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NANOCERAMIC MATERIALS FOR BONE HEALING

Data screening Types of nanoceramics In vivo results

162 records identified

N2 .
127 records excluded Hydroxyapatite (HA) Increased bone formation
TCP, B-TCP, Calcium phosphate Neoangiogenesis
29 studies included B'oglqss (BG) Marker expression
Calcium silicate HCA formation

Histological analysis of bone healing

A 7
- Isolated or combined nqnqceromics have demonstrated
efficacy in bone regeneration and are promising for clinical
Ve \ applications in tissue engineering.

Abstract: Nanoceramic materials are used for bone healing. However, the diversity of nhanoceramics and
the different manufacturing methods used in literature makRe results difficult to compare. In this context,
the purpose of this study was to perform a literature systematic review examining the effects of different
nanoceramic materials in bone healing. The search was performed according to Preferred Reporting Iltems
for Systematic Reviews and Meta-Analysis (PRISMA) orientations and Medical Subject Headings (MeSH)
descriptors: “bone tissue”, “"nanomaterial”, “ceramic” and “animal studies”. 162 articles were retrieved from
PubMed and Scopus databases. After elegibility analyses, 29 papers were included (covering a 2007
and 2020 period). Results demonstrated that the commonest materials were Hydroxiapatite, Bioglass,
Ttricalcium Phosphate and Bicalcium Phosphate, alone or associated with other materials or drugs. /In
vivo results showed that nanoceramic materials promoted bone healing in different animals models. As
conclusion, nanoceramic materials are excellent candidates as bone grafts due to their bioactivity and
good bone interaction.
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Introduction

Bone fractures are common injuries caused by
traumas and diseases and represent a significant
global health burdenl. Although most of them have
the intrinsic ability of self-repairing, in some specific
cases, such as great dimensions bone defects or
fractures associated to bone diseases, the healing
process can be impaired, leading to an atypical
consolidation or non-union fractures*

Considering these issues, the development
of therapeutical approaches with the aim of
stimulating bone repair toward proper consolidation
is required*’. Following this line, the use of
biomaterials for bone grafting is very promising
strategy being capable of stimulating osteoblast
cell differentiation and inducing newly formed bone
deposition, enhancing healing*-8.

In this context, many different Rinds of materials
are used, being the class of bioceramics the
most promising®®. It includes a broad range of
inorganic and nonmetallic compositions including
hydroxyapatite (HA), tricalcium phosphate (TCP)
and bioactive glass?"=,

HA is one of the most used ceramic materials,
presenting an appropriate ability to stimulate bone
tissue repair and lacR of citotoxicity™'. In addition,
HA promotes newly tissue ingrowth through
osteoconduction mechanisms, without causing any
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systemic or local toxicity, inflammation, or similar
responses induced by other foreign bodies 15.
Additionally, TCP is another ceramic material used
for bone tissue engineering proposals'®”. TCP has
bioactive properties, it is biocompatible and present
a more appropriate index of degradation than HA".
Finally, bioactive glasses, with their osteoinductive
properties and ability to recruit stem cells and
induce their differentiation into bone cells, are
considered the most bioactive ceramics'®®. Due to
these properties, they have been extensively used
to repair periodontal bone defects, maxillo-facial
defects reconstruction, spinal surgery and bone
replacement'®-23,

In addition, ceramic materials have been
used at nanosize scale particles, which seems
to enlarge the surface area and to maRe the
interfacial interaction stronger, culminating in
improved biological performance?-%. It has been
demonstrated that nanoceramic scaffolds have
superior properties such as a more approppriated
rate of degradation, allowing newly bone tissue
ingrowth?” and mimicRing better the structure and
biological function of the extracellular matrix.

Figure 1 illustrates some of the scaffold based
nanoceramic materials used for bone tissue
engineering proposals.

Figure 1. Nanoceramic materials for bone regeneration. A - Macroscopic image of scaffolds Poly-
glycolic acid (PGA) 3,4-dihydroxyphenylalanine (DOPA) and HA nanoparticle (PGA, DOPA-PGA,
HA-PGA, and HA-DOPA-PGA) by Yang et al. (2012). B - Porous calcium carbonate scaffolds by
Wang et al. (2014). C - Cross-sectional view of the porous nano-hydroxyapatite/coralline block
scaffolds by Zhou et al. (2015). D - HA scaffolds sintered at various temperatures by Sun et al.
(2016). E - 3D-printed porous scaffolds by Shao et al. (2017).
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Despite the evidenced positive effects of nano-
ceramic materials on the process of bone healing,
there is limited understanding of the biological in-
teractions and mechanisms of action of ceramics
materials and bone. Moreover, the different com-
bined protocols used different Rind of biomaterials
used and huge differences regarding the different
methods for material manufacturing (at nanoscale),
the diverse material compositions and the diverse
animal models used for the different authors, make
difficult to compare the results. In this context, the
purpose of this study was to perform a systematic
review of the literature evaluating the effects of di-
fferent ceramic nanomaterials for bone tissue hea-
ling in in vivo experimental models. Consequently,
this worR discusses the results for a better unders-

database searching
|136]

Identification

Records remowved

Eligibility

Jualbitatres

Included

Records identified through Pubmed

after first serésnang (n= bB)

tanding of the effects of different therapies in this
type of injury.

Methodology

Review protocol

The systematic review was performed according
to the SYRCLE guideline by Vries et al.?° and it was
conducted from July to August of 2023 using Pub-
Med and Scopus databases. The search was carried
out according to the orientations of Preferred Re-
porting Items for Systematic Reviews and Meta-A-
nalysis (PRISMA). To start the review, some descrip-
tors of the Medical Subject Headings (MeSH) were
defined: “bone tissue”, “nanomaterial”, “ceramic,”
and "animal studies”. Synonyms in the title and abs-
tract were searched for all the Rey words (Figure 2).

Records identified through Scopus
database searching
(Scopus = JE)

Records removed

after firs! soreening (= 20]

Records after duplicates removed

[m=6F])

Records screened
IGEL- TR

Full-text artiches assessed

far eligibdity
{n=35)

wnibrsis

Figure 2. PRISMA flow diagram of the search strategy.
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Study selection

Two reviewers (ACMR and MAC) analysed the
titles and abstracts of the studies independently
and pointed out the studies matching all the inclu-
sion and exclusion criteria. Furthermore, 3 reviewers
(ACMR, MAC and TAA) had access to the selected
studies to verify the eligibility. Disaccords were
solved by discussion. All the chosen studies were
further reviewed throughfull-text screening and the
studies that have not followed the eligibility criteria
were excluded.

Eligibility criteria

Inclusion criteria

1. Animal experiments;

2. Animal studies using bone defects or fractures
treated with ceramic materials at nanoscale sizes
(used alone or with composites).

3. Articles included by active search in the selec-
ted articles' bibliographic reference list and sear-
ched in personal archives.

4. Articles in English language and published in
the last 20 years.

Exclusion criteria

1. Clinical trials, in vitro studies, in situ studies, re-
views, case reports;

2. Studies without bone defects or fractures;

3. Use of non-ceramic materials;

4. LacR of description of the bone fracture or de-
fect, methodology, or outcomes;

5. Animal models with other systemic diseases
(such as diabetes, osteoporosis).

Data extraction

The analysed variable was "bone healing”, which
was based on the histological analysis. In addition,
other variables were also extracted: authors names,
species/strain, animal sex, age, weight, type of ce-
ramic, use with another material, Rind of fracture or
defect and size, implantation period (days), way of
treatment, material manufacturing, analysis perfor-
med in the in vivo studies and outcomes.

Types of Reported Results

Due to the heterogeneity of the primary studies,
it was not possible to perform a meta-analysis. To
compare the effect size (ES) of treatments, we cal-
culated the normalized average difference, consi-
dering the values before and after the intervention.
They were further classified as small (< 0.20), mo-
derate (about 0.50), or large (> 0.80), according to
Cohen's criteria.

GRADE was used for determining the quality of
the papers considering the following domains: trial
design limitations due to risk of bias, inconsistency
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of results, indirectness, imprecision of results and
publication bias.

Data synthesis and statistical analysis

The extracted data was presented using the
same unit of analysis (%). Furthermore, the effect
size as a raw difference in means (MD) of new bone
formation (%) was calculated with a 95% confidence
interval (Cl).

Results

The flow diagram demonstrates the search stra-
tegy used in the present study (Figure 1). A total of
162 articles was retrieved from the databases (Pub-
Med and Scopus). From those, 78 works were se-
lected for the first screening. The duplicated records
were excluded (n =71). Two independent researchers
screened the 71 articles and 37 studies were exclu-
ded due to the lacR of criteria attendance. Thus, 35
full-text articles were assessed for eligibility and,
from them, 6 studies were excluded for presenting
only non-ceramic bone substitutes. Finally, 29 stu-
dies were included and analyzed in the present sys-
tematic review.

Table 1 shows the characteristics of all included in
vivo studies such as the type of nanoceramic used
for bone repair, species/strain, animal sex, age, wei-
ght, nanomaterial, surgery site, bone defect size, im-
plantation period (days) and way of treatment.

Different animal models were used in the stu-
dies. Sixteen of them used rabbits as an experimen-
tal mode|?83039-4331-38 13 grudies used rats®>44>2, 3
studies used dogs as an experimental model?6>3>4
and only 1 work studied the material effects in ovine
bone defect model®® (Table 1).

Furthermore, 15 studies performed the bone de-
fect in the forelegs of animals as described: 6 per-
formed in the middle femur32454%¢, 4 performed in
the tibia30334850 | performed in the femoral trochan-
ter %, 3 performed in the femoral condyle383°5> and |
study just described as foreleg cortical bone 42. In
addition, 8 studies used the calvaria to perform the
bone defect?>3744-464952.4 ysed the mandible?6285'33, 2
used the iliac bone“*°“" and 2 used the radius33.

The size of the bone defects varied from 1 mm to
]5 mm in diame[er25,26,40,4l,44—46,48—52,30,53—55,57,58,31,33,34,36—39_

In addition, distinct time points were analysed
with the minimum experimental period of 7 days 49
and the maximum experimental period of 112 days
(16 weeRs)?8.

An overview of bioactive nanoceramic materials,
the drugs and biomaterials used for composite sca-
ffolds manufacturing, as well as the physicochemi-
cal characteristics of ceramic nanobiomaterials are
exhibited in Table 2.

From Table 2, it is possible to observe that in this
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systematic review, HA was the most common na-
noceramic used by the authors, being used in the
form of composites that were tested in 13 studies.
Dasgupta et al3°(2019) studied HA combined with
[3-tricalcium phosphate (3-TCP) and bioactive glass
as nanoceramic materials, and chitosan and gela-
tin as natural polymers, Chalisserry et al82019)
studied nanohydroxyapatite (nHA) with Simvas-
tatin, RogowsRka-Tylman et al.#(2019) studied nHA
combined with 3-TCPP and Polycaprolactone (PCL),
Ahmadzade et al. 33(2016) tested composites of
carbonate hydroxyapatite (cHA) combined with
Polyvinyl alcohol (PVA) and zinc-magnesium ions,
Sun et al. “6(2016) manufactured nHA scaffolds, lo-
aded with bone morphogenic protein 2(BMP-2)-re-
lated peptide (P28), Dhivya et al.“8(2015) studied
nHA blended with zinc-doped chitosan (Zn-CS)
and beta-glycerophosphate (3-GP), Hu et al?'(2015)
manufactured nHA scaffolds with biphasic calcium
phosphate (BCP), Zhang et al3°(2015) tested HA,
amorphous calcium phosphate (ACP) nanospheres
and Poly (D, L-lactic acid) (PLA) composites, Zhou et
al4(2015) studied nHA combined with coralline (co-
ral) and recombinant human vascular endothelial
growth factor (rhVEGF165), Wang et al.34(2013) pre-
pared nHA and poly (lactic-co-glycolic acid) (PLGA)
scaffolds, Reddy et al.#” (2012) tested HA and [3-T-
CP scaffolds with mesenchymal stem cells (MSCs),
Yang et al.>(2012) manufactured HA comgined with
Polyglycolic acid (PGA), while Huber et al.#}(2007),
tested composites manufactured with HA commer-
cially available OSTIM® and CERABONE®.

Moreover, 8 studies explored the calcium phos-
phate as nanoceramic material as described: Re-
zaei et al.26(2018) and Zhu et al.>4(2017) tested only
BCP nanoceramic scaffolds, Kazemi et al?’(2019)
studied (3-TCP combined with bioglass (BG), stron-
tium, and polyvinyl alcohol (PVA), Shao et al.?6(2017)
tested (3-TCP with calcium silicate (CaSiO3 / CSi),
magnesium (Mg); bredigite (Bred) and PVA scaffol-
ds, Bennett et al.>>(2016) manufactured o-TCP with
Poly (D, L-lactide-co-glycolide) (PLGA), Lysenko et
al.51(2015) studied BCP combined with BG and Sil-
ver - Cooper ions, Wang et al.??(2014) studied nano
calcium phosphate ceramic with gelatin, while Zhou
et al.°%(2014) mixture amorphous calcium phospha-
te (CaP) with PLA and Tantalum (TA).

In addition, in the current systematic review, 5
studies investigated the effects of BG at nanosca-
le as follow: Singh et al.*°(2019) combined Nano-
bioglass (nBG) with chitosan (CH) and chondroitin
sulfate (CS), Lisboa-Filho et al.?>(2018) proposes to
evaluate the biological potential of BioGran® com-
bined with Raloxifene, Zhang et al. (2018) 28 fabri-
cated nBG mixture with PolyetheretherkRetone (PK),
Johari et al.*°(2016) tested 645-BG powder and gela-
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tin composites, while Ardeshirylajimi et al.44(2015)
studied BG scaffolds, coated with Polyethersulpho-
ne (PES) nanofibres.

Furthermore, the biological effects of bioactive
silicate nanoceramic materials can be found in 3
studies: Liang et al.**(2019) manufactured mesopo-
rous silica (MSNs) with gold nanoparticles (AuNP)
scaffolds, MabrouR et al.>°(2018) combined calcium
silicate nanoparticles with copper and silica gel,
while Razavi et al.>’(2015) studied bioactive silicate
akRermanite (Ca2MgSi207) with magnesium alloy.

Regarding the scaffold fabrication process, it
was possible to observe that a wide variety of me-
thodologies were applied. The chemical precipita-
tion method was carried out by four studies®°>">4,
This chemical analytical route has general advan-
tages such as superior uniformity and high yield of
nanoparticles®°.

Due to the possibility of large-scale productions
combined with the simplicity of the process, elec-
trospinning is one of the most employed techni-
ques in biomedical field applications, like tissue
engineering drug release and wound dressing60. In
this systematic review, the electrospinning techni-
que was applied in two studies®*“* and one study
involved electrophoretic deposition®, while two stu-
dies used the leaching method?834,

One study manufactured scaffolds by the repli-
cation method37, and in the researches by Wang
et al3?(2014) and Sun et al.*(2016), the scaffolds
were fabricated through sintering process, while
two studies applied freeze-drying and gelation me-
thods“°4°. The sonochemical and ultra-sonification
methods were utilized in two studies®>#!,

Three-dimensional (3D) printing is becoming an
increasingly common technique to fabricate scaffol-
ds and devices for tissue engineering applications
due, among others, to it can provide patient-specific
design, highly structural complexity and rapid on-
-demand fabrication at a low-cost®, being applied
in this review by Shao et al.?(2017) for scaffold fa-
brication. The remaining studies utilized a variety of
chemical analytical techniques such as hydrolyzing
in alkaline solution and wet chemical methods.

In adittion, the physical, chemical and morpho-
logical characteristics of the samples are shown in
Table 2. The scanning and transmission electron mi-
croscopy was used in 18 studies and showed the po-
rosity, interconnected networR, and surface micros-
tructure O[-' the Scaﬁ-'oldS28,32,48—52,54,56,63,34,35,37,39—41,46,47
and four studies used the Fourier Transform Infra-
red Spectroscopy (FTIR) for the chemical characte-
rization26313355,

Table 3 shows the in vivo analyses, results and
outcomes of the studies. Among them, 21 perfor-
med image analysis such as X-ray3033444748505455
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and microtomography (micro-CT)?>333437.3844-46

The authors observed that nanosized materials
were able of inducing bone growth and increasing
bone density in the region of the defects and fractu-
reS25,26,46,48,50,52,54,55,57,30,32—34,37,38,44,45_

Twenty-five studies performed a qualitative his-
tological analysis. Among them, 3 authors found
interaction between the implant and bone tissue
34247 5 found a progressive degradation of the
implanted materials?830323855 23 found a higher
amount of newly formed bone tissue at the region
of the defect in the biomaterial treated animals
26,,28,44—50,52,54,55,3],56,57,63,32—34,37,39,4],42._ |n addi[ion' redu_
ced or absent inflammatory reaction to implanted
materials was observed by Lysenko et al.51(2015),
Razavi et al.>’(2015), Rezaei et al.?*(2018), and Shao
et al.2® (2017). At the same time, migration of bone
cells to the treated zone were observed by Sun et
al.*6(2018), and collagen deposition as well as pre-
sence of mineralized bone matrix was found by Ar-
deshirylajimi et al.#4(2015), Dhivya et al.*® (2015), Sin-
gh et al.*° (2019), and Zhang et al>*(2015). Mabrouk
et al>°(2019), Sun et al.“¢ (2018). Du et al. > (2015)
also observed increased angiogenesis in implanted
animals.

In addition, quantitative histological analysis
has been performed by 10 authors and as a resul,
they observed higher bone formation?633738414249.52
higher index of angiogenesis®3, higher implant de-
gradation®®44° and lower fibrous connective tissue
formation?6’4'in treated animals.

Seven articles performed immunohistochemis-
try analysis and as a result demonstrated that the
nanoceramic materials produced an increase in the
immunostaining of osteogenic markers as osteocal-
cin (OCN)*¥#4° bone morphogenic Protein-2 (BMP-
2)*'4146. \Vasoendothelial Growth Factor (VEGF)53
and Collagen type-I*>. The study performed by Ro-
gowsRa-Tylman et al.#(2019) also found increased
immunostaining of Osteoprotegerin (OPG), Oste-
opontin (OP), Matrix Metalloproteinase-2 (MMP2),
Tissue Inhibitor of Matrix Metalloproteinase (TIMP2),
InterleuRin-1 (IL1), and interleuRin 10 (IL10).

Some complementary analysis were performed
by the studies conducted by Dasgupta et al.30(2019),
Zhu et al.>#(2017), Ahmadzadeh et al.33(2016), Hu et
al3'(2015) and Wang et al.34(2013). Hu et al.?' (2015)
and Zhu et al>4(2014) performed mechanical tests
and found an increase in the maximum flexural
strength (N), load (N), and stiffness (N/mm), respec-
tively. Dasgupta et al.3° (2019) performed a fluoro-
chrome labeling and observed the bone growth ra-
tio of 70.450% in the bioglass group after 3 months.
Wang et al3*(2013) also performed fluorochrome
labeling and found a bone growth ratio of 3.7 + 0.3
pm/day. Ahmadzadeh et al.33(2016) also performed
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Scanning Electron Microscopy/Energy Dispersive
X-ray (SEM/EDX) analysis to evaluate surface con-
ditions of implantation site and found an increase of
Ca/P wt.% ratio of about 1.46% to 1.76% after 4 weeRs.

The quality of evidence for nanoceramic ma-
terials and bone healing according to the GRADE
approach is presented in Table 4. The evidence syn-
thesis was moderate for all experimental studies for
the variable histological analysis, demonstrating
the efficacy of techniques on the bone repair treat-
ment.
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Table 1. In vivo studies using nanoceramic biomaterial in bone repair.

- Ani- ! Implan-
Erhorang Speqfes/ mal Age i 3 Sur_gery Defect size tation Experimental design
year Strain ght site 2
sex period
Dasgupta et New Ze- 12-15 15-2 Four groups: GC scaffold
al. (2019) aland whi-  Both TR W -h Femur 2x2x5 mm? 3 months  (control), GC-HA, GC-B-TCP,
te rabbit 9 and GC-58s BioGlass scaffolds.
Chalisserry et N Ze-. - 6-9mon- 355 e Defects filled with nHA particles
aland whi- (condy- 5x8 mm 8 weeks ’ : :
al. (2019) ; ths Rg or nHA with Simvastatin.
te rabbit le)
The 4 defects were filled with
the different materials in the
KKazemi et al. NRgEs 5-6 mon- 25 Granial = NFOUT hBIESar O s il - e A Qs Lat/ SORE
(2019) aland whi-  Male Fhe k oo e M Ty 20 months scaffold 50Sr-TCP/50BG
te rabbit 9 scaffold loaded with MSCs, HA/
TCP granules (positive control),
and untreated (negative control).
Three animal groups:
. L nanosphere-loaded  chitosan
Liang et al. gavﬁe Male  1Oweeke 290% Cramal . 4and8  scaffolds (CS), MSNs-modified
(2019) y 25g bone weeks CS, and Au-MSNs modified
rats
ES:
e Ty Threeanimal groups: HA-coated
g Irflan s i B-TCP scaffold, uncoated 3-TCP
4 3 Rabbit Male 6 months X 5 mm diameter 3 months  scaffold, and nHA-coated poly-
(2019) bone
e-caprolactone scaffold.
Two animal groups: CH/
Singh et al. . 5 = * lliac : CS/8nBG scaffold and
(2019) Relolaf bone S U LR AN untreated defect (control).
Three animal groups: defect
filled with 100% of BioGran®,
Lisboa-Filho g ~250 Cranial - 90% BioGran® and 10%
et al. (2018) Wistarrats Male 3 months ; bare 5 mm diameter 30 days ralotirahe. Ahd. B0 IRIot rang
and 20% raloxifene.
Five animal groups: a paste
of 0%, 1%, 3%, or 5% Cu-doped
PR e 180- calcium silicate nanoparticles
(2018) " Wistar rats Male adult 200 Tibia Fracture induced 10 days applied circumferentially
g around the fracture and
untreated fracture (control).
Defects filled with commercial
Pantan BCP (positive control), other
Rezaei et al. y; > 3 Mandi- 3 holes of 8 mm with nanosized BCP, and others
mongrel : 8 weeRs : :
(2018) ble diameter left empty (negative control) in
dogs : :
the same animal, bilaterally.
Four animal groups: defect
filled with micro-macroporous
Zhana et al New Ze- T 3 PK, BPC (control composite
(2(?]8) : aland whi- * 8 months ~4 Rg Femur 5 mm diameter LA ESES of macroporous nBG and PK),
te rabbit mBPC, and mBPC loaded with
HIK.
Four animal groups: [(-T-
CP group (positive control);
New Ze- ; wollastonite (positive control),
Sr(mgg]e;[)al. aland whi-  Male % % Mslr;dl 10 x 6 x 4 mm? 8v:enedh156 wollastonite with Mg (CSi-
te rabbit Mgl0), and bredigite (positive
control).
Two animal groups: hBCP
scaffolds or BCP scaffolds
Zhuetal. Beagle 10 mon- 70 12 mm long (seg- fEgetnal 'smooth—surface,'
Male 0.8 Femur 12 weeks control). A stainless-steel plate
(2017) dogs ths mental defect) F
Rg with 4 screws was used to
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Table 1. In vivo studies using nanoceramic biomaterial in bone repair (cont.).

Ahmadzadeh
et al. (2016)

Bennett et al.
(2016)

Johari et al.
(2016)

Sun et al.
(2016)

Ardeshiry-
lajim et al.
(2015)

Dhivya et al.
(2015)

Duetal.
(2015)

Hu et al.
(2015)

Lysenko et al.
(2015)

Zhang et al.
(2015)

Razavi et al.
(2014)

Wang et al.
(2014)

Vol. 7 N.1, 2025

New Ze-
aland whi-
te rabbit

Welsh
Mountain
ewe

Wistar rats

Sprague-
-Dawley
rats

Rats

Wistar rats

Beagle
dogs

New Ze-
aland whi-
te rabbit

Wistar rats

New Ze-
aland whi-
te rabbit

Rabbits

New Ze-
aland whi-
te rabbit

Male

Male

Male

Male

Male

Male

Male

Fe-
male

Male

International Journal Of Advances In Medical Biotechnology - JAMB

14 weeks

2-5 years

*

7-8 we-
eks old

3 months

12-15
months

12 mon-
ths

adult

adult

2+
0.2
Rg

30-
50
Rg

200-
250

*

300
+5g

200-
250

121
Rg
0.5

e25
Rg

330 ¢
159

3 Rg

~3 Rg

Rg

Tibia

Femur
(condy-
le)

Cranial
bone

Cranial
bone

Cranial
bone

Tibia

Mandi-
ble

Radius

Mandi-
ble

Femur
(condy-
le)

Femur
(greater
tro-
chan-
ter)

Femur

2 holes of 4 mm
diameter x 2 mm
depth

6 mm diameter x
12 mm deep

8 mm diameter

5 mm diameter

8 mm diameter

3 mm diameter

Chronic type-
defects (box-
shaped): 9 x 6
x 12 mm after
tooth extraction,
allowed to heal
for 2 months and
then reshaped.

15 cm length
(segmental  de-
fect)

4 mm diameter

5 mm wide

3 mm diameter

5 mm diameter

14, 21, and
28 days

6,12,18,
and 24
weeRs

7,30, and
90 days

6 and 12
weeks

8 weeRs

14 days

3or8
weeks

12 weeRs

10 and 30
days

12 weekRs

2 weeRs,
1 month
and 2
months

12and3
months

Two animal groups: defects

filled with  Zn-Mg-HA orHA
scaffolds.
PLGA and PLGA/TCP

composites containing micro-
or nano-sized o-TCP were
randomly implanted.

Three animal groups: untreated
defect (control), defect filled
with bioglass/gelatin scaffold,
and osteoblasts/bioglass/
gelatin scaffold.

Four animal groups: untreated
defect (control), porous nHA
scaffolds without P28 or BMP2,

nHA + P28, and nHA+ BMP2
scaffolds.

Three animal groups:
PES scaffolds, BG-coated

PESscaffolds, and untreated

defect (control).

Three animal groups: untreated
defects(control), defect filled
with Zn-CS/B-GP, or Zn-CS/B-
GP/nHA.

Two animal groups: nHA/coral
block scaffold and VEGF/nHA/
coral block scaffold.

Four animal groups: defect
filled with porous BCP ceramic,
nHA-coated porous BCP
ceramic, porous BCP ceramic
seeded with MSCs, and nHA-
coated porous BCP ceramic
seeded with MSCs.

Four animal groups: intact
rats (physiological control),
untreated defect  (control),

defect filled with BG and BCP
ceramic, or with BG and BCP
ceramic doped with 1% silver
and 0.5% copper.

Three animal groups: defect
filled with ACP-PLA or HA-PLA
composite nanofibers, and
untreated defect (control).

Three animal groups: defect
treated with magnesium alloy,
with PEO coated magnesium
alloy, and with akRermanite/PEO
coated Mg alloy.

Defect treated with porous
nanoapatite scaffolds. No con-
trols.
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Zhou et al.
(2014)

Wang et al.
(2013)

Reddy et al.
(2012)

Reddy et al.
(2012)

Yangetal.
(2012)

Huber et al.
(2007)

New Ze-
aland whi-
te rabbit

New Ze-

aland whi-

te rabbit

Wistar rats

Wistar rats

Mice

Rabbits

Male

Male

male

Fe-
male

Fe-
male

*

5 months

3 months

3 months

6 weekRs

25-
29
Rg

150-
200

150-
200

Femur
(condy-
le)

Radius

Femur

Femur

Cranial
bone

Foreleg
(ulna)

5 mm wide

15 mm length
(segmental de-
fect)

5 mm diameter

5 mm diameter

Two holes of 4
mm diameter

7 mm length = 5
mm depth

Table 1. In vivo studies using nanoceramic biomaterial in bone repair (conc.).

12 weeks

4,8,12
weeRs

3 months

3 months

8 weeks

2 months

Two animal groups: defects
treated with VEGF/TGF
containing CaP-PLA scaffolds
or untreated defect (control).

Three animal groups: defect
treated with nHA coated PLGA
scaffolds with BMSCs or PLGA
scaffolds with BMSCs, and
untreated defect (control).

Three animal groups: defect
filled with nanoceramic powder
with MSCs, nanoceramic
powder without MSCs, and
untreated defect (control).

Three animal groups: defect
filled with nanoceramic powder
with MSCs, nanoceramic
powder without MSCs, and
untreated defect (control).

Four animal groups: defect
treated with PGA scaffolds,
DOPA-coated PGA scaffolds,
PGA scaffolds immersed in HA
solution, and HA- and DOPA-
coated PGA (HA-DOPA-PGA)
scaffolds.

Four animal groups: defect
filed with Cerabone, Ostim,
Ostim-Cerabone combination,
and untreated defect (control).
Two titanium screws ensured
the stability of the defect.
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Table 2. Bioactive nanoceramic, composite material, the method for scaffold manufacturing and
physicochemical characteristics of nanoceramic materials.

Author Bioactive nanoceramic Compo_sue Method for scaffold manufacturing Physmo-ch_emlcal : Ll
material morphological properties
THes = CoCHHA Aot s v HGEHEM) The compressive strengths of
5 the scaffolds were in the range
were prepared by mixing HA and C :
nanopowders with G solution (ratio geévzegz;3%hgr‘;;£cgggocgé§ot
g - 30:40:30 respectively). The (-TCP ke P (R :
HA; B-TCP; 58s : 224 + 0.01, while the scaffolds
; , ; ) nanoparticles were added to G-C - : a
Dasgupta bioactive glass Chitosan (C); solution (fatio 30:40:30. respectively) porosity varied between 78-89%
et al. (2019) (60% SiO,,36% Gelatin (G). e P v (GCH30: 78.12 + 3.2; GCT30: 83.11
P to prepare GCT30 scaffolds. For the - :
Ca0;4% P,0O,). . 3 + 8, GCB30: 81.08 * 6), and pore
22 GCB30 scaffolds, the 58S bioactive Sisen Wara s CCH30 Ot 60!
glass nanoparticles were mixed : 3 ) pon = S
with G-C solution (ratio 30:40:30, ggTao. 2 e SRS PN
respectively). 3
SIM was hydrolyzed by adding in an
alkaline solution of ethanol/NaOH
and heating at 50 °C for 2 h. Hydroly-
Chalisserry : ! zed SIM was dropped onto nHA under  nHA utilized had a particle size
et al. (2019) iy RIMVESIASIM) sterile conditions to incorporate 0.125 less than <200 nm.
mg of SIM on 60 mg nHA, and dried in
a laminar flow hood for 24 h.
Scaffolds were prepared through
the foam replication method. PVA
was dissolved in deionized water
aF B Followed by addlng C The Scanning Electron
different proportion of Strontium it e [EEN)SreVealtd the
substituted B-TCP (Sr.TCP) and 4555 i?t/erconnected B
BG nanopowders (Sr.TCP/BG: 100/0, Strgucg’ure e L dFS’ S
: : ‘ 75/25,50/50,and 25/75). Polyurethane : .
Kazemi et 45S5 BG; Strontium PVA R e i R s 4o SPOIOUS diameters in the range
al. (2019) substituted (3-TCP) o - COMPTessed ¢ 100-500 pm. Porosity in the
to remove extra uptake, and dried in ranae of 68—74%
an oven. The scaffolds were heated up 9 .
to 350 °C and maintained for 30 min - .
to decompose the foams, and then Cgmpresswg skengihiyfegased
heated up to an elevated temperature WISRE e e S Oaguicl
(1250 °C) to sinter and densify the
ceramic network.
MSNs nanoparticles were
E\r;)s:iie:cyltbryime?hylsao:;oc:]niucr: The diameter of nanoparticles
bromide in deionized water, NaOH, wasthaebomsgg_]]%ndnmAu/_\Mi':ﬁ_
and tetraethyl orthosilicate dissolved ) y
in methanol. The MNSs was then dligned mes.oporous SIS
Liang et Mesoporous silica Gold nanopar- obtained by centrifugation, calcined, xa?hetr:\jszspli'at:eSn:rs:tlr:;?oseinf
al. (2019) nanoparticles (MSNs) ticles (AuNP) and dissolved in methylbenzene, and a e Au—MSN.s showedp tha gyold
reflux condensation was conducted at b e L T diamgeter
80 °C after the addition of N-(amino- of 15pnm ey S T
ethyl)-amino-propyl trimethoxy silane. e T S NSNS
Finally, MSNs were centrifuged, dried, :
and mixed with an AuNP suspension
of 0.125%.
The SEM images of PCL and
B-TCP scaffolds showed an
organized structure of fibers and
B-TCP scaffolds were prepared from a polycrystalline (3-TCP material
calcium-deficient hydroxyapatite  with a grain size of a few microns
ROE ek e T (CDHAP). The Poly-e-caprolactone and pores with diameters in the
g y .y p. (PCL) scaffolds were fabricated by range of 20-200 pm. 3 -TCP
-Tylman et (nHA); B-tricalcium PCL ; : - o
al. (2019) phosphate (B-TCP) using a 3D printer method. Both sample overall porosity was 49%;
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scaffolds were sonocoated (using high
intensity power ultrasounds) with nHA,
rinsed with distilled water, and dried.

average 3-TCP pore size was 205
um, and pore wall thickness was
97 pum. For the 3D-printed PCL
scaffold, porosity volume was
41.2%, and mean pore diameter
was 420 pm.
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Table 2. Bioactive nanoceramic, composite material, the method for scaffold manufacturing and
physicochemical characteristics of nanoceramic materials (cont.)

Singh et
al. (2019)

Lisboa-
-Filho, et
al. (2018)

Mabrouk et
al. (2018)

Rezaei et
al. (2018)

Zhang et
al. (2018)

Shao et
al. (2017)

41

Nano-bioglass (nBG)

(CaSio,/ CSi); B-trical-
cium phosphate (TCP)

Chitosan (CH);
Nanobioglass (nBG) Chondroitin
Sulfate (CS)
BioGran® (BioGran, Inc,,
USA; bioactive glass) Raloxifene
Calcium silicate Copper (Cu);
nanoparticles Silica gel
Biphasic calcium
phosphate (BCP) N
ceramic
Polyethere-

therRetone (PK)

Calcium silicate Magnesium (Mg);
Bredigite (Bred);

Polyvinyl alcohol

International Journal Of Advances In Medical Biotechnology - JAMB

CH/CS/nBG scaffolds were fabricated
through the freeze gelation method.
The nBG powder was dispersed in water
by sonication. The pH was adjusted
(<3), and then CH was dissolved, stirred
overnight, and chondroitin sulfate was
then added. The solution was frozen,
immersed in a NaOH/ethanol solution,
rinsed with ethanol, and washed with
PBS. Finally, scaffolds were cross-
linked and dried.

The composites of BioGran® and
raloxifene in solid form were
homogenized by the sonochemical
method. Ultra-pure water was used as
a medium to obtain a homogeneous
mixture and decreasing particle size.

The Cu doped calcium silicate powders
were synthesized utilizing the wet
precipitation method. Calcium nitrate
solution was obtained by dissolving
calcium carbonate in nitric acid, and
silica gel powder was added to obtain
the calcium silicate gel. Cu nitrate
solution was obtained by dissolving Cu
carbonate separately in nitric acid and
then titrated onto the calcium silicate
gel to obtain a homogeneous mixture
gel. The formed gel was dried at 100
°C, calcined up to 550 °C, milled, and
sieved from a 63 uym standard sieve.

A commercial BCP composed of 70%
HA and 30% (3-TCP was dry-milled in
a high energy planetary ball mill with
zirconia balls and containers for 6, 12,
18, 20, and 30 hours at a speed of 530
round per minute.

The Nano-bioglass (nBQ) /e
Polyetheretherketone (PK) scaffolds
were fabricated using the cool-

pressed sintering and particle leaching
method. The nBG and PK powders
were dispersed in sodium chloride
saturated solution. The mixture was
put into the molds and pressed under
a load of 40 MPa, and sintered. The
porous scaffolds were obtained after
their immersion in deionized water
to remove NaCl particles, followed by

drying.

Calcium silicate (CSi) and CSi-
Magnesium (Mg) powders were
synthesized by a chemical co-
precipitation method. (-tricalcium

phosphate (TCP) and Bredigite (Bred)
powders were synthesized by wet-
chemical and sol-gel processes. The
powders were ground in ethanol, and
the paste was prepared by mixing
bioceramics powders with a polyvinyl
alcohol solution, and the 3D printing
technique manufactured the scaffolds.

The Field emission scanning
electron microscope (FE-SEM)
images show the average pore
size in the range of 170-540
pm, lower with increasing nBG
content and uniform distribution
of nBG across the scaffolds
with a porosity range of 65-75%.
Incorporation of nBG shows -6
fold improvement in compressive
strength in comparison with CH/
CS based scaffold.

The TEM images showed
nanoscale size rounded grains
of ~50 nm. The Cu-free sample
showed irregular agglomerated
particles with a particle size range
of 12-36 nm, and the samples
containing 3% and 5% Cu showed
interconnected fine particles in
the range of 13-28 nm.

The FTIR spectrum of the nano-
biphasic calcium phosphate (BCP)
reveals the hydroxyl, phosphate,
and carbonate groups.

The longer the milling time, the
smaller the particle size. BCP
particles had a roughly spherical
shape of 100 nm.

The SEM images of the scaffolds’
surface  morphology showed
macroporous (of about 400 pm)
and micropores (of about 10 pm).
The scaffold had a porosity of
72.5%, water absorption of 450.4
%, and compressive strength of
3.3 MPa.

The SEM showed that the
bioceramic scaffolds were all
composed of superfine particles
with a size below 3 um, and the
X-Ray diffraction (XRD) patterns
confirmed the crystallinity in the
scaffolds. The new scaffold of
~10% Mg-substituted wollastonite
developed presented a pore size
of 313 + 19.1 ym and porosity of
512+46%.

> >
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Table 2. Bioactive nanoceramic, composite material, the method for scaffold manufacturing and
physicochemical characteristics of nanoceramic materials (cont.).

Zhu et al.
(2017)

Ahmad-
zade et
al. (2016)

Bennett et
al. (2016)

Johari et
al. (2016)

Sun et al.
(2016)

Ardeshiry-
lajimi et
al. (2015)

Vol. 7 N.1, 2025

Biphasic calcium
phosphate (BCP)
bioceramics

Carbonate hydro-
Xyapatite (cHA)

Tricalcium phos-
phate (o -TCP)

64S -Bioactive glass
powder (64% SiO,,
31%Ca0, 5%P,0,)

Nano-hydro-
xyapatite (nHA)

BG

International Journal Of Advances In Medical Biotechnology - JAMB

Enterobacter
aerogenes (PTCC
1221); Polyvinyl
alcohol (PVA);
magnesium (Mg?*)
and zinc (Zn%)ions

Poly (D, L-lactide-
co-glycolide)
(PLGA)

Gelatin

Bone morphogenic
protein 2(BMP-
2)-related
peptide (P28)

Polyethersulphone
(PES) nanofibres

The Biphasic calcium phosphate (BCP)
nanoparticle slurry and BCP powders
were synthesized by a chemical
precipitation method. The porous BCP
ceramic scaffolds were then fabricated
using the H,0, foaming method and
sintered at 1100° C for 2 h. The scaffolds
were then modified via hydrothermal
treatment and washed. The prepared
BCP nanoparticle slurry was adsorbed
into the scaffolds by vacuum infusion,
dried, and then sintered at 1100 °C. The
above infusion step was repeated with
a half-reduced slurry concentration
and then sintered at 1000 °C to obtain
a micro/nano hybrid-structured BCP
bioceramic.

For the composite graft fabrication,
polyvinyl alcohol (PVA) was dissolved
in distilled water. cHA and Zn-Mg-
HA mixed powder was added. After
dissolving the mixture, the temperature
was raised to 100 °C and Rept at this
condition for 30 min. The composites
were cut into small disc shaped pieces
and sterilized by autoclaving.

The scaffolds were produced by
dispersing o-TCP powder in acetone,
followed by the gradual addition of
PLGA pellets. The mixture was stirred
to obtain a micro-sized material or
attritor-milled to produce a nano-sized

material.
The bioactive glass/gelatin (40/60

wt %) nanocomposite was fabricated
by layer solvent casting combined
with freeze-drying and lamination
techniques.  The nanocomposite
scaffolds were soaked in 1% (w/v)
glutaraldehyde solution for 24 h to
cross-link gelatin polymeric chains.

nHA scaffolds were sintered in a
chamber furnace (pre-sintered at 400
°C for 1 h and then sintered at 1000,
1100, 1200, 1300, or 1400 °C) for 2 h,
sterilized in 70% ethanol, washed with
deionized water, and dried naturally
overnight. 3 mg of bone morphogenic
protein 2(BMP-2)-related peptide (P28)
was dissolved in deionized water and
dropped on the scaffold. The scaffolds
were dried in a vacuum drying oven,
frozen, and sterilized with 70% ethanol.

The electrospinning method was
used to fabricate bioceramic coated
PES nanofibrous scaffolds. Plasma
treatment was used to increase the
hydrophilicity of PES surfaces. The PES
nanofibrous scaffolds were immersed
in BG /distilled water overnight and
sterilized.

The SEM image indicated that
the micro/nanohybrid-structured
BCP scaffold surface presented a
micro-whisRer networR filled with
thick layers of BCP nanoparticles,
mainly residing on the whisRers'
root and top.

The FTIR demonstrated all
characteristic absorption peaks
regarding the functional groups of
Carbonate hydroxyapatite (cHA),
including PO, (PO), OH- (O-H),
and CO,> groups (C-O).

Most of the particles were~1 pm in
micro-sized material and~0.1-0.5
in nano-sized material.

SEM images demonstrated the
porosity of about 85%, and the
average pore size of the scaffolds
was in the range of 200 to 500
pm.

SEM showed interconnected
pores, homogeneously dispersed
in the nHA scaffolds when the
sintering temperature was below
1200 °C, and no pores were
observed when the sintering
temperature was above 1200 °C.

Compressive strength increased
with increases in  sintering
temperature, whereas porosity,
water absorption, and controlled
release of loaded peptides
decreased as the sintering
temperature increased. Sintering
at 1000 °C produced the optimal
properties for cell responses.

The PES scaffolds had a porous
structure with smooth morphology,
nanofiber diameters between 311
and 569 nm, and contact angle
reduced to zero. PES nanofibers
had a tensile strength of 0.97 + 0.1
MPa and elongation at a break of
36.01+2.7%.
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Table 2. Bioactive nanoceramic, composite material, the method for scaffold manufacturing and

physicochemical characteristics of nanoceramic materials (cont.)

Dhivya et
al. (2015)

Hu et al.
(2015)

Lysenko et
al. (2015)

Zhang et
al. (2015)

Zhou et
al. (2015)

43

Nano-hydro-
xyapatite (nHA)

Biphasic calcium
phosphate (BCP);
Nano-hydroxyapatite
(nHAP)

Bioactive glass
ceramic (BG)
(375i0,-36Ca0-
13P,0,-3MgO-
0.5K,0-4.5Zn0O-
6B,0,); Biphasic
calcium phosphate
(BCP)

Amorphous calcium
phosphate (ACP)
nanospheres; Hy-
droxyapatite (HA)

Nano-hydro-
xyapatite (nHA);

International Journal Of Advances In Medical Biotechnology - JAMB

Zinc-doped
chitosan

(Zn-CS); beta-

glycerophosphate

(B-GP)

Silver (Ag);

Copper (Cu);

Poly (D, L-lact
acid) (PLA)

ic

Coralline (coral)

Recombinan
human vascul

endothelial growth

factor (rhVEGF

L
ar

165)

Zn-CS/B-GP  and Zn-CS/(3-GP/nHA
solutions were prepared by drop-
wise addition of an optimized molar
concentration of pre-cooled (3-GP to
pre-cooled solutions of Zn-CS and Zn-
CS/nHAp under continuous mixing.
The hydrogel formed at 4°C was
transferred to 37 °C for gelation. The
hydrogel was then stored at -20 °C

overnight, followed by lyophilization.
A hydrothermal deposition method

was applied to prepare the nHA
for coating the BCP scaffolds.
Polyvinylpyrrolidone was added to the
ammonium dihydrogen phosphate
solution. Next, the BCP and calcium
nitrate tetrahydrate was added to the
solution. The continuous ultrasound
was applied, and the product was
moved to a hydrothermal synthesis
reactor under hydrothermal conditions
(120 C° and 12 h). The nHA-coated
porous BCP scaffolds were removed

and filtered.
BG was synthesized by melting in

air, and particle sizes of 315-800 pym
were produced. The BCP ceramic was
synthesized via decomposition of
calcium-deficient non-stoichiometric
hydroxyapatite by chemical
precipitation. The ceramic composite
was doped with a silver (Ag) and copper
(Cu) by heating the ceramic granules
in silver and copper nitrates solution
under stirring until complete solution
evaporation followed by drying and
heat treatment. Samples were steril-
ized by autoclaving.

For the preparation of ACP-PLA
and HA-PLA composite nanofibers,
the ACP or HA nanospheres were
dispersed in tetrahydrofuran (THF) and
N, N-dimethylformamide (DMF) under
stirring, followed by the addition of
PLA and stirring for 12 h. Then, nanofi-
bers were manufactured by the electro-
spinning technique.

The nHA/coral scaffolds were supplied
by Beijing YHJ Science and Trade Co,,
Ltd and sterilized by y-irradiation. For
the soakR loading of the nHA/coral
scaffolds, the growth factor rhVEGF .
was dissolved in sterile saline in
aseptic conditions, and the scaffolds
were incubated with 0.25 mL of 12 pg/
mL rhVEGF, . solution.

SEM analysis of the Zn-CS/(3-
GP and the Zn-CS/(3-GP/ nHAp/
revealed porous architectures
indicative of the presence of both
micro and macro-sized pores,
with uniformly interconnected
patterns with diameter in the
range of 100-150 pm.

FTIR showed that the nHA was
successfully  incorporated in
BCP scaffolds. The porosities
of the two ceramics were at
approximately 50.5 + 1.3 and 50.2
+ 1.1 % for BCP and nHA-coated
BCP scaffolds, respectively.
Macropores of 150 to 500 pm
containing many micropores (<
10 um) were observed in the BCP
scaffolds.

The TEM images of the
BCP showed particles have
inhomogeneous morphology

before and after calcination that is
common for multiphase powders.
After calcination, the major part
of the particles had a size of less
than 100 nm.

The TEM images showed
nanospheres  with diameters
of 10 ~ 30 nm. The Electron
Diffraction  (SAED)  analysis
pattern demonstrated the ACP

nanospheres are amorphous
in structure, and the HA
nanospheres had a length

ranging from 50 to 100 nm and
diameters in the range of 20 to
30 nm. The ACP-PLA nanofibers
showed good morphology with
~-280 nm diameter, while HA-
PLA nanofibers presented good
morphology, ~350 nm diameter,
and rough surface.

SEM showed pores size of 57 to
164 um. Inside the sample, the
macropores were interconnected,
and these have diameters from
107 to 550 pm.

>
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Table 2. Bioactive nanoceramic, composite material, the method for scaffold manufacturing and
physicochemical characteristics of nanoceramic materials (conc.)

Razavi et
al. (2014)

Wang et
al. (2014)

Zhou et
al. (2014)

Wang et
al. (2013)

Reddy et
al. (2012)

Yang et
al. (2012)

Huber et
al. (2007)

Silicate bioactive aRer- AZ91 magne-
manite (Ca,MgSi,0,) sium alloy
Nano-calcium Gelath

phosphate ceramic

Amorphous calcium

phasphate (CaP) Polylactide (PLA);

Tantalum (TA)

nanospheres

Naoryaro: POl
xyapatite (nHA) acid) (PLGA)
Hydroxyapatite Masenchymal

(HA); B -tricalcium

R oDl pIGR) stem cells (MSCs)

Hydroxyapatite (HA)
nanoparticles

Polyglycolic
acid (PGA)

OSTIM® (resorbable

pure hydroxyapatite);
CERABONE®(solid hy- N
droxyapatite ceramic)

The PEO was conducted at 60 V for
30 min, using an electrolyte solution
composed of 200 g/L NaOH and 200
g/L Na,SiO,, the AZ91 magnesium
alloy sample as the anode electrode,
and a stainless-steel rectangular
plate as the cathode electrode. Then,
electrophoretic deposition (EPD) was
performed at 100 V for 3 min with
a suspension of 10 g aRermanite
powders and 100 mL of methanol, and
the prepared PEO sample and graphite
as the cathode and anode, respectively.

The calcium nitrate solution was
dissolved in deionized water and
methanol and exposed to the
atmosphere caused by ammonium
carbonate to allow calcium carbonate

to grow into the polyurethane
foam scaffold at the gas/liquid
interface. After that, it was taken

out and rinsed with deionized water
and hydrothermally treated using
an aqueous solution mixture of
(NH,),HPO, and K,HPO, in a Teflon-
lined autoclave and sintered at 850 °C
for5h.

Equal weights of CaP nanospheres
PLA were mixed in acetone and
treated under ultrasonic and magnetic
stirring. For the coating process, the
TA scaffolds were put into the above
CaP-PLA solution and treated under
ultrasound, and dried on filter papers.

The porous PLGA scaffolds were
prepared using the room temperature
molding/particle leaching method.
Oxygen plasma pretreatment was
employed. In order to accelerate the
HA formation, the scaffolds were
immersed in the modified simulated
body fluids (SBF) and vacuumed to
ensure that pores were filled with
the solution. The coated porous
scaffolds were rinsed in ion-free water,

desiccated, and Rept in a vacuum dryer.
The scaffolds were prepared by

polymer matrix mediated synthesis
method, in a narrow range of Ca/P
ratios by polymer matrix with a
systematic variation in the ratio of H to
3 -TCP, which gave a Ca/P molar ratio
of 1.62 for bioceramic P1, .60 for P2
and 158 for P3. MSC was cultured on

the nanoceramic coated dishes.
PGA meshes were coated with HA

nanoparticles by immersing the
scaffolds in a Tris buffer solution
containing 3,4-dihydroxyphenylalanine
(DOPA) (2 mg/mL)only (16 himmersion),
HA nanoparticles (20 mg/mL) only (16

-himmersion), or DOPA/HA mixture (8,

16, and 24 h).

The bioceramics
commercially.

were purchased

The laser scanning
microscopy image indicating
the microstructure of AZ9]

magnesium alloy with an average
grain size of 55 + 10 mm and the
average size of the aRermanite
nanoparticles was 70 + 20 nm
with agglomerative morphologies
and irregular shapes. ARermanite/
PEO coating was rough and
porous surface, with 50-500 mm
islands with a height difference
of 100-150, and also small
submicron islands of 7 and 11 mm.

Scaffolds containing  gelatin
had primary structures of
microspheres with a diameter
range of 1-2 mm, and secondary
ones of 10-25 mm diameters.
SEM images depicted the pore
walls of the scaffolds with a size
of about 1-10 pm. After sintering,
the mean pore size for gelatin-
containing scaffolds was 368 *
85 um.

TEM images showed diameters
of CaP nanospheres from 10
to 30 nm. The XRD pattern of
CaP nanospheres exhibits no
discernable peaR of crystalline
CaP but a characteristic hump
indicating an amorphous phase.

The interior pore surfaces
of scaffolds were Vvisualized
by FE-SEM and exhibited a
interconnected 3D structure with
pore diameters in the range from
300-450 pm. The thickness of
the HA slice was about 50 nm, the
width was 400-1000 nm, and the
HA slices were closely packed.

TEM images showed the
bioceramics P1, P2, and P3
exhibits average size of ~21 nm,
~23 nm, and ~32 nm nanoparticles,
respectively.

TEM showed that the HA-DOPA-
PGA scaffolds particles' size was
~ 20 to 50 nm wide and 100 to
200 nm long. The EDS analysis
showed an increasing tendency
for HA nanoparticles to adhere
to the scaffold surface during the
immersion time.

CERABONE® had a mean pore
diameter of 800 pym and a range
of 100-1500 pm.
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Table 3. In vivo analysis and overall results.

Author

Nanomaterials

Groups Analysis

Overall results

Dasgupta

et al. (2019)

Chalisserry
et al. (2019)

Kazemi et
al. (2019)

Liang et
al. (2019)

RogowsRa-

-Tylman et
al. (2019)

Singh et
al. (2019)

Lisboa-
-Filho et
al. (2018)

MabrouR et

al. (2018)

45

58SBioglass
(GCB)/ tricalcium
phosphate (GCT)/
hydroxyapatite (GCH)

nHA/Simvas-
tatin (SIM)

TRI-CALCIT® HACP/
TEXTILE HI-TEC/
Mesenchymal
stem cells (MSCQC)

Gold (Au)-
mesoporous silica-
chitosan (MSNs)

Nanohydroxyapatite
sonocoate scaffold

Chitosan(CH)/
chondroitin sulfate
(CS)/nano-
Bioglass (nBQG)

BioGran®/Raloxifene

Copper (Cu) -calcium
silicate nanoparticles
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GCB,
GCT,
GCH

X-ray, histology, and
fluorochrome labeling

nHA,
nHA-SIM

MicroCT, histology,
Histomorphometry

Untreated
Scaffold, MSC-
scaffold, Granule

Micro-CT, Histology,
Immunohistochemistry,
Histomorphometry

micro-CT, Morphometry,
Histology,
Immunohistochemistry

Chitosan scaffold,
MSNs, Au-MSN

nHAP-coated PCL,
uncoated 3-T-
CP PCL,nHAP-
coated 3-TCP

Histology, Morpho-
metry, and Immu-
nohistochemistry

Untreated,

CH/CS/8nBG RIGEDIOGY

BioGran®, BioGran®/
Raloxifene (90:10),
BioGran®/Ralo-
xifene (80:20)

Micro-CT

Cu-doped calcium
silicate nanoparticles
(0%; 1%, 3%; 5%)

X-ray and Histology

GCB group showed complete
material degradation, a higher
number of blood vessels, and
a higher amount of bone
formation compared to the other
groups.

Bone volume and bone mineral
density were higher in nHA-
SIM group than in the control
group. The nHA-SIM group also
presented faster degradation
than nHA group

The MSC-scaffold group almost
healed after 2 months, providing
enhanced mechanical properties
with higher bone volume, less
fibrous connective tissue, and
immunoexpression of OCN
compared to other groups.

Au-MSN promoted higher and
accelerated bone formation,
higher bone mineral density, and
less fibrous tissue compared
with MSNs and C scaffolds.

nHAP-coated [-TCP scaffold
promoted a higher volume of
new bone tissue after three
months compared to other
groups. nHAP-coated B-T-
CP showed favorable results
regarding osteogenic markers
and inflammatory factors
detected in bone tissue.

CH/CS/8nBG enhanced bone
formation with wuniform and
dense collagen  deposition,
and after 24 weeRs defect was
completelyfilledwithmineralized
bone tissue. Untreated defects
presented fibrous connective
tissue with poor bone formation.

Bone volume and trabecular
number were lower in Bi-
oGran°/Raloxifene (90:10)
group compared with the other
two. Trabecular thickness did
not differ among groups, while
trabecular separation was higher
in BioGran®/Raloxifene (90:10).

Healing enhanced with
increasing levels of Cu-doped
calcium nanoparticles. Great
rigidity and resistance to fracture
were found in 3 and 5% groups.
5% group presented higher bone
mineral density, higher bone
healing, and angiogenic effect
than the other groups.

| 4. d
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Table 3. /n vivo analysis and overall results (cont.).

Rezaei et
al. (2018)

Zhang et
al. (2018)

Shao et
al. (2017)

Zhu et al.
(2017)

Ahmad-
zadeh et
al. (2016)

Bennett et
al. (2016)

Johari et
al. (2016)
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Nanosize-Bicalcium
Phosphate (BCP)

Macro/microporous
nano-bioglass/
polyetheretherketone

TCP/ Wollastonite
(Csi)/ Mg, and
bredigite (Bred)

BCP

carbonate-zinc-mag-
nesium substituted
hydroxyapatite
(CZM-HA)

poly(D,L-lactide-
co-glycolide)/a-
tricalcium phosphate

Osteoblasts/bio-
glass/gelatin

Commercial BCP,
Untreated control,
Nano-sized BCP

micro-macroporous
polyetheretherketone
(mPK),bioglass/
polyetheretherketone
composite (PBC),
micro-nano-bioglass/
polyetheretherketone
(mPBC),hinokitiol
loaded mPBC
(dmBPC)

CR=ESI{CSIE
MglO Bred

micro/nano hybrid-
structured BCP
(hBCP), BCP

CZM-HA and HA

PLGA, PLGA/a-TCP
microcomposi-
te, PLGA/a -TCP
nanocomposite

Untreated defect,
Bioglass/gelatin
scaffold, and Os-
teoblasts/bioglass/
gelatin scaffold

Histology and His-
tomorphometry

Micro-CT, Histol-
ogy, and Immuno-
histochemistry

X-ray, Macroscopy,
microCT, Histology, and
Histomorphometry

micro-CT, Histology,
and mechanical test

Micro-CT, X-ray,
Histology and
SEM-EDX and

Histomorphometry

X-ray and Histology

Histology, Histomor-
phometry, and Immu-
nohistochemistry

Nano-sized BCP produced no
chronic inflammation or foreign
body reaction and increased
bone regeneration and higher
bone formation after 8 weeks
compared to the blankR group,
and similar to commercial BCP.

mBPC and dmBPC groups
presented higher bone
formation compared to PBC and
PK groups. mBPC and dmBPC
promoted BMP-2 expression
after 3 months, compared with
BPC and mPK.

From week 8 to 16, all groups
increased radiodensity
(suggesting mineralization).
No signs of inflammation,
necrosis, or infection were
macroscopically detected for
all groups, and well-organized
calluses covered the implants'
whole surface. For the CSI-MglO
group, lower bone volume was
detected at weeR 8, but the
highest levels were observed
at week 16, compared with the
other groups.

hBCP group showed a better
integration with host bone
tissue. Bone to material ratio
was higher for hBCP group
compared with BCP group.
Both groups demonstrated
good bone integration and
osteoconductivity. hBCP also
had improved mechanical
properties (maximum load but
not stiffness) when compared to
BCP group.

After 4 weekRs CZM-HA graft
was degraded entirely with
higher newly formed bone tissue
formation compared with the
other groups, and no evidence
of rejection. High levels of
mineralization in the CZM-HA
group were also found.

Bone formation and implant
degradation were similar for
all  groups. Nanocomposite
implants degraded more slowly
than microcomposite implants.

Osteoblasts/bioglass/gelatin
scaffold produced higher
bone formation, lamellar bone
formation, collagen type |
deposition, and OCN expression
after 90 days.

> >
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Table 3. /n vivo analysis and overall results (cont.).

Sun et al.
(2016)

Ardeshiry-
lajim et
al. (2015)

Dhivya et
al. (2015)

Duetal
(2015)

Hu et al.
(2015)

Lysenko et
al. (2015)

Zhang et
al. (2015)

Razavi et
al. (2014)

47

Porous nHA
scaffolds/ peptide
28 (P28)/BMP-2

Nano Bioglass
coated (nBG)/
polyethersulphone
(PES)

zinc-doped chi-
tosan (Zn-CS)/
nanohydroxyapatite
(nHAPp/(3-glycer-
ophosphate (3-
GP) hydrogels

nHA/ VEGF/
coral blocks

Porous biphasic
calcium phosphate
ceramics (BCP)/
nHA/ MSCs

Silver/Copper (Ag/
Cu) Bioactiveglass/
BCP (BCQ)

amorphous calcium
phosphate (ACP)
nanospheres/
hydroxyapatite (HA)
nanorods- poly(D,L-
lactic acid) (PLA)

Mg alloy (AZ91)/
ARermanite/
plasma electrolytic
oxidation (Peo)

International Journal Of Advances In Medical Biotechnology - JAMB

Untreated defect,
nHA, nHA-P28,
and nHA-BMP-2

PES, and nBG-PES

Untreated defects,

Zn-CS/B3-GP, and

Zn-CS/nHAp/B-GP

nHA/coral blocks
and nHA/ VEGF/
coral blocks

BCP, BCP/nHA,
BCP/MSCs, and
BCP/nHA/MSCs

Intact animals,
untreated defect,
BCC3 (BCC doped
with Ag1/ Cu 05
at.%), and BCC
(undoped)

Untreated defect,
ACP-PLA, and
HA-PLA

AZ91, PEO,
ARermanite/PEO

Micro-CT, Histological.

X-ray, Micro-CT,
and Histology

X-Ray and Histology

Histology, Histomor-
phometry, and Immu-
nohistochemistry

Mechanical
Testing, Histology,
Histomorphometry, and
Immunohistochemistry

Histology and Specific
ions and proteins
quantification in bone

Histology

X-ray and Histology

P28 and BMP-2 loaded scaffolds
promoted the higher bone
formation and higher bone
mineral density in critical sized
bone defects. These groups also
presented osteocytes, osteoid,
and blood vessel formation in
the material interspace after
6 and 12 weeRs. In control
groups, loose connective and
granulation tissue was observed
after 6 weeks.

Higher amounts of bone
formation in nBG-PES implanted
group. nBG-PES also showed
higher collagen deposition after
8 weeRs.

Zn-CS/nHAp/3-GP produced
higher bone formation, better
defect closure, and collagen
deposition compared to other
groups.

New bone formation in nHA/
VEGF/coral group was slightly
greater than those of the nHA/
coral group.
nHA/ VEGF/coral blocks
showed a higher density of
blood vessels than nHA/coral
blocRs after 3 weeRs, but similar
values were detected for both
groups at week 8.

BCP/nHA/MSCs and BCP/
MSCs presented increased
mechanical strength than BCP/
nHA and BCP groups. BCP/nHA/
MSCs showed a higher amount
of bone tissue formation and
immunoexpression of BMP-2
compared to other groups.

BCC and BCC3 stimulated
osteogenesis, mainly affecting
the mineralization  function.
However, silver- and

copper-doping did not improve
bone defect reparation in
comparison with BCC (undoped).

The collagen constituent in bone
defects in the composite treated
groups was more prominent
than the untreated group.

ARermanite/PEO coated group
had few hydrogen bubbles
due to material degradation,
more bone formation, and
less inflammatory response
compared with the other groups.

> >
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Table 3. /n vivo analysis and overall results (conc.).

Wang et
al. (2014)

Zhou et
al. (2014)

Wang et
al. (2013)

Calcium Phosphate

Vasoendothelial
Growth Factor
(VEGF)/
Transforming Growth
Factor-3 (TGF-B)/
calcium phosphate
(CaP)- polylactide
(PLA) coated
Tantalum (Ta)

nHA/Poly(lactic-co-
glycolic acid) (PLGA)
seeded with BMSCs

Porous Calcium
Phosphate (PCP)
and Scaffold

Untreated defect,
VEGF/TGF-B/CaP-
PLA coated Ta

BMSCs/PLGA, and
BMSCs/nHA-PLCA

X-ray and Histology

Histology

Micro-CT, X-ray,
Biomechanical test,
Histology and Fluo-
rochrome labeling

PCP scaffold stimulated a high-
density tissue extended toward
the central defect area. PCP
scaffolds also induced material
resorption and proportional bone
formation: in 12 weeRs, the whole
scaffold was almost completely
degraded and ossified.

VEGF/TGF-3/CaP-PLA  coated
Ta scaffold produced increased
bone formation compared to
controls after 12 weekRs.

BMSCs/nHA-PLGA group pro-
duced higher bone formation
and bone mineral density, me-
chanical properties of the new
bone improvement, and higher
bone regeneration rate after 12
weeRs, compared with BMSCs/
PLCA group

Vol. 7 N.1, 2025
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Table 4. Summary of findings: nanoceramic materials compared to control/sham.

49

International Journal Of Advances In Medical Biotechnology - JAMB

Nanomaterials and bone healing
Out- Limita- Incon- Indirect- Impre- Publica- : Intt.ar- Compa- Slgmﬁ- GRADE
: : ol : . Trials vention : cant dif- level of
come tions sistency ness cision tions Bias rison (n) 1
(n) ference | evidence
Intervention: Nanomaterials x control/sham
Dasgup-
taetal. 6F 6° Yes
2019
IKazemi
etal. 10¢ 10¢ Yes
2019
Liang et v i
al. 2019 9 & g
MabrouR
etal. 6 6 Yes
2018
rfﬁzsg'] e ok 10¢ Yes
Zhang et . b
al. 2018 2 2 e
Zhu et : >
al. 2017 o 4 Yes
Ahmad-
zadeh et 3c 35 Yes
al. 2016
Bennet
etal. op op Yes
2016
J;’lhggg 15¢ 159 Yes
Sun et . 5
al. 2016 g ¢ ES
Ar-
deshiry, £l a%i g0 10¢ Yes
lajimi et
al.2015
Dhivva et : g
al. 2015 5 & s
H;(;[SC'" 5¢ 5¢ Yes
>>

Vol. 7 N.1, 2025



Table 4. Summary of findings: nanoceramic materials compared to control/sham (conc.)

Nanoceramic materials for bone regeneration....

Lysenko

etal. 16¢ 8¢ Yes
2015

Reddy et 3

al. 2012 2 3 e

Huber et 5 g

al. 2007 2 % ¥es

Serious No No Serious | Undetected Mi:,’ira_
Vol. 7 N.1,2025 International Journal Of Advances In Medical Biotechnology - JAMB 50




51

Discussion

The present study demonstrated the effects of
different types of ceramic materials, at a nanosize
scale, for bone tissue engineering applications. It
was possible to observe that, in most of the stu-
dies, HA was the choosen nanoceramic material
used3031333839414648 — Moreover, calcium phospha-
te was used by 3 studies?**462 and bioactive glass
was used by 2 studies®“°. |t is important to highli-
ght that the materials were used isolated or com-
bined with other materials such as chitosan30,40,
gelatin3©324°, PVVA283337 condroitan sulfate“®, PCL*,
PLGA34% PES#4, B3-GP*8, PLA3%, coral?, PGA>2 and
metals*>0,

As previously described, nanoceramic materials,
especially HA, TCP and BG, have been profusely
investigated as biomaterials mainly due to their
capability to bond directly to living tissue after im-
plantation, especially in bone defects, stimulating
tissue ingrowth®-%8, In addition, nanoceramic mate-
rials have also emerged as an optimized alternative
to be used as bone grafts, combining the positive
biological properties of ceramics with the superior
strength and toughness of the nanomaterials®’.

From the papers analyzed in the present review,
it is possible to observe that nano-HA was able of
shortening the process of bone healing due to its
osteocondutive properties and enhanced solubility,
being able of increasing the calcium ion concen-
tration*’°, Moreover, 5 studies explored the oste-
ogenic behavior of calcium phosphate as nanoce-
ramic material?°3254-5%, whereas the calcium silicate
nanoceramic was employed in the studies of Shao
et al.?®(2018) and MabrouR et al.>° (2018). Similarly,
nano-CP and nano-BTCP have been used by many
authors, also demonstrating optimized results in
the process of bone healing compared to micro-B-
-TCP71-73. Nano-BG was also used by 5 authors or
with the combination of other materials such as HA
and B-TCP3740444963 Researchers have pointed out
that nano-BG has superiority over micro-BG in re-
pairing bone defects”’2. For example, Nosouhian et
al.’>(2019) showed that the nano-BG produced a hi-
gher rate of bone formation compared to nano-HA
in an experimental model of bone defects.

Moreover, nanoceramic materials also have been
used in association with other materials, mainly
synthetic biopolymers3437394144525563  gnd  natural
polymers3032404° The introduction of polymers to
nanoceramic materials for manufacturing scaffolds
aims to improve the mechanical and biological pro-
perties76. Metals are also materials used for nano-
ceramic composite manufacturing, providing a se-
ries of advantages such as stability and improved
mechanical properties®#8305%7 |n addition, among
the selected articles, 3 of them fabricated scaffolds

International Journal Of Advances In Medical Biotechnology - JAMB

with nanoceramic-synthetic biopolymer-metal?833°¢,
Previous studies demonstrated that combining
metal ions-doped nanoceramic materials with bio-
active polymers significantly accelerated the hea-
ling in experimental models of bone defects due to
the physicochemical similarities between the graft
compositions and bone tissue®. In addition, 2 stu-
dies employed nanoceramic materials combined
with commercial drugs, simvastatin, an inhibitor of
cholesterol synthesis Chalisserry et al.2(2019) and
raloxifene, a selective modulator of estrogen re-
ceptors®. In the study of Lisboa-Filho et al.>*(2018),
the biological effects of raloxifene combined with
BioGran® in the repair of critical bone defects in the
calvaria of rats were observed. The incorporation of
raloxifene in the range of 80/20 mass concentra-
tion showed to be the most effective for bone for-
mation. This suggests the possibility of combined
antiresorptive medications with BG in order to im-
prove bone regeneration. Chalisserry et al.?8(2019)
observed a significant enhancement of bone forma-
tion in the rabbit femoral condyle due to the favora-
ble degradation rate of drug delivery system made
of nHA scaffolds loaded with a gradual release of
simvastatin, that promoted significantly high bone
regeneration in a critical size defect in rabbit femo-
ral condyle

Interestingly, Zhou et al.>®(2014) and Sun et al.*®
(2016), loaded nanoceramic scaffolds with recombi-
nant Human VEGF and bone morphogenic protein
(BMP-2)-related peptide (P28), respectively. The
authors suggested that the combination of growth
factors results in angiogenesis and bone formation
more readily than a single factor alone. Due to this
observation, as a future trend the development of
multilayer biodegradable composite scaffold to use
different combination of growth factors must be
investigated to optimize bone tissue healing using
nanoceramic materials.

Also, different methods for manufacturing the
scaffolds from nanoceramic materials were applied.
The electrospinning technique is a unique approa-
ch using electrostatic forces to produce fine fibers
from polymer solutions or melts with a thinner dia-
meter (from nanometer to micrometer) and a larger
surface area, in comparison to those obtained from
conventional spinning processes”’. In addition, the
leaching method is also an efficient method for sca-
ffold manufacturing, combining different methods
such as casting, compression molding, and extru-
sion’8. The replication method is a process that in-
volves the coating of open-cell polymeric foam, with
ceramic slurry followed by burning-out of polymeric
foam producing ceramic foam with the vast ma-
jority of open cell foam microstructure”. Also, the
sintered process consisted of heating the material
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at high temperatures (between 1100 and 1400 °C)
SadowsRa et al.?°(2017). Furthermore, Lisboa-Filho
et al?> (2018) and RogowsRka-Tylman et al.#' (2019)
applied the sonochemical and ultra-sonification
methods. The sonochemical technique also known
as ultra-sonification consists of the use of a ultra-
sound probe and a signal generation®.

Moreover, characterization of the scaffolds was
performed by mainly FTIR, SEM and TEM analysis.
The FTIR spectroscopy analysis demonstrated the
chemical characterization of the biomaterials; for
example, it depicted the hydroxyl, phosphate, and
carbonate groups related to BCP?%, or the functio-
nal groups of hydroxyapatite, that include PO, *-
(PO), OH- (O-H) and CO,* *'*. The SEM evaluation
showed a range of 100-500 pm?¥, 170 um - 540
pm“, 200 to 500 pym and porosity about 85%49.
TEM analysis demonstrated particle size around 20
to 50 nm52 and 10 to 30 nm 56 and rounded grains
with a diameter about 50 nm can be observed in the
work of MabrouR et al.>° Although the optimal pore
size for osteoblast activity in tissue engineered sca-
ffolds remains a controversial question, in general,
scaffolds with pore sizes of about 20 to 1500 nm
have been used®.

Considering the in vivo results, all the studies de-
monstrated a stimulatory effect on the process of
bone healing after the treatment with the different
nanoceramic materials. Micro-CT has shown that
higher bone ingrowth and higher density were ob-
served in the region of the defect after the nanosca-
ﬁ’-‘old implantati0n"6“‘8'50'5"'55'57‘83'8“'3032‘3"'37‘38"‘"“'5. AISO,
histology demonstrated that all Rinds of biocerami-
cs degraded over time, releasing space for newly
formed bone ingrowth and consequently, a higher
amount of newly formed bone was also observed
26,28,44—50,52,54,55,3l,56,57,63,32—34,37,39,4],42‘ Many StUdies have
demonstrated that ceramic bone grafts can attract
and stimulate cells at the region of the fractures
and also forming a hydroxycarbonate apatite (HCA)
film with bone tissue, mimicRing the natural inter-
face the restoration of bone and stimulating tissue
repair 98>

Moreover, neoangiogenesis and higher immu-
nostaining of osteogenic marRers,such as OCN374149,
BMP-2314146 QPG4 OP, VEGF>3, MMP24, Col-14, and
IL1*, were observed in the nanoceramic material
treated animals. OCN is a hormone-likRe peptide se-
creted by osteoblasts®®, related to osteoblasts diffe-
rentiation®*®” and bone remodeling process®. In ad-
dition, BMPP-2 is also related to an increase in OCN
expression® and OPG is responsible for regulating
the remodeling/resorption process. Also, VEGF is a
Rey factor for angiogenesis, involved in new blood
vessel formation. Finally, Col-1 is a representative
marRer of ossification and leads to the process of
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callus remodeling in the resorption stage®-"2 |t is
important to emphasize that the positive effects of
nanoceramic materials on the immunostaining of
the osteogenic marRers may be related to the ions
dissolution from the ceramics and consequently,
could have contributed to the improved process of
healing in the treated animals.

TaRing all the data together, nanoceramic mate-
rials, used isolated or combined with other mate-
rials or drugs constituted an efficient therapeutical
intervention, with a huge potential to be used in the
area of bone tissue engineering.

Conclusion

In conclusion, this review demonstrates that na-
noceramic materials, can be successfully used for
manufacturing scaffolds using different techniques.
Also, the nanoceramic materials were able of stimu-
lating tissue ingrowth and accelerating the process
of bone healing in animal studies. However, further
studies are needed, especially at the clinical setting,
with the aim of evaluating the efficiency and safety
of nanoceramic materials to be used as bone grafts.
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