphate scaffolds for bone substi-
tute applications, J. Mater. Sci.: Mater. Med., 2009, 20(7),
1505–1512.

111 G. Tripathi, Y. Sugiura, K. Tsuru and K. Ishikawa, In vivo
stability evaluation of Mg substituted low crystallinity
ß-tricalcium phosphate granules fabricated through dis-
solution-precipitation reaction for bone regeneration,
Biomed. Mater., 2018, 13(6), 065002.

112 S. Vahabzadeh, M. Roy and S. Bose, Effects of silicon on
osteoclast cell mediated degradation, in vivo osteogenesis
and vasculogenesis of brushite cement, J. Mater. Chem. B,
2015, 3(46), 8973–8982.

Paper Biomaterials Science

4806 | Biomater. Sci., 2020, 8, 4792–4809 This journal is © The Royal Society of Chemistry 2020

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 7
:3

7:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0bm00599a


113 P. Velasquez, Z. B. Luklinska, L. Meseguer-Olmo,
J. E. Mate-Sanchez de Val, R. A. Delgado-Ruiz, J. L. Calvo-
Guirado, M. P. Ramirez-Fernandez and P. N. de Aza, αTCP
ceramic doped with dicalcium silicate for bone regener-
ation applications prepared by powder metallurgy
method: in vitro and in vivo studies, J. Biomed. Mater.
Res., Part A, 2013, 101(7), 1943–1954.

114 M. T. Vestermark, E. M. Hauge, K. Soballe, J. E. Bechtold,
T. Jakobsen and J. Baas, Strontium doping of bone graft
extender: Effect on fixation of allografted experimental
implants, Acta Orthop., 2011, 82(5), 614–621.

115 C. Wang, Y. Xue, K. Lin, J. Lu, J. Chang and J. Sun, The
enhancement of bone regeneration by a combination of
osteoconductivity and osteostimulation using β-CaSiO3/
β-Ca3 (PO4) 2 composite bioceramics, Acta Biomater.,
2012, 8(1), 350–360.

116 J. Wei, J. Jia, F. Wu, S. Wei, H. Zhou, H. Zhang, J.-W. Shin
and C. Liu, Hierarchically microporous/macroporous
scaffold of magnesium–calcium phosphate for bone
tissue regeneration, Biomaterials, 2010, 31(6), 1260–
1269.

117 F. Wu, J. Wei, H. Guo, F. Chen, H. Hong and C. Liu, Self-
setting bioactive calcium–magnesium phosphate cement
with high strength and degradability for bone regener-
ation, Acta Biomater., 2008, 4(6), 1873–1884.

118 S. Xu, K. Lin, Z. Wang, J. Chang, L. Wang, J. Lu and
C. Ning, Reconstruction of calvarial defect of rabbits
using porous calcium silicate bioactive ceramics,
Biomaterials, 2008, 29(17), 2588–2596.

119 D. H. Yassuda, N. F. Costa, G. O. Fernandes, G. G. Alves,
J. M. Granjeiro and G. d. A. Soares, Magnesium incorpor-
ation into β-TCP reduced its in vivo resorption by decreas-
ing parathormone production, J. Biomed. Mater. Res., Part
A, 2013, 101(7), 1986–1993.

120 W. Yu, T.-W. Sun, C. Qi, Z. Ding, H. Zhao, F. Chen,
D. Chen, Y.-J. Zhu, Z. Shi and Y. He, Strontium-doped
amorphous calcium phosphate porous microspheres syn-
thesized through a microwave-hydrothermal method
using fructose 1, 6-bisphosphate as an organic phos-
phorus source: application in drug delivery and enhanced
bone regeneration, ACS Appl. Mater. Interfaces, 2017, 9(4),
3306–3317.

121 J. Zhang, H. Zhou, K. Yang, Y. Yuan and C. Liu, RhBMP-2-
loaded calcium silicate/calcium phosphate cement
scaffold with hierarchically porous structure for enhanced
bone tissue regeneration, Biomaterials, 2013, 34(37), 9381–
9392.

122 T. Nishino, Experimental study on hydroxyapatite soaked
in sodium fluoride. With special reference to bone for-
mation. [Japanese], J. Jpn. Orthop. Assoc., 1991, 65(12),
1199–1210.

123 P. N. De Aza, J. E. Mate-Sanchez de Val, C. Baudin,
C. Perez Albacete-Martínez, A. Armijo Salto and
J. L. Calvo-Guirado, Bone neoformation of a novel porous
resorbable Si-Ca-P-based ceramic with osteoconductive
properties: physical and mechanical characterization,

histological and histomorphometric study, Clin. Oral
Implants Res., 2016, 27(11), 1368–1375.

124 M. A. T. Aroni, G. de Oliveira, L. C. Spolidorio,
O. Z. Andersen, M. Foss, R. A. C. Marcantonio and
A. Stavropoulos, Loading deproteinized bovine bone with
strontium enhances bone regeneration in rat calvarial
critical size defects, Clin. Oral Invest., 2019, 23(4), 1605–
1614.

125 R. Liu, W. Qiao, B. Huang, Z. Chen, J. Fang, Z. Li and
Z. Chen, Fluorination Enhances the Osteogenic Capacity
of Porcine Hydroxyapatite, Tissue Eng., Part A, 2018,
24(15–16), 1207–1217.

126 W. Qiao, R. Liu, Z. Li, X. Luo, B. Huang, Q. Liu, Z. Chen,
J. K. H. Tsoi, Y. X. Su, K. M. C. Cheung, J. P. Matinlinna,
K. W. K. Yeung and Z. Chen, Contribution of the in situ
release of endogenous cations from xenograft bone driven
by fluoride incorporation toward enhanced bone regener-
ation, Biomater. Sci., 2018, 6(11), 2951–2964.

127 P. Habibovic and J. Barralet, Bioinorganics and biomater-
ials: bone repair, Acta Biomater., 2011, 7(8), 3013–3026.

128 M. Bohner, Resorbable biomaterials as bone graft substi-
tutes, Mater. Today, 2010, 13(1), 24–30.

129 W. F. Bosron, R. A. Anderson, M. C. Falk, F. S. Kennedy
and B. L. Vallce, Effect of magnesium on the properties of
zinc alkaline phosphatase, Biochemistry, 1977, 16(4), 610–
614.

130 E. Canalis, M. Hott, P. Deloffre, Y. Tsouderos and
P. J. Marie, The divalent strontium salt S12911 enhances
bone cell replication and bone formation in vitro, Bone,
1996, 18(6), 517–523.

131 M. Ikeuchi, A. Ito, Y. Dohi, H. Ohgushi, H. Shimaoka,
K. Yonemasu and T. Tateishi, Osteogenic differentiation
of cultured rat and human bone marrow cells on the
surface of zinc-releasing calcium phosphate ceramics,
J. Biomed. Mater. Res., Part A, 2003, 67(4), 1115–1122.

132 F. Miyaji, Y. Kono and Y. Suyama, Formation and structure
of zinc-substituted calcium hydroxyapatite, Mater. Res.
Bull., 2005, 40(2), 209–220.

133 M. D. O’Donnell, Y. Fredholm, A. de Rouffignac and
R. G. Hill, Structural analysis of a series of strontium-sub-
stituted apatites, Acta Biomater., 2008, 4(5), 1455–1464.

134 R. Cruz, J. Calasans-Maia, S. Sartoretto, V. Moraschini,
A. M. Rossi, R. S. Louro, J. M. Granjeiro and
M. D. Calasans-Maia, Does the incorporation of zinc into
calcium phosphate improve bone repair? A systematic
review, Ceram. Int., 2018, 44(2), 1240–1249.

135 T. Wu, S. Yang, T. Lu, F. He, J. Zhang, H. Shi, Z. Lin and
J. Ye, Strontium ranelate simultaneously improves the
radiopacity and osteogenesis of calcium phosphate
cement, Biomed. Mater., 2019, 14, 035005.

136 E. Bonnelye, A. Chabadel, F. Saltel and P. Jurdic, Dual
effect of strontium ranelate: stimulation of osteoblast
differentiation and inhibition of osteoclast formation and
resorption in vitro, Bone, 2008, 42(1), 129–138.

137 P. Velasquez, Z. B. Luklinska, L. Meseguer-Olmo,
J. E. Mate-Sanchez de Val, R. A. Delgado-Ruiz,

Biomaterials Science Paper

This journal is © The Royal Society of Chemistry 2020 Biomater. Sci., 2020, 8, 4792–4809 | 4807

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 7
:3

7:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0bm00599a


J. L. Calvo-Guirado, Ma. P. Ramirez-Fernandez and
P. N. de Aza, A-TCP ceramic doped with dicalcium silicate
for bone regeneration applications prepared by powder
metallurgy method, in vitro and in vivo studies, J. Biomed.
Mater. Res., Part A, 2013, 101, 1943–1954.

138 S. O’Donnell, A. Cranney, G. A. Wells, J. D. Adachi and
J. Y. Reginster, Strontium ranelate for preventing and
treating postmenopausal osteoporosis, Cochrane Database
Syst. Rev., 2006, 18(4), CD005326.

139 S. J. Gallacher and T. Dixon, Impact of Treatments for
Postmenopausal Osteoporosis (Bisphosphonates,
Parathyroid Hormone, Strontium Ranelate, and
Denosumab) on Bone Quality: A Systematic Review, Calcif.
Tissue Int., 2010, 87(6), 469–484.

140 L. Cianferotti, F. D’Asta and M. L. Brandi, A review on
strontium ranelate long-term antifracture efficacy in the
treatment of postmenopausal osteoporosis, Ther. Adv.
Musculoskeletal Dis., 2013, 5(3), 127–139.

141 S. O’Donnell, A. Cranney, G. A. Wells, J. Adachi and
J. Y. Reginster, Strontium ranelate for preventing and
treating postmenopausal osteoporosis, Cochrane Database
Syst. Rev., 2006, 18(4), CD005326.

142 R. B. de Vries, P. Buma, M. Leenaars, M. Ritskes-Hoitinga
and B. Gordijn, Reducing the number of laboratory
animals used in tissue engineering research by restricting
the variety of animal models. Articular cartilage tissue
engineering as a case study, Tissue Eng., Part B, 2012,
18(6), 427–435.

143 R. B. de Vries, K. E. Wever, M. T. Avey, M. L. Stephens,
E. S. Sena and M. Leenaars, The usefulness of systematic
reviews of animal experiments for the design of pre-
clinical and clinical studies, ILAR J., 2014, 55(3), 427–437.

144 A. J. Oerlemans, W. F. Feitz, E. van Leeuwen and
W. J. Dekkers, Regenerative urology clinical trials: an
ethical assessment of road blocks and solutions, Tissue
Eng., Part B, 2012, 19(1), 41–47.

145 H. P. Frederik, R. D. Bushan, I. Hanna, H. Werner,
L. Lars, P. M. Mørk and T. Magnus, Composite
Biomaterial as a Carrier for Bone-Active Substances for
Metaphyseal Tibial Bone Defect Reconstruction in Rats,
Tissue Eng., Part A, 2017, 23(23–24), 1403–1412.

146 P. Jungbluth, M. Hakimi, J. P. Grassmann,
J. Schneppendahl, A. Kessner, M. Sager, A. R. Hakimi,
J. Becker, J. Windolf and M. Wild, The progress of early
phase bone healing using porous granules produced from
calcium phosphate cement, Eur. J. Med. Res., 2010, 15(5),
196–203.

147 P. P. Spicer, J. D. Kretlow, S. Young, J. A. Jansen,
F. K. Kasper and A. G. Mikos, Evaluation of bone regener-
ation using the rat critical size calvarial defect, Nat.
Protoc., 2012, 7(10), 1918.

148 D. Zou, Z. Zhang, J. He, S. Zhu, S. Wang, W. Zhang,
J. Zhou, Y. Xu, Y. Huang, Y. Wang, W. Han, Y. Zhou,
S. Wang, S. You, X. Jiang and Y. Huang, Repairing critical-
sized calvarial defects with BMSCs modified by a constitu-
tively active form of hypoxia-inducible factor-1α and a

phosphate cement scaffold, Biomaterials, 2011, 32(36),
9707–9718.

149 M. S. Kang, N.-H. Lee, R. K. Singh, N. Mandakhbayar,
R. A. Perez, J.-H. Lee and H.-W. Kim, Nanocements pro-
duced from mesoporous bioactive glass nanoparticles,
Biomaterials, 2018, 162, 183–199.

150 R. Z. LeGeros, Properties of osteoconductive biomaterials:
calcium phosphates, Clin. Orthop. Relat. Res., 2002, 395,
81–98.

151 M. Kamitakahara, C. Ohtsuki, M. Oishi, S. Ogata,
T. Miyazaki and M. Tanihara, Preparation of porous bipha-
sic tricalcium phosphate and its in vivo behavior, Key
Engineering Materials, Trans Tech Publ, 2005, pp. 281–284.

152 S. V. Dorozhkin, Calcium orthophosphate bioceramics,
Ceram. Int., 2015, 41(10), 13913–13966.

153 K. Sariibrahimoglu, J. G. Wolke, S. C. Leeuwenburgh,
L. Yubao and J. A. Jansen, Injectable biphasic calcium
phosphate cements as a potential bone substitute,
J. Biomed. Mater. Res., Part B, 2014, 102(3), 415–422.

154 F. J. Buchanan, Degradation rate of bioresorbable materials:
prediction and evaluation, Elsevier, 2008.

155 F. Driessens, Physiology of hard tissues in comparison
with the solubility of synthetic calcium phosphates,
Ann. N. Y. Acad. Sci., 1988, 523(1), 131–136.

156 F. Song, T. A. Sheldon, A. J. Sutton, K. R. Abrams and
D. R. Jones, Methods for exploring heterogeneity in meta-
analysis, Eval. Health Prof., 2001, 24(2), 126–151.

157 P. Glasziou and S. Sanders, Investigating causes of hetero-
geneity in systematic reviews, Stat. Med., 2002, 21(11),
1503–1511.

158 X.-Z. Yan, F. Yang, J. A. Jansen, R. B. de Vries and J. J. van
den Beucken, Cell-based approaches in periodontal regen-
eration: a systematic review and meta-analysis of period-
ontal defect models in animal experimental work, Tissue
Eng., Part B, 2015, 21(5), 411–426.

159 A. M. Basudan, M. Y. Shaheen, R. B. de Vries, J. J. van den
Beucken, J. A. Jansen and H. S. Alghamdi,
Antiosteoporotic Drugs to Promote Bone Regeneration
Related to Titanium Implants: A Systematic Review and
Meta-analysis, Tissue Eng., Part B, 2019, 25(2), 89–99.

160 L. Canullo, G. Wiel Marin, M. Tallarico, E. Canciani,
F. Musto and C. Dellavia, Histological and
Histomorphometrical Evaluation of Postextractive
Sites Grafted with Mg-Enriched Nano-Hydroxyapatite:
A Randomized Controlled Trial Comparing 4 Versus 12
Months of Healing, Clin. Implant Dent. Relat. Res., 2016,
18(5), 973–983.

161 R. Crespi, P. Cappare and E. Gherlone, Magnesium-
enriched hydroxyapatite compared to calcium sulfate in
the healing of human extraction sockets: radiographic
and histomorphometric evaluation at 3 months,
J. Periodontol., 2009, 80(2), 210–218.

162 R. Crespi, P. Cappare and E. Gherlone, Osteotome sinus
floor elevation and simultaneous implant placement in
grafted biomaterial sockets: 3 years of follow-up,
J. Periodontol., 2010, 81(3), 344–349.

Paper Biomaterials Science

4808 | Biomater. Sci., 2020, 8, 4792–4809 This journal is © The Royal Society of Chemistry 2020

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 7
:3

7:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0bm00599a


163 R. Crespi, P. Cappare and E. Gherlone, Comparison of
magnesium-enriched hydroxyapatite and porcine bone in
human extraction socket healing: a histologic and histo-
morphometric evaluation, Int. J. Oral Maxillofac. Implants,
2011, 26(5), 1057–1062.

164 B.I. Inc, Baxter Announces U.S. FDA Clearance of New Bone
Graft Substitute, Actifuse Flow, Deerfield, Ill., USA, 2018.

165 F.F. S.p.A, Sintlife-Moldable bone substitute, Italy, https://
www.finceramica.it/en/prodotti_servizi/chirurgia_ortopedica_
e_spianle/sintlife_sostituto_osseo_malleabile.

166 R. Crespi, E. Mariani, E. Benasciutti, P. Cappare, S. Cenci
and E. Gherlone, Magnesium-enriched hydroxyapatite
versus autologous bone in maxillary sinus grafting: com-
bining histomorphometry with osteoblast gene expression
profiles ex vivo, J. Periodontol., 2009, 80(4), 586–593.

167 J. Zarins, M. Pilmane, E. Sidhoma, I. Salma and J. Locs,
Immunohistochemical evaluation after Sr-enriched bi-
phasic ceramic implantation in rabbits femoral neck:
comparison of seven different bone conditions, J. Mater.
Sci.: Mater. Med., 2018, 29(8), 119.

Biomaterials Science Paper

This journal is © The Royal Society of Chemistry 2020 Biomater. Sci., 2020, 8, 4792–4809 | 4809

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 7
:3

7:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0bm00599a

	Button 1: 


