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Bone tissue engineering (BTE) provides a promising alternative for transplanting.

Due to biocompatibility and biodegradability, chitosan-based scaffolds have

been extensively studied. In recent years, many inorganic nanomaterials have

been utilized to modify the performance of chitosan-based materials. In order

to ascertain the impact of chitosan/inorganic nanomaterial scaffolds on bone

regeneration and related key factors, this study presents a systematic

comparison of various scaffolds in the calvarial critical-sized defect (CSD)

model. A total of four electronic databases were searched without

publication date or language restrictions up to April 2022. The Animal

Research Reporting of In Vivo Experiments 2.0 guidelines (ARRIVE 2.0) were

used to assess the quality of the included studies. Moreover, the risk of bias

(RoB) was evaluated via the Systematic Review Center for Laboratory Animal

Experimentation (SYRCLE) tool. After the screening, 22 studies were selected.

None of these studies achieved high quality or had a low RoB. In the available

studies, scaffolds reconstructed bone defects in radically different extensions.

Several significant factors were identified, including baseline characteristics,

physicochemical properties of scaffolds, surgery details, and scanning or

reconstruction parameters of micro-computed tomography (micro-CT).

Further studies should focus on not only improving the osteogenic

performance of the scaffolds but also increasing the credibility of studies

through rigorous experimental design and normative reports.
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Introduction

Alveolar bone dehiscence or fenestration, which may cause

gingival recession, is one of the common sequelae of orthodontic

treatment. The loss of periodontal support tissues compromises

the impacted teeth both esthetically and healthily. Thus, bone

augmentation may be required for those who have had alveolar

dehiscence or fenestration before orthodontics or are assessed as

having a high risk of morbidity. This bone transplantation

surgery is generally carried out using auto- or xenogenic bone

grafts, with satisfactory effects. However, the most substantial

disadvantages of these materials are their constrained resources,

additional trauma, and high costs. It is indispensable to conduct

research and development for bone substitute materials that

combine ideal efficacy and affordability.

Recently, bone tissue engineering (BTE) has undergone

rapid progress, providing a novel approach for bone

regeneration. By simulating the morphology and function of

the native skeletal, bone substitute materials would be

constructed, composed of scaffold and growth factors that

confer osteoconductivity and osteoinductivity to these

materials. Numerous materials have been revealed to be

suitable for BTE. Natural organic macromolecules such as

chitosan (CS), collagen, silk fibroin (SF), and hyaluronic acid

have been broadly studied for their biocompatibility and

biodegradability (Jin et al., 2021; Sun et al., 2021), while

inorganic minerals like hydroxyapatite, calcium phosphates,

calcium silicates, bioglass, and bioceramics are also extensively

applied due to their bioactivity and osteoconductivity (Cheah

et al., 2021; Kamboj et al., 2021). Even though each type of

material has advantages of its own, it is still challenging to

meet all of the requirements of BTE. For instance, scaffolds

would have poor mechanical properties when organic

macromolecules are individually used or a slow degradation

velocity when only inorganic minerals are employed.

Accordingly, constructing scaffolds with hybrid materials

becomes a promising tissue engineering strategy, combining

the advantages of both organic/inorganic materials (Jayash

et al., 2021).

As a natural biomacromolecule, CS has been utilized as the

matrix of scaffolds owing to its superior biocompatibility,

biodegradability, antibiosis, and properties of adhesion and

adsorption (Guo et al., 2021). Nonetheless, as a result of its

inherent drawback of poor mechanical properties (Sukpaita et al.,

2021), combining CS with various inorganic materials for

modification of scaffolds has become a hotspot of research

(Liu et al., 2021). Compared with macro- or microscale

materials, nanomaterials are nano-sized, ranging from

1–100 nm in at least one dimension (Rajula et al., 2021). Due

to the small particle size and high surface area, their macroscopic

properties are strongly affected by the interaction between atoms

and molecules at the nanoscale, such as mechanical strength, cell

adhesive property, and the ability to mimic the hierarchical

structure of the extracellular matrix (Dvir et al., 2011; Pina

et al., 2015; Abdollahiyan et al., 2021).

In the development of biomaterials, in vivo animal

experiments are imperative for translating in vitro results to

the clinic. Therefore, to better evaluate the performance of

composite scaffolds and obtain data with optimal relevance to

the clinical situation, it is crucial to select an appropriate animal

model for mimicking the in vivo environment where biomaterials

play a role (Muschler et al., 2010). As for the species employed in

BTE research, murines, rabbits, canines, and pigs are commonly

used, while murines are used most extensively considering their

lower costs and convenient operation process (Gomes and

Fernandes, 2011). To the preparation methods of modeling in

BTE, calvarial bone or extremity bone is the most common

location to create round or segmental critical-size defects,

respectively (Vajgel et al., 2014; Sparks et al., 2020). Taking

into account that the skull and the alveolar bone have the

same developmental mode, i.e., intramembranous ossification,

belong to the flat bone, and have similar force, the calvaria can

better ape the environment of the alveolar bone than the long

bone. Moreover, researchers have reached a consensus on the

application of the calvaria CSD model and standardized the

preparation process, which makes the model reproducible and

reliable (McGovern et al., 2018).

After constructing the animal model, it is crucial to evaluate

bone regeneration. Histomorphometry has been applied for

many years to assess bone parameters at the cellular level, but

it is a destructive and 2D technique (Lyu and Lee, 2021). With

high resolution, micro-CT provides 3D examinations of

specimens, offering details about the volume and morphology

of bones, which can determine the bone quality by variables such

as bone volume fraction, trabecular number, trabecular

thickness, and bone mineral density (Bouxsein et al., 2010;

Akhter and Recker, 2021).

At present, although numerous investigations related to

biomaterials have been carried out, little information is

available about the quality of these studies, and few composite

scaffolds have been translated into clinical application. Based on

this context, this study aims to conduct a systematic comparison,

focusing on the bone regeneration effects of various CS/inorganic

nanomaterial composite scaffolds on calvarial bone defect

models, and to identify the critical factors influencing the

osteogenic properties of scaffolds in vivo. In addition, in order

to guide future studies, quality assessment and evaluation of the

risk of bias are accomplished for previous studies.

Methods

Protocol, registration, and search strategy

This systematic review has not been registered. The protocol

and this report follow the PRISMA guidelines.
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Our research questions were turned into the PICO

(Participant, Intervention, Comparison, and Outcome) model

to formulate the search strategy. The literature search was

conducted at PubMed, Web of Science, Embase, and

Cochrane Library up to April 2022 for publications. No

restrictions on language in the literature search were reported.

The detailed search terms are given in Table 1.

Inclusion/exclusion criteria

Two reviewers will independently carry out the selection of

studies and make decisions about eligibility. If the relevance of a

study report is unclear, we will review the full text and resolve all

disagreements by discussion.

The inclusion criteria were as follows:

1) In situ bone regeneration research of CS or its derivatives/

inorganic nanomaterial composite scaffolds, with at least one

experimental group free of substances or cells that can

promote osteogenesis.

2) The animal model was the calvaria defect model.

3) Quantitative evaluation was accomplished through micro-

CT, and the outcome measures contained at least BV/TV,

BMD, Tb.Th, or Tb.N.

The exclusion criteria were as follows:

1) CS or nanomaterials served as the coating of scaffolds rather

than the components of the matrix.

2) Except for skull defects, animals had metabolic bone disease,

infection, tumor, or immunodeficiency simultaneously.

3) Discrepancies in outcome measures existed between figures

and literal descriptions, affecting data accuracy.

Outcome measure

The primary outcome measures were the results of the

quantitative analysis of reconstruction data obtained from

micro-CT scanning as follows:

1) Bone volume/total volume (BV/TV);

2) Bone mineral density (BMD);

3) Trabecular thickness (Tb.Th);

4) Trabecular number (Tb.N);

5) Scoring of reconstruction images: a semi-quantitative

assessment of images reconstructed from micro-CT data

was conducted to interpret the osteoconductivity of

scaffolds. The scoring system (see Table 2 and Figure 1)

was modified from that of Young et al. (2009) ‘s.

Data extraction

Data extraction was performed with a predefined form, and

Microsoft Excel (Microsoft Office 2016; Microsoft, Redmond, WA,

United States) was utilized to record data.More specifically, only groups

implanted with cell-free, growth factor-free, andmedicine-free scaffolds

could be recorded. The extracted data include five main entries.

TABLE 1 Search strategies in different databases.

Database Search strategy

PubMed and Cochrane library #1. rat OR rodent OR pig OR dog OR monkey OR rabbit OR mice OR murine OR animals OR animals[MeSH]

#2. (chitosan OR poliglusam OR chitosan[MeSh]) AND (nano* OR “nanostructures” [MeSH])

#3. (bone regenerate*) OR (bone format*) OR osteogen* OR (bone heal*) OR (bone repair*) OR (bone transplantation) OR (bone
reconstruct*) OR ossificat* OR (bone augment*) OR (bone tissue engineering) OR “bone transplantation”[MeSH] OR “bone
regeneration”[MeSH] OR “bone transplantation”[MeSH]

#4. #1 AND #2 AND #3

Embase #1. ‘rat’/exp OR rat OR ‘rodent’/exp OR rodent OR ‘pig’/exp OR pig OR ‘dog’/exp OR dog OR ‘monkey’/exp OR monkey OR
‘rabbit’/exp OR rabbit OR ‘mice’/exp OR mice OR ‘murine’/exp OR murine OR ‘animals’/exp OR animals OR ‘animal’/exp OR
animal

#2. (‘chitosan’/exp OR chitosan OR poliglusam) AND (‘nanomaterial’/exp OR nano*)

#3. ‘bone regeneration’/exp OR ‘bone regenerat*’; OR ‘bone format*’ OR osteogen* OR ‘bone heal*’ OR ‘bone repair*’ OR ‘bone
remodeling’/exp OR ‘bone transplantation’ OR ‘bone transplantation’/exp OR ‘bone reconstruct*’ OR ‘ossification’/exp OR
ossificat* OR ‘bone augment*’ OR ‘bone tissue engineering’

#4. #1 AND #2 AND #3

WOS #1. rat OR rodent OR pig OR dog OR monkey OR rabbit OR mice OR murine OR animal*

#2. (chitosan OR poliglusam) AND nano*

#3. “bone regenerate*”OR “bone format*”OR osteogen* OR “bone heal*”OR “bone repair*”OR “bone transplantation”OR “bone
reconstruct*” OR ossificat* OR “bone augment*” OR “bone tissue engineering”

#4. #1 AND #2 AND #3
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1) Study details: author(s) and publication year.

2) Characteristics of animals: species, strain, age, weight, gender,

and total number.

3) Interventions: defect location and diameter and healing

period.

4) Details of the implanted scaffolds: characteristics of CS and

nanomaterials, preparation methods, and properties of the

scaffolds.

5) Outcome measures: BV/TV, BMD, Tb.Th, and Tb.N are

calculated from micro-CT and related parameters.

Additionally, when specific data were unavailable in the

original articles, data were extracted from the coordinate

diagrams via Engauge Digitizer software (http://digitizer.

sourceforge.net/).

Quality assessment

The quality of each included study was assessed according to

the ARRIVE 2.0 guidelines (Percie du Sert et al., 2020). The

ARRIVE 2.0 guidelines contain 21 main items: 1. study design; 2.

sample size; 3. inclusion and exclusion criteria; 4. randomization;

5. blinding; 6. outcome measures; 7. statistical methods; 8.

experimental animals; 9. experimental procedures; 10. results;

11. abstract; 12. background; 13. objectives; 14. ethical statement;

15. housing and husbandry; 16. animal care and monitoring; 17.

interpretation/scientific implications; 18. translation; 19.

protocol registration; 20. data access; and 21. declaration of

interests. According to the authors, the first 10 items belong

to the essential set that must be included in the study, or the

reliability of the research cannot be assessed. The remaining

11 items are included in the recommended set, which serves as

complements for the essential set.

Each main item, which consisted of several sub-items, was

scored, being marked as “reported (= 2 points)” if the article

complied with all sub-items, “not reported (= 0 points)” if it did

not, and “not clear (= 1 point)” if only part of the sub-items were

provided. After scoring, for evaluating the quality of each study, a

predefined quality coefficient was calculated as the sum of all the

21 items and divided by 42. Depending on the coefficient, the

quality of the studies was classified as “excellent (0.8–1),”

“average (0.5—0.8),” and “poor (<0.5)” (García-González

et al., 2021).

Evaluation of the risk of bias

SYRCLE’s RoB tool was employed to evaluate the risk of bias

in each included study (Hooijmans et al., 2014). The types of bias

TABLE 2 Scoring system of images derived from the reconstruction.

Description Score

No bone formation in the defect area 0

Punctate or needle-shaped mineralization tissue scattered throughout the defect 1

Tissue mineralizing only along defect edge 2

Bony bridge forming but not connected to sides of the defect 3

Bony bridging over the partial length of the defect 4

Bony bridging over the diameter of the defect 5

Bone covered the whole defect area 6

FIGURE 1
Schematic diagram of the scoring system.
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in this tool include selection, performance, detection, attrition,

reporting, and other sources of bias not covered in the tool. More

specifically, these were translated into 10 items, requesting the

evaluators to answer questions via “Yes,” “No,” or “Unclear” (see

Table 3). Each item was assessed as a low RoB if the answers of all

the sub-items were “Yes,” high RoB if at least one answer of a sub-

item was “No,” and unclear RoB for the rest situation. For each

study, the overall RoB was assessed as low if all the items were

“Yes,” high if at least one item was “No,” and “Unclear” for other

situations.

Data processing and statistical analysis

For controlling the variable, the mean BV/TV (mBV/TV)

was obtained by dividing the BV/TV by the healing period. The

mean BMD (mBMD) was calculated in the same way.

Statistical data were shown as mean ± SD. If the data in the

original article were shown as the median and interquartile range

(IQR), they were transformed into mean ± SD via an online

calculator (www.math.hkbu.edu.hk/~tongt/papers/median2mean.

html) (Wan et al., 2014; Luo et al., 2018; Shi et al., 2020).

Results

Search and screening results

A total of 2,792 literature studies were acquired from those

four databases, and 82 were selected and read as full-text after

screening the titles and abstracts. Finally, 22 studies met our

eligibility criteria and were included in this study for further

qualitative analysis (Figure 2).

Characteristics of study subjects

All the included studies applied murines to construct the

calvaria CSD model since their calvarial bones with the proper

size were convenient to process. Rats served as subjects in 95%

(21 of 22) of the studies, with Sprague–Dawley (SD) rats in

most of the research and Wistar rats in one study. Male rats

were applied in 14 of them and female rats in four, while the

remaining three literature studies did not report the gender of

the animals (Calis et al., 2017; Hu et al., 2018; Zhao P. P. et al.,

2019). Moreover, 13 studies illustrated the age of rats, ranging

from 8–12 weeks in most of them, while juvenile rats

(Sengupta, 2013) of no more than 8 weeks were used in

one research (Ji et al., 2017). Animal body weight and

sample size have not been illustrated in a few studies. The

results are shown in Table 4.

Interventions

Characteristics of scaffolds
As shown in Table 5, the properties of chitosan utilized in

different studies were distinguished. The degree of deacetylation

(DD) of chitosan was reported in nine studies, most of which was

above 80%. Only one study used chitosan with a low DD, more

specifically, 60% (Li Y. et al., 2018). Except for the DD, the

molecular weight (MW) also plays an important role in the

performance of chitosan. Only three described the MW of

chitosan directly, with the orders of magnitude varying from

105–106 (Guo et al., 2015; Liao et al., 2019; Wu et al., 2019). In

addition, Lee et al. (2020), Chen et al. (2022), Chen Y. Q. et al.

(2021), andWu T. et al. (2020) modified the sidechain of chitosan

by grafting different functional groups and harvested chitosan

TABLE 3 SYRCLE’s RoB tool for the evaluation of risk bias of studies. A total of 10 sources of bias are translated into 10 questions, requesting the
evaluators to answer with “Yes,” “No,” or “Unclear.” Each item is assessed as a low RoB if the answers of all the sub-items were “Yes,” high RoB if at
least one answer of a sub-item is “No,” and unclear RoB for the rest of the situations.

Item Type of bias Domain Review author judgment

1 Selection bias Sequence generation Was the allocation sequence adequately generated and applied?

2 Selection bias Baseline characteristics Were the groups similar at baseline, or were they adjusted for confounders in the analysis?

3 Selection bias Allocation concealment Was the allocation adequately concealed?

4 Performance
bias

Random housing Were the animals randomly housed during the experiment?

5 Performance
bias

Blinding Were the caregivers and/or investigators blinded from knowledge of which intervention each animal received
during the experiment?

6 Detection bias Random outcome
assessment

Were animals selected at random for outcome assessment?

7 Detection bias Blinding Was the outcome assessor blinded?

8 Attrition bias Incomplete outcome data Were incomplete outcome data adequately addressed?

9 Reporting bias Selective outcome reporting Are reports of the study free of selective outcome reporting?

10 Other Other sources of bias Was the study apparently free of other problems that could result in a high risk of bias?

Frontiers in Bioengineering and Biotechnology frontiersin.org05

Guo et al. 10.3389/fbioe.2022.986212

http://www.math.hkbu.edu.hk/%7Etongt/papers/median2mean.html
http://www.math.hkbu.edu.hk/%7Etongt/papers/median2mean.html
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.986212


derivatives for improving physicochemical properties, such as

solubility and cross-linked degree.

In addition to the matrix materials, the inorganic

nanoparticles added as reinforcing fillers were distinct. We

classified them into two main types. One class was phosphate,

including 16 studies, with most of them being nano-

hydroxyapatite (nHA) or nHA incorporated with other

elements (see Table 4), and six were whitlockite (WH) and

phosphates of lanthanide, respectively. Another class was

silicate, mainly including calcium silicate, silicate-based

bioglass, and nano-clay, namely, layered silicate (Liao et al.,

2019; Peng et al., 2019; Wu et al., 2019; Lee et al., 2020).

The inorganic filler proportions have important effects on the

performance of scaffolds. Mostly, the nanomaterial contents of

sponge-like scaffolds in this study were more than 50%, while

hydrogels only contained 1% nano-fillers in most cases.

As for the physical morphology of the scaffolds, the sponge-

like porous scaffold was prepared mainly by the freeze–drying

FIGURE 2
Flow chart of studies selected for the systematic review.
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technique at different temperatures in 15 studies, while

composite hydrogel scaffolds were fabricated via covalent or

non-covalent cross-linking in the others. In 14 research studies

related to porous scaffolds, the surface morphology of scaffolds

was obtained by scanning electron microscopy (SEM) at room

temperature after thoroughly drying, followed by measurement

of the pore diameter of the scaffolds using image analysis

software or the through-pore size analyzer (maximum bubble

pressure method) (Guo et al., 2015). Four studies regarding

hydrogel scaffolds also examined and calculated the mean

pore size of the scaffolds after freeze-drying. The pore size of

the scaffolds was 100–300 μm in over 66% (12/18) of the studies.

Moreover, the degradation rate of scaffolds was measured

in vitro by soaking them in 37°C PBS with or without lysozyme

for several weeks in seven research studies, most ranging between

10% and 30% at 4 weeks. More details are shown in Table 5.

Surgery
Half of the studies set a negative control group (NCG), in

which the defects of animals were left empty without any

interventions or implantation, while experimental groups served

as control groups mutually in the remaining of the studies with

various components or different concentrations of scaffolds.

In rat models, defect areas were prepared bilaterally in the

center of the parietal bones in 73% (16/22) of studies and

unilaterally in 22% (5/22) of studies. The diameter of the

defect areas was around 5 mm in 18 studies, while it was only

6 mm in two studies, showing that most researchers reached a

consensus on the definition of the critical-sized defect in rats.

Furthermore, the healing period following implantation surgery

was 4–16 weeks. In most cases, it is more common to kill animals

8–12 weeks after modeling ( Table 5).

Outcome measures

The scanning resolution of micro-CT was available in

12 studies, with no more than 20 μm in most of them (11/12).

The maximum and minimum resolutions were 28 and 9 μm,

respectively (Zhou et al., 2017; Yu et al., 2021). Moreover, the

scanning tube voltage was reported in 11 literature studies, with

no greater than 65 kV in 75% (7/11) of them. Nevertheless, none

of the scanning parameters was recorded in eight studies; the

threshold set for three-dimensional reconstructions and the

methods for delimiting the regions of interest were not

mentioned in any of the studies.

A quantitative analysis was conducted targeting 3D

reconstruction from micro-CT data (see Table 6). The mBV/

TV of the negative control groups in those 21 studies for rats

ranged from 0.5 %–8.7%, the mean, median, and standard

TABLE 4 Baseline characteristics of study subjects. SD: Sprague–Dawley; W: weeks; M: male.

Author (Year) Animal Strain Age Weight Gender Total number

M. Calis et al. (2017) Rat SD — 200–250 g — 30

X. Ding et al. (2019a) Rat SD 8W 200–250 g M 24

Y. Ji et al. (2017) Rat SD 6W 120 ± 15 g M 40

D. Zhou et al. (2017) Rat SD 12W 250–300 g M 30

Lee et al. (2020) Mouse CD-1 8–10W — M 12

F. Liao et al. (2019) Rat SD — — M 20

Y. P. Guo et al. (2015) Rat SD 12W 250–300 g M 18

T. W. Sun et al. (2017) Rat SD 8W 250–300 g M 24

X. Y. Peng et al. (2019) Rat SD — 300–350 g M 20

H. Hu et al. (2018) Rat SD 8W 250 ± 25 g — 20

Y. Zhao et al. (2019a) Rat SD — 300 g M —

Y. X. Chen et al. (2017) Rat SD 12W 300–350 g M 20

Y. Li et al. (2018a) Rat Wistar 12W 330 ± 19 g M 20

T. Wu et al. (2020a) Rat SD 12W — M 24

J. Wu et al. (2019) Rat SD 14W 300–350 g M 30

Chen et al. (2022) Rat SD — 150 g F 36

Zhao et al. (2019b) Rat SD 8W 250 ± 25 g — 20

Tang et al. (2020) Rat SD — 250–300 g M 30

Hu et al. (2019) Rat SD 12W — F 20

Chen et al. (2018) Rat SD 8W — M 20

Chen et al. (2021a) Rat SD — 200 g F 24

Yu et al. (2021) Rat SD — 200–250 g F 15

Frontiers in Bioengineering and Biotechnology frontiersin.org07

Guo et al. 10.3389/fbioe.2022.986212

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.986212


deviation of which were 3.5%, 2.6%, and 1%, respectively. While

in the experimental groups, the mBV/TV was between 5.8% and

33.4%, with the mean, median, and standard deviation of which

were 17.3%, 16.6%, and 7.0%, respectively. In addition, the BMD

of the newly regenerated bone was assayed to evaluate their

density and quantify the quality of mineralized tissues. However,

the BMD in one research study lacked dimension (Calis et al.,

2017), and another study obtained an abnormally low BMD

TABLE 5 Characteristics of scaffolds. MW: molecular weight; GP: glycerophosphate; DEX: dextran; Col: collagen; PGCS: phytochemical-grafted
chitosan; LAP: laponite; MCS: mesoporous calcium silicate; MS: magnesium silicate; LDH: layered double hydroxide; QCS: NC-CL: non-covalent
cross-linking; C-CL: covalent cross-linking; FD: freeze–drying; BG: bioactive glass; SF: silk fibroin; PMCS: phosphatemodifiedmethacryloyl chitosan;
CnHA: carbonated nHA; MnHA: mesoporous nHA.

Author
(year)

Morphology
of the
scaffold

Nature
of chitosan

Nanomaterial Nano-filler
proportion

Other
material

Preparation Pore
size

Degradation
rate
(medium)

M. Calis et al.
(2017)

Gel High viscosity,
DD = 80%

B-HA — GP NC-CL — —

X. Ding et al.
(2019b)

Gel — Sr-HA 6% DEX C-CL 100–300 μm 20% at 4 W (37°C PBS)

Y. Ji et al.
(2017)

Porous — Col-HA 22% PLGA FD, −20°C — 12.86% at 4 W
(37°C PBS)

D. Zhou et al.
(2017)

Porous — WH 40% — FD 70–150 μm Ion release experiments

Lee et al.
(2020)

Gel PGCS LAP 1% — C-CL — 40%–50% at 6 W
(37°C PBS)

F. Liao et al.
(2019)

Porous MW = ~105,
DD = 90%

Gd-MCS 50% — FD, −20 °C ~200 μm —

Y. P. Guo et al.
(2015)

Porous MW = 4×105,
DD = 85%

HA — — needle-punching 30–100 μm —

T. W. Sun
et al. (2017)

Porous Medium
viscosity

MS-HA 70% — FD, −20°C 200–300 μm Ion release experiments

X. Y. Peng
et al. (2019)

Porous DD = 90% La-MCS 50% — FD, −20°C ~200 μm 13.41% at 1 W (37°C
water)

H. Hu et al.
(2018)

Porous — LaPO4 50% — FD, −20°C ~200 μm —

Y. Zhao et al.
(2019b)

Porous — Fe-HA — COL FD 100–300 μm 3.15% at 1 W (37°C PBS
with lysozyme)

Y. X. Chen
et al. (2017)

Porous — MgAl-LDH 40% — FD ~100 μm —

Y. Li et al.
(2018b)

Porous DD ≥ 60% HA 66% PLGA FD, −80°C ~100 μm —

T. Wu et al.
(2020b)

Porous lowMW, DD =
80%CS

Sr-HA 0.28% — FD, −80°C — —

J. Wu et al.
(2019)

Gel MW = 2.2×106

DD = 94%
Cu-BG 1% GP/SF NC-CL 50–100 μm —

Chen et al.
(2022)

Gel PMCS MgO 1% — NC-CL 50–100 μm 20% at 4 W (37 °C PBS)

Zhao et al.
(2019c)

Porous — GdPO4 50% — FD, −60 °C ~200 μm —

Tang et al.
(2020)

Porous — SrFe12O9-
Yb-nHA

— — FD and in situ
deposition

~300 μm Ion release experiments

Hu et al.
(2019)

Porous DD = 90% Ce-WH 50% — FD, −60 °C ~300 μm 11.7% at 5 d (37°C
ultrapure water)

Chen et al.
(2018)

Porous DD = 90% CnHA — — FD and in situ
deposition

~200 μm —

Chen et al.
(2021b)

Gel PMCS MgO 1% — C-CL ~100 μm Ion release experiments

Yu et al.
(2021)

Porous - MnHA 50% — FD, −20°C 100–300 μm —
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compared with the others, possibly caused by different

instruments or a wrong dimension (Wu T. et al., 2020).

Moreover, studies that have calculated the Tb.Th (Zhao P. P.

et al., 2019; Liao et al., 2019; Wu et al., 2019; Tang et al., 2020) or

Tb.N (Zhao P. P. et al., 2019; Wu et al., 2019; Lee et al., 2020;

Tang et al., 2020) are not listed.

Furthermore, we also accomplished a semi-quantitative

analysis of images reconstructed from micro-CT data. Three

studies were excluded from the analysis since the

reconstructing images were not provided (Zhao P. P. et al.,

2019; Liao et al., 2019; Peng et al., 2019). Regarding the other

19 studies, their scores of experimental groups ranged from

2–6, with the mean and median being 4. The highest score and

the corresponding group in each study are listed and shown in

Table 7.

Quality assessment

The percentage frequency of each item is shown in Figure 3.

As for all the studies, the assessment results of “Inclusion and

Exclusion criteria,” “Randomization,” and “Blinding” were

“unclear” or “not reported.” Only one study was evaluated as

“reported” in “Sample size.” More specifically, the methods to

estimate sample size, the reasons why investigators excluded

animals or data from the analysis, the approaches to randomly

allocating animals in groups, and the blinding of experimental or

analysis procedures were not clearly demonstrated or even

mentioned.

The overall quality coefficient and assessment result of each

study are shown in Table 8, ranging between 0.48 and 0.69. In

total, 21 studies were classified as average quality and one as poor

TABLE 6 Surgery details and quantitative assessment results of micro-CT. NCG: negative control group; EG: experimental group.

Author
(Year)

Animal Defect
location

Defect
diameter

Evaluation
period
(months)

mBV/
TV
of NCG

mBMD
of NCG

Scaffolds
of EG

mBV/
TV
of EG

mBMD
of EG

M. Calis et al. (2017) Rat Bilateral 5 mm 2 2.8 0.44 CS/B-nHA 15.4 0.44

4 3.0 1.15 15.78 0.5

X. Ding et al. (2019a) Rat Right 5 mm 1 — — CS/DEX/
Sr100-nHA

27.2 —

2 20.7

Y. Ji et al. (2017) Rat Right 5 mm 3 2.1 — CS/PLGA/Col-nHA 15.6 —

D. Zhou et al. (2017) Rat Bilateral 5 mm 2 — — CS/WH 18.7 0.1 g cm−3

Lee et al. (2020) Mouse — 3 mm 2 — — PGCS/LAP 10.4 0.2 g cm−3

F. Liao et al. (2019) Rat Bilateral 5 mm 3 — — CS/Gd-MCS 30.8 0.22 g cm−3

Y. P. Guo et al. (2015) Rat Bilateral 6 mm 2 8.7 0.075 g cm−3 CS/nHA 33.4 0.38 g cm−3

T. W. Sun et al. (2017) Rat Bilateral 5 mm 3 — — CS/MS-nHA 13.4 —

X. Y. Peng et al. (2019) Rat Bilateral 5 mm 3 — — CS/La-MCS 28.7 0.22 g cm−3

H. Hu et al. (2018) Rat Bilateral 5 mm 3 — — CS/LaPO4 16.6 0.2 g cm−3

Y. Zhao et al. (2019a) Rat Unilateral 5 mm 3 2.3 0.01 g cm−3 CS/Col/Fe-nHA 7.7 0.07 g cm−3

Y. X. Chen et al. (2017) Rat Bilateral 5 mm 3 — — CS/MgAl-LDH 17.8 0.13 g cm−3

Y. Li et al. (2018a) Rat Unilateral 5 mm 2 2.1 — CS/nHA 5.8 —

T. Wu et al. (2020a) Rat Unilateral 6 mm 1 — 0.12 mg cm−3 CS/QCS/Sr-nHA — 0.23 mg cm−3

2 0.11 mg cm−3 0.20 mg cm−3

3 0.12 mg cm−3 0.23 mg cm−3

J. Wu et al. (2019) Rat Bilateral 5 mm 2 — — CS/SF/GP/Cu-BG 10.6 0.29 g cm−3

Chen et al. (2022) Rat Bilateral 5 mm 1 1.2 0.01 g cm−3 PMCS/MgO(5) 19 0.29 g cm−3

3 0.5 0.01 g cm−3 8.5 0.15 g cm−3

Zhao et al. (2019b) Rat Bilateral 5 mm 3 — — CS/GdPO4 16.5 —

Tang et al. (2020) Rat Bilateral - 3 — — CS/SrFe12O9-
Yb-HA

14.2 —

Hu et al. (2019) Rat Bilateral 5 mm 2 — — CS/Ce-WH 7.8 —

Chen et al. (2018) Rat Bilateral 5 mm 3 — — CS/CnHA 11.6 0.12 g cm−3

Chen et al. (2021a) Rat Bilateral 5 mm 1 6.7 0.033 g cm−3 PMCS/MgO(5) 13.45 0.29 g cm−3

3 2.3 0.017 g cm−3 7.3 0.15 g cm−3

Yu et al. (2021) Rat Bilateral 5 mm 3 2.7 0.05 g cm−3 CS/MnHA 8.3 0.08 g cm−3
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(Zhao Y. et al., 2019). The mean and median quality coefficients

were 0.59.

Evaluation of the risk of bias

Figure 4 shows the percentage frequencies of each item.

All of these studies have an “unclear” risk of bias in the

following areas: methods for generating the randomization

sequence, differences in baseline characteristics between

groups, methods for allocation concealment, randomness

in assessing outcomes, and blinding for outcome

evaluators. Studies that were regarded to have a “high”

risk of bias were identified in the areas of “Incomplete

outcome data” and “Selective outcome reporting.” The

former was brought on by a lack of interpretations for

the causes, influences, or treatments of incomplete data,

along with discrepancies in sample size between the

“methods” and “results” sections, while the latter serves

as a result of studies not showing the results of groups set up

as negative controls.

The consequences of the overall risk of bias assessment of

each study are given in Table 8. No studies achieved an overall

low risk of bias. Moreover, more than one-third of the literature

was evaluated to have a high risk of bias.

Discussion

Artificial bone substitute materials have been extensively

investigated for many years. Before clinical application, it is

essential to conduct strict experiments in vitro and in vivo to

appraise the safety and efficacy of scaffolds. The in vivo studies

are relatively more crucial, for the outcomes of cell-aimed

research are difficult to extrapolate to animals that are much

more complicated.

We systematically reviewed the osteogenic effects of

chitosan/inorganic nanomaterial scaffolds on animal calvarial

TABLE 7 Semi-quantitative analysis of images derived from the 3D reconstruction of micro-CT.

Author (year) Evaluation period
(month)

NCG scores Morphology of
scaffolds

Scaffolds of EG EG score

M. Calis et al. (2017) 4 4 Gel CS/B-HA 6

X. Ding et al. (2019b) 1 — Gel CS/DEX/Sr100-nHA 3

2 5

Y. Ji et al. (2017) 3 2 Porous CS/PLGA/Col-HA 4

D. Zhou et al. (2017) 2 — Porous CS/WH 3

Lee et al. (2020) 2 — Gel PGCS/LAP 3

F. Liao et al. (2019) 3 — Porous CS/Gd-MCS —

Y. P. Guo et al. (2015) 2 1 Porous CS/HA 4

T. W. Sun et al. (2017) 3 — Porous CS/MS-HA 5

X. Y. Peng et al. (2019) 3 — Porous CS/La-MCS —

H. Hu et al. (2018) 3 — Porous CS/LaPO4 4

Y. Zhao et al. (2019c) 3 3 Porous CS/Col/Fe-HA 6

Y. X. Chen et al. (2017) 3 — Porous CS/MgAl-LDH 2

Y. Li et al. (2018b) 2 2 Porous CS/HA 3

T. Wu et al. (2020b) 1 2 Porous CS/QCS/SrHA 4

2 3 4

3 4 4

J. Wu et al. (2019) 2 1 Gel CS/SF/GP/Cu-BG II 6

Chen et al. (2022) 1 2 Gel PMCS/MgO(5) 4

3 2 4

Zhao et al. (2019a) 3 — Porous CS/GdPO4 —

Tang et al. (2020) 3 — Porous CS/SrFe12O9-Yb-HA 5

Hu et al. (2019) 2 — Porous CS/Ce-WH 4

Chen et al. (2018) 3 — Porous CS/CHA 3

Chen et al. (2021b) 1 2 Gel PMCS/MgO(5) 4

3 2 — — 5

Yu et al. (2021) 3 1 Porous CS/MnHA 4
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bone defects. The results demonstrated that the μCT-based

outcome measurements differ significantly among various

studies. Furthermore, the osteogenic effects of the implanted

biomaterials are affected by sophisticated factors, causing

significant clinical heterogeneity, which hinders further meta-

analysis or direct comparison among those scaffolds. Thus,

combining the results of our systematic review, an in-depth

analysis of the key factors that influence the osteogenesis of

scaffolds in vivo is conducted as follows and given in Figure 5.

Osteoconductivity of scaffolds

Osteoconductivity refers to the ability of the implants to be

gradually substituted by the newly formed bone following the

adhesion and migration of vascular endothelial cells and

osteoblasts derived from host tissues into implants (Weber,

2019). In other words, the osteoconductive scaffold provides a

surface and space for cells to adhere, migrate, proliferate, and

differentiate. The osteoconductivity of scaffolds is determined by

their morphology, structures, surface properties, and

physicochemical properties.

Pore size
Certain space is indispensable for the life activities of cells,

acting as physical structures to accommodate cells of various

sizes and as channels for delivering nutrients and metabolic

waste (Dziaduszewska and Zielinski, 2021). Regarding

scaffolds, too-small pore sizes are not conducive for cells and

tissues to grow, while excessively large pores hinder the

adhesion and migration of cells (Perez and Mestres, 2016).

Thus, proper pore sizes are critical for the bone regeneration

properties of scaffolds. It has been reported that the pore size of

trabecular bone ranges between 100 and 300 μm (Porrelli et al.,

2022). Osteogenesis may be promoted by simulating the

hierarchical structures of natural bones by controlling the

mean pore size of composite scaffolds in these dimensions

(Chen S. et al., 2021).

FIGURE 3
Results of the quality assessment of 22 studies applying ARRIVE 2.0 guidelines. The bar graph shows the percentage frequencies of 21 items. It is
to be noted that the former 10 items belong to the essential set, whereas the latter 11 are in the recommendation set.
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Sponge-like porous scaffolds

Manufacturing techniques for sponge-like porous scaffolds

include freeze–drying, electrospinning, gas foaming, solvent

casting, and 3D printing (Loh and Choong, 2013). The

freeze–drying technique has been broadly applied in BTE,

attributed to its process being free of toxic reagents,

uncomplicated to perform, and able to make pores adjustable

and controllable to a certain extent (Annabi et al., 2010).

Freeze–drying is also called the ice-template method, where

the water in the solution, gel, or slurry of material compounds

will first be frozen under certain conditions, followed by

removing the ice crystals via sublimation in a vacuum, and

the pores will arise where the crystals are occupied. Evidently,

the scaffold pore structures formed by this method are

manipulated by the factors regulating the growth of ice

crystals. On one hand, freezing-related factors, such as the

cooling rate and final temperature, affect the growing

motivation of ice crystals. The more rapid the cooling rate,

the lower will be the end-set temperature, and the growing

time of ice crystals is correspondingly shorter, generating

smaller pores in scaffolds (Grenier et al., 2022). On the other

hand, the growing resistance of ice crystals is influenced by sol- or

gel-related factors such as concentrations, viscosity, pH, and

chemical properties of the pre-freezing systems (Joukhdar et al.,

2021), which are partially determined by the solvents and solutes.

Chitosan is a product derived from the deacetylation of

chitin, composed of randomly distributed glucosamine and

N-acetylglucosamine units linked by β-1,4-glycosidic bonds.

The DD and molecular weight are two important

performance parameters of chitosan (Takeshita et al., 2021).

The number of free amino groups in a CS molecule increases

with a higher DD. At acidic pH conditions, the amino groups of

chitosan molecules will be protonated and positively charged,

initiating inter- and intra-molecular electrostatic repulsion,

making chitosan easier to disperse and dissolve in the solvent.

Accordingly, the higher the DD of chitosan, the lower will be the

viscosity of the chitosan solution (Dash et al., 2011; Weisspflog

et al., 2021), and the easier for water molecules to migrate to the

solid–liquid interface during freezing, which is conducive to the

growth of ice crystals, thereby leaving larger pores in the

materials after vacuum-drying (Seda Tigli et al., 2007;

Joukhdar et al., 2021; Wang et al., 2021). When the DD is

constant, the length of the CS molecule decreases with lower

molecular weights, reducing the number of intermolecular

hydrogen bonds, which promotes dispersion of CS and

enlarges the size of ice crystals (Thein-Han and Misra, 2009).

In addition, the content of CS in the pre-cooling mixture has a

positive correlation with the pore size (Madihally and Matthew,

1999), which may be attributed to its significant effects on the

viscosity of the CS solution. The Fourier transform infrared (FT-

TABLE 8 Results of the quality and general risk of bias of each study.

Author Year Quality coefficient Quality Risk of bias

M. Calis et al. (2017) 2017 0.57 Medium Not clear

X. Ding et al. (2019a) 2019 0.60 Medium Not clear

Y. Ji et al. (2017) 2017 0.69 Medium Not clear

D. Zhou et al. (2017) 2017 0.67 Medium High

Lee et al. (2020) 2020 0.57 Medium Not clear

F. Liao et al. (2019) 2019 0.55 Medium High

Y. P. Guo et al. (2015) 2015 0.60 Medium Not clear

T. W. Sun et al. (2017) 2017 0.52 Medium Not clear

X. Y. Peng et al. (2019) 2019 0.64 Medium High

H. Hu et al. (2018) 2018 0.55 Medium High

Y. Zhao et al. (2019b) 2019 0.48 Poor Not clear

Y. X. Chen et al. (2017) 2017 0.62 Medium Not clear

Y. Li et al. (2018a) 2018 0.60 Medium High

T. Wu et al. (2020a) 2020 0.55 Medium Not clear

J. Wu et al. (2019) 2019 0.67 Medium High

Chen et al. (2022) 2022 0.62 Medium High

Zhao et al. (2019c) 2019 0.60 Medium Not clear

Tang et al. (2020) 2020 0.60 Medium Not clear

Hu et al. (2019) 2019 0.60 Medium Not clear

Chen et al. (2018) 2018 0.62 Medium High

Chen et al. (2021a) 2021 0.69 Medium Not clear

Yu et al. (2021) 2021 0.60 Medium Not clear

Frontiers in Bioengineering and Biotechnology frontiersin.org12

Guo et al. 10.3389/fbioe.2022.986212

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.986212


IR) demonstrated that the spectrum band, which represented the

stretching vibration of the O-H bond and N-H bond, became

wider and red-shifted following the higher CS content, suggesting

the growth of ice crystals may be inhibited via the higher viscosity

of the solution induced by the strengthened hydrogen-bonding

effect (Murugan and Ramakrishna, 2004).

In addition to the matrix materials, fillers, namely, inorganic

nanomaterials in this study, also impact the pore size of scaffolds

fabricated by freeze–drying. Wu T. et al. (2020) prepared CS/

quaternized CS/strontium-substituted HA (CS/QCS/SrHA)

porous composite scaffolds, and then the SEM results showed

that the added SrHA made the pore size smaller than for the CS/

QCS scaffolds, which were influenced by the concentration of Sr

Similarly, Ding et al. (2019a) also found that the Sr in HA

diminished the pore diameter of the scaffolds. Li Y. et al.

(2018) constructed CS/nHA/poly lactic-co-glycolic acid

(PLGA) scaffolds and detected that the pore size of the

scaffolds reduced with the increasing nHA content.

Considering the hydroxyl groups in HA molecules, this

phenomenon may be caused by the hydrogen-bonding effect

mentioned previously. The previous study has proven by FT-IR

that the spectrum band at about 3,400 cm−1 after adding nHA

into the CS solution exhibits a redshift, indicating that the

hydrogen bond effect is enhanced (Thein-Han and Misra,

2009; Peter et al., 2010), while further rheological detection is

required to explore its effect on the solution viscosity. Likewise,

Wu et al. (2019) reported that the hydrogen bond effect of the

CS/silk fibroin-based scaffold was reinforced by copper-

containing bioactive glass nanoparticles.

A total of 10 studies reported the freezing temperature, with

six of them adopting -20 °C (Ji et al., 2017; Sun et al., 2017; Hu

et al., 2018; Liao et al., 2019; Peng et al., 2019; Yu et al., 2021) and

two using −80 °C (Li Y. et al., 2018; Wu T. et al., 2020). The

scaffolds obtained in the former six studies had mean sizes of

about 200 μm, scored as 4–5 points by our semi-quantitative

evaluating system for their in vivo studies, while the latter two

studies fabricated scaffolds with 100 μmpores and were judged as

3–4 points. Moreover, the mBV/TV of 83% of the former studies

was much larger than the latter’s, with similar mBMD.Moreover,

of the seven studies whose micro-CT images received 5 or

6 points, the scaffold pore size in four studies was the largest

in this study, measuring up to 300 μm. These results suggest that

the pore size of scaffolds plays a role in osteoconductivity.

Hydrogel scaffolds

Distinct from porous scaffolds with high air content,

hydrogels are hydrophilic networks with high water content

formed by macromolecules’ physical or covalent cross-linking.

Without utilizing pore-forming techniques such as gas-foaming

or particle-leaching in processing, macro-sized pores whose

FIGURE 4
Results of the evaluation bias risk of 22 included studies applying SYRCLE’s RoB tool. The bar graph shows the percentage frequencies of
10 sources of bias. It is to be noted that the main sources of bias are “incomplete outcome data” and “selective outcome reporting.”

Frontiers in Bioengineering and Biotechnology frontiersin.org13

Guo et al. 10.3389/fbioe.2022.986212

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.986212


diameter is greater than that of a single cell do not exist in

hydrogels. However, four out of the studies in this review

characterized the surface morphology of hydrogels by SEM at

room temperature and concluded that the mean pore sizes of

these hydrogels range between 50 and 300 μm after image

analysis (Ding et al., 2019a; Wu et al., 2019; Chen Y. Q. et al.,

2021; Chen et al., 2022), which is debatable. Due to water-

containing samples not being available for regular SEM

analysis, hydrogels must be dried before scanning, which is

carried out by the freeze–drying technique in most cases. As

mentioned previously, freeze–drying will introduce macro-sized

pores into hydrogels, destroying their original structures. Instead,

to observe the real structures of hydrogels, cryo-SEM should be

employed, by which water-containing samples can be scanned

without dehumidification. Samples are first frozen below their

glass transition temperature, at which water does not crystallize

but exists in a glassy state without volume expansion and then

scanned under low-temperature conditions (Bertz et al., 2013;

Aston et al., 2016). Previous studies have identified by cryo-SEM

that the mean pore size of the CS-based hydrogel is nanoscale

(Karimi and Khodadadi, 2016).

From this point of view, the pore diameter of hydrogels

without a particular pore-forming process is much smaller than

that of a single cell, which makes the hydrogels poorly

osteoconductive but is not supported by the in vivo

experiments. Ding et al. (2019a) and Wu et al. (2019)

implanted CS/inorganic nanomaterial hydrogels into calvarial

defects of rats. After approximately a 2-month healing period, the

FIGURE 5
Summary of the key factors that influence the effects of chitosan/inorganic nanomaterial scaffolds on osteogenesis in calvaria CSDmodels. DD,
the degree of deacetylation; MW, molecular weight.
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BV/TV of experimental groups was significantly higher than that

of the control groups, while the new bone regenerated along the

edge of the defect without extending to the central area. However,

when strontium or copper with various concentrations was

incorporated into hydrogels, the defect area was almost (Ding

et al., 2019a) or completely (Wu et al., 2019) covered by

mineralized tissues. Their findings showed that hydrogels

without macro-sized pores also have osteoconductivity in

certain conditions. The mechanism of this phenomenon

remains to be elucidated, which may relate to the continuous

degradation of scaffolds.

Degradation rate
A proper degradation rate of materials that matches the

tissue regeneration velocity also contributes to guiding

osteogenesis (Peric Kacarevic et al., 2020). Since

mineralization deposition occurs in the place where new tissue

grows, if the implants are not degradable or have a degradation

rate lower than the velocity of tissue regeneration, there is no

space for them to grow; if much higher than that velocity, the

guidance function for cells and tissues will be deprived (Zhang

et al., 2014). Scaffold-related parameters are solely discussed in

this review, while both host- and graft-related factors affect the

balance between the degradation and regeneration rate.

As a natural linear polysaccharide, CS has been verified to be

biodegradable and can be cleaved into harmless products by

lysozyme in vivo. The degradation rate of CS depends on its

molecular weight and DD. The higher the DD or molecular

weight of CS, the lower the degradation rate is, with the

completely deacetylated CS being unable to be enzymatically

hydrolyzed in vivo (Yang et al., 2007).

Calcium phosphates applied for BTE include different phase

structures such as HA, β-tricalcium phosphate (β-TCP),

whitlockite, and calcium hydrogen phosphate (Jeong et al.,

2019), while silicates mainly include calcium silicate, silicate-

based bioactive glass, and nano-clay. These calcium phosphates

and silicates’ degradation mechanisms in vivo are

physical–chemical dissolution and cell-mediated biological

resorption. For the physical–chemical dissolution, the mineral

solubility will alter following fluctuations in the pH of body fluids

in physiological conditions (Bertazzo et al., 2010; Renno et al.,

2013), while a variety of cell types are involved in biological

resorption, for instance, monocyte-macrophages (Xia et al.,

2006), multinuclear giant cells (Lu et al., 2002), and

osteoclasts (Xu et al., 2008; Long et al., 2012). Considering

that the resorptive activity provoked by osteoclasts correlates

with bone remodeling, osteoclast-mediated processes have been

proposed to be essential for degrading grafts in osteogenesis

(Sheikh et al., 2015). Furthermore, previous studies

demonstrated that the degradation rate of inorganic minerals

in vivo is determined by their crystallinity, chemical composition,

and crystal structure (Stastny et al., 2019; Le Ferrec et al., 2020),

and the pore size and porosity also play a part (Schaefer et al.,

2011), which affects the contact area between scaffolds and the

fluid environment and cells.

The degradation rate of CS-based scaffolds is significantly

reduced with the addition of inorganic fillers, which could be

adjusted to optimize bone regeneration by modifying the content

of nanoparticles. One study in our review found that the CS/

dextran hydrogels were completely degraded at 4 weeks of

soaking in a simulated body fluid environment, while the

degradation rate decreased to 20% under the same conditions

with the incorporation of nHA. The micro-CT images showed

that after the CS/dextran/nHA hydrogels were implanted in the

calvarial defects, the scores were 2 points at 4 weeks and 4 points

at 8 weeks, suggesting that the continuous degradation of

hydrogels offered appropriate places for the newly formed

bone, whose rate matched with the velocity of osteogenesis

(Ding et al., 2019a). In contrast, the phytochemical-grafted

CS/laponite hydrogels prepared by Lee et al. (2020) degraded

40%–50% in vitro at 6 weeks and were scored as 3 points

2 months after implantation, indicating that bone tissue was

only deposited along the edge, and the degradation rate of

scaffolds may be extremely high.

Cell adhesion
The microenvironment where cells live has a critical role in

cell proliferation, differentiation, andmigration, which follow the

step of adhesion to biomaterials. Due to the initiation of

proliferation cycles of most normal human cells depending on

the adhesion to a certain matrix (Jones et al., 2019), the proper

adhesion ability of scaffolds is the key to guiding cells and new

tissues to grow into grafts. Adhesion between cells andmatrices is

mediated by the integrins located on the surface of membranes

(Bachmann et al., 2019). As shown in Figure 6, the domain of the

integrin in the extracellular region can bind to specific ligands

which contain arginine–glycine–aspartic acid (RGD) tripeptide

sequences in the matrix, such as laminin, fibronectin, collagen,

and vitronectin, and then the focal adhesion will form to connect

cells and matrix (Ruoslahti, 1996; Bellis, 2011). Therefore, in

addition to those scaffolds containing corresponding ligands,

body fluid-sourced proteins adsorbed to them are indispensable

for cells to attach to (Barbosa and Martins, 2017). From this

perspective, surface physiochemical properties of scaffolds, such

as chemical composition like groups and RGD, roughness,

surface charge, and wettability, are significant parameters of

adhesion ability.

Type, distribution, and the number of functional groups

influence the type and number of proteins scaffolds which

absorb and further affect cell adhesion through their non-

covalent binding force to proteins or altering surface charge

and wettability (Arima and Iwata, 2007; Yuan et al., 2011; Lieder

et al., 2012). The CS deacetylated from chitin contains at least two

hydroxyl groups in each fundamental unit of its molecular chain,

while the number of amino groups positively correlates to the DD

of the CS. Under the physiological conditions, the amino groups
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of CS will be protonated and confer a positive charge on it,

producing a weak electrostatic attraction between CS and normal

human cells, the surfaces of which are negatively charged during

the resting state (Metwally and Stachewicz, 2019), whereas cells

could not directly adhere to the CS molecule due to CS’s lack of

structure binding to the integrin. Moreover, numerous

hydrophilic hydroxyl and amino groups of CS endow the

scaffolds with excellent wettability, while moderate wettability,

which could be modulated by utilizing CS with different DD, is

optimal for cell adhesion (Arima and Iwata, 2007).

Various inorganic nanoparticles may directly or indirectly

regulate cell adhesion by altering scaffold roughness, surface

charge, and surrounding ion concentrations. Previous studies

have revealed that nano-scaled surface roughness affects cell

adhesion (Nguyen et al., 2016; Rial et al., 2022). Webster et al.

(2000) reported that the smaller the size of HA particles, the

rougher will be their surface, with a significant effect on the

adsorption amounts of diverse proteins. More specifically,

compared to 179 nm-sized HA particles, the 67 nm-sized

particles have fewer adsorptions of albumin and laminin,

whereas denatured collagen and vitronectin adsorption

amounts are significantly higher. In further co-culture

experiments, the adhesion ability of HA to rat osteoblasts

gradually increases, while that to rat fibroblasts increases,

following the decline of particle size and surface roughness.

Their findings revealed that the surface roughness or size of

nanoparticles has an impact on cell adhesion by promoting the

selective adsorption of proteins. Also, the surface of HA particles

is negatively charged when in the solution at pH 7.4. With the

particle size reduced to nanoscale, the zeta potential of HA is

closer to 0, meaning less negative charge on its surface, which

diminishes the electrostatic repulsion to cells that are also

negatively charged on its surface (Cai et al., 2007).

Additionally, owing to the bindings between integrins and

FIGURE 6
Schematic diagram for the mechanism of cell adhesion on scaffolds. Integrin, located on the cell membrane, is consisted of an a-subunit and a
ß-subunit, whichmediates cell adhesion to the extracellular matrix via binding to the RGD sequences in some proteins, such as collagen, fibronectin,
vitronectin, and laminin.
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ligands in the extracellular matrix depending upon calcium and

magnesium ions, the affinity for integrins to ligands is influenced

by calcium and magnesium ion concentrations in the

extracellular environment. Hence, the contents of calcium and

magnesium in inorganic materials and their dissociation ability

also play a part in cell adhesion, which has been proven by earlier

studies (Bertazzo et al., 2010; Schexnailder et al., 2010; Osada

et al., 2019).

Osteoinductivity of scaffolds

An ideal scaffold material for BTE can not only guide the

growth of new tissues but also has the function of inducing

mesenchymal stem cells of hosts to proliferate, differentiate into

osteoblasts, and form new bones, namely, osteoinductivity, which

is governed by the chemical nature of each component

constructing the scaffolds and its metabolic products.

Chitosan has been proven to be biocompatible,

biodegradable, and antibacterial with no osteoinductivity (Lee

et al., 2020; Mahmoud et al., 2020) but has a certain extent of

synergistic effect with the existence of other osteogenic factors

(Mathews et al., 2011). Ding et al. (2019b) co-cultured

polyethylene terephthalate (PET)/HA membranes, which have

different compositions, with mouse pre-osteoblasts and detected

the expression of osteogenesis-related genes. They found that

compared with the PET/HA membranes, the expression of

collagen-1 (COL-1), alkaline phosphatase (ALP), and

osteocalcin (OCN) was upregulated in the CS/PET/HA

groups, indicating that the addition of chitosan prompted

proliferation or osteogenic differentiation of cells. Soriente

et al. (2022) and Weir and Xu (2010) also demonstrated that

the ALP activities of human bone marrow mesenchymal stem

cells and mouse pre-osteoblasts co-cultured with calcium

phosphates are enhanced by CS. Furthermore, researchers

explored the potential effect of the DD and the molecular

weight of CS on this synergism. No significant role of

molecular weight has been found in osteogenesis in vitro,

while the DD of CS is critical, with the higher the DD, the

stronger will be the effect on strengthening osteogenesis

(Suphasiriroj et al., 2009; Lieder et al., 2012; Alnufaiy et al., 2020).

In this review, the DD or molecular weight of CS was

observed in nine studies. The DD of chitosan is over 85% in

most of them. Li Y. et al. (2018) and Wu T. et al. (2020) utilized

CS with the lowest DD, which may induce poor effects on

osteogenesis. Micro-CT results show that the mBV/TV or

mBMD of these two studies are also the lowest.

Aside from osteoconductivity, many calcium phosphates are

also shown to be osteoinductive, though large variations have

been reported in their osteoinductivity, which is affected by

multiple factors, such as, in particular, the concentrations of

osteogenic supplements in the medium, the types of cells, and the

phase structure of calcium phosphates. As for nHA, some

produced under laboratory conditions exhibit good

performance in significantly enhancing the expression of

osteogenesis-related genes (Sun et al., 2017; Ding et al., 2019a;

Wu T. et al., 2020). In contrast, one study combined the

commercial nHA with CS/PLGA and co-cultured with mouse

bone marrow mesenchymal stem cells in osteogenic induction

media, finding that the CS/PLGA/nHA composite scaffold has no

significant effect on the activities of ALP of cells compared with

the negative control group (Li Y. et al., 2018). Zhou et al. (2017)

contrasted the different impacts of CS/nHA and CS/nWH on

human bone marrow mesenchymal stem cells with

dexamethasone and β-glycerophosphate and concluded that

the osteoinductivity of nWH is better.

Multiple calcium silicates (Huang et al., 2015; Saravanan

et al., 2015; Wu I. T. et al., 2020; Huang et al., 2020; Zhou et al.,

2021) and silicate-based bioactive glass (Goel et al., 2012;

Santocildes-Romero et al., 2015; Kroschwald et al., 2021;

Marin et al., 2021; Rastegar Ramsheh et al., 2021) with

different particle sizes, sources, and chemical compositions

have outstanding osteoinductivity. Except for the two classical

silicates for BTE, many types of nano-clay have been introduced

to bone regeneration. According to phase structures, nano-clay,

namely, layered silicate, is subdivided into montmorillonite,

halloysite, laponite, sepiolite, and so on. To our knowledge,

laponite and halloysite have been verified to have good

osteoinductivity without any osteogenic elements such as

dexamethasone, β-glycerophosphate, or L-ascorbic acid (Li T.

et al., 2018; Shi et al., 2018; Zhao X. et al., 2019; Lee et al., 2020),

whereas montmorillonite is proven to solely have a synergetic

effect on osteogenesis in available research (Mieszawska et al.,

2011; Kundu et al., 2021).

In manufacturing nano-particles, the incorporation of

diverse metal elements impacts the osteoinductivity of

scaffolds as well. In 14 studies, chitosan was combined with

strontium (Ding et al., 2019a; Wu T. et al., 2020; Tang et al.,

2020), iron (Zhao Y. et al., 2019; Tang et al., 2020), magnesium

(Sun et al., 2017; Chen Y. Q. et al., 2021; Chen et al., 2022), and

different lanthanides (Hu et al., 2018; Zhao P. P. et al., 2019; Hu

et al., 2019; Liao et al., 2019; Peng et al., 2019; Tang et al., 2020),

which significantly enhanced osteogenesis probably through the

Wnt/β-catenin, Smad, or Akt/GSK-3 pathways and kept

excellent biocompatibility simultaneously (Burghardt et al.,

2015; Hu et al., 2018; Ding et al., 2019a; Zhao P. P. et al.,

2019; Li et al., 2019; Zhu et al., 2019; Wu T. et al., 2020;

Gizer et al., 2020; Tang et al., 2020), but the detailed

mechanism remains unclear.

Other factors

Apart from those aforementioned implant-related factors,

the characteristics of animals are crucial, such as species, strain,

gender, age, and body weight. For minimizing the effect of their
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growth potential on the osteogenic results of experiments,

animals whose age corresponds to that of adult human beings

are applied in most studies. Moreover, the estrogen levels of

female animals fluctuate with the physiological cycle after sexual

maturation, which will further impact the activity of osteoblasts

and osteoclasts (Strube et al., 2009; Mehta et al., 2011; Haffner-

Luntzer et al., 2021). Thus, only male animals are recommended

to construct models for osteogenic research, except those that

take osteoporosis into account. In this review, female rats were

modeled in four studies without any interpretation, while the

animal’s gender was not depicted in the other three, which may

lead to a confusing conclusion.

Surgical details contribute to bone regeneration as well.

Except for fibrous connective tissue, the periosteum covering

the surface of the cranium has blood vessels and osteoprogenitor

cells in its deep layer, which are favorable for osteogenesis

(Roberts et al., 2015). In our unpublished study, after

preparing 5-mm-sized defects at the center of the calvarias of

12-week-old rats, the intact periosteal flaps were sutured in situ

without the implantation of any scaffold or application of

osteogenic medicine. Subsequently, following a 2-month

healing period, the defect areas were almost covered by new

bone detected by micro-CT. Nonetheless, only two of the

22 included studies illustrated their operations to the

periosteum (Calis et al., 2017; Chen Y. Q. et al., 2021), which

reduces bias in their results. Moreover, cooling measures applied

during drilling for defects can protect the surrounding cells from

thermal injury, which would impede bone repair.

Additionally, as one of the primary quantitative assessment

instruments for the effect of bone regeneration in vivo, scanning

and reconstructing affect the final results. First, in scanning,

different micro-CT instruments, pre-scanning calibration, and

scanning parameters such as tube voltage, tube current, and

exposure time determine the Hounsfield unit (HU) values, which

represent the density of scanned tissues and are used to segment

bones (Bouxsein et al., 2010; Kallai et al., 2011). Afterward, 3D

reconstructions are conducted with thresholds that have no

standards and are set by the subjective judgment of

researchers but play a decisive role in the measurements of

tissue volume (Bouxsein et al., 2010; Kallai et al., 2011).

Despite this, none of the included literature in this systematic

review clarified the reconstruction thresholds or methods, which

poses a challenge to the reliability of these results.

Limitations

Although we tried to conduct a detailed systematic review,

limitations are inevitable in this study. First, we attempt to

employ an image scoring system to estimate the

osteoconductivity by assessing bone tissue coverage in the

defect area. However, it is difficult to discriminate

osteoconductivity and osteoinductivity in vivo, leading to a

one-sided judgment to a certain extent, and the scoring

system has a subjective nature. Second, some composite

scaffolds constructed for sustained release systems may only

have osteogenic properties with the existence of medicine,

osteogenic factors, or cells, while only free scaffolds were

taken into consideration in this review to investigate their

inherent ability for bone formation. In addition, the

underlying molecular mechanisms of how these materials

affect osteogenesis have not been elucidated, which requires

further research.

Summary and perspective

In summary, this systematic review led us to identify good

materials in this field and a pool of key factors during in vivo

experiments and to provide modification directions for better

bone regeneration capability of scaffolds in future research.

Moreover, due to the suboptimal results of quality

assessment and risk of bias evaluation of included studies, for

future research, we recommend referring to the ARRIVE

2.0 guidelines during animal experiments and reporting

normatively, following the SYRCLE’s risk of bias tool to

increase the credibility of the findings.

Conclusion

This systematic review aimed to carry out an in-depth

analysis of parameters affecting the osteoconductivity and

osteoinductivity of various chitosan/inorganic nanomaterial

composite scaffolds in calvarial bone critical-sized models.

First, gender, age, and weight of animals impact their growth

potential, which should be considered in the study design phase.

During modeling, local cooling, the diameter of the defect area,

and the integrity of the periosteum are critical points. As for the

materials of the scaffolds, the DD, molecular weight, and

viscosity of chitosan influence its application effect, while the

source, chemical composition, stoichiometry, crystallinity,

solubility, particle size, surface charge, and content of

inorganic fillers, which are mainly divided into phosphates

and silicates, are major variables. Moreover, the fabrication

process, pore structure, degradation rate, wettability, and

adsorption of proteins in the body fluids of scaffolds should

be taken into account. Last but not least, scanning parameters

and 3D reconstruction methods have important implications for

assessment results.

In addition, ARRIVE 2.0 and SYRCLE’s tools were utilized to

conduct quality assessment and RoB evaluation for the included

studies. On one hand, 21 out of 22 studies have an average

quality, while one hass poor quality. Further analysis revealed

that the major factors affecting their quality are methods of

determining sample size, inclusion and exclusion criteria for

Frontiers in Bioengineering and Biotechnology frontiersin.org18

Guo et al. 10.3389/fbioe.2022.986212

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.986212


animals, animal randomization, and blinding in certain

experiment steps, which have not been clearly reported or

even been mentioned. On the other hand, over one-third of

the literature has a high risk of bias, and none of the others is at a

low risk of bias, mainly caused by follow-up and reporting bias.

Data availability statement

The raw data supporting the conclusion of this article will be

made available by the authors, without undue reservation.

Author contributions

Conceptualization, SM, and SF; methodology, AG, YiZ, and

YuZ; validation, AG and YiZ; data extraction and analysis, AG

and YiZ; investigation, AG and YiZ; writing—original draft, AG

and YiZ; writing—review and editing, AG and YiZ; visualization,

AG, YiZ, and YuZ; supervision, AG, YiZ, YuZ, SM, and SF;

funding acquisition, SM and SF. AG and YiZ contributed equally

to this work. All authors have read and agreed to the published

version of the manuscript.

Funding

This study was supported by Guangxi Natural Science

Foundation Projection (no. 03201219096D) and Guangxi

Medical and Health Appropriate Technology Development,

Popularization, and Application Project (no. S2021086).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors, and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Abdollahiyan, P., Oroojalian, F., Hejazi, M., de la Guardia, M., and
Mokhtarzadeh, A. (2021). Nanotechnology, and scaffold implantation for the
effective repair of injured organs: An overview on hard tissue engineering.
J. Control. Release 333, 391–417. doi:10.1016/j.jconrel.2021.04.003

Akhter, M. P., and Recker, R. R. (2021). High resolution imaging in bone tissue
research-review. Bone 143, 115620. doi:10.1016/j.bone.2020.115620

Alnufaiy, B. M., Lambarte, R. N. A., and Al-Hamdan, K. S. (2020). The
osteogenetic potential of chitosan coated implant: An in vitro study. J. Stem
Cells Regen. Med. 16 (2), 44–49. doi:10.46582/jsrm.1602008

Annabi, N., Nichol, J.W., Zhong, X., Ji, C., Koshy, S., Khademhosseini, A., et al. (2010).
Controlling the porosity andmicroarchitecture of hydrogels for tissue engineering.Tissue
Eng. Part B Rev. 16 (4), 371–383. doi:10.1089/ten.TEB.2009.0639

Arima, Y., and Iwata, H. (2007). Effect of wettability and surface functional
groups on protein adsorption and cell adhesion using well-defined mixed self-
assembled monolayers. Biomaterials 28 (20), 3074–3082. doi:10.1016/j.
biomaterials.2007.03.013

Aston, R., Sewell, K., Klein, T., Lawrie, G., and Grøndahl, L. (2016). Evaluation of the
impact of freezing preparation techniques on the characterisation of alginate hydrogels by
cryo-SEM. Eur. Polym. J. 82, 1–15. doi:10.1016/j.eurpolymj.2016.06.025

Bachmann, M., Kukkurainen, S., Hytonen, V. P., and Wehrle-Haller, B. (2019).
Cell adhesion by integrins. Physiol. Rev. 99 (4), 1655–1699. doi:10.1152/physrev.
00036.2018

Barbosa, M., and Martins, M. C. L. (2017). Peptides and proteins as biomaterials
for tissue regeneration and repair. Amsterdam: Woodhead Publishing.

Bellis, S. L. (2011). Advantages of RGD peptides for directing cell association with
biomaterials. Biomaterials 32 (18), 4205–4210. doi:10.1016/j.biomaterials.2011.02.029

Bertazzo, S., Zambuzzi, W. F., Campos, D. D., Ogeda, T. L., Ferreira, C. V., and
Bertran, C. A. (2010). Hydroxyapatite surface solubility and effect on cell adhesion.
Colloids Surfaces B Biointerfaces 78 (2), 177–184. doi:10.1016/j.colsurfb.2010.02.027

Bertz, A., Wohl-Bruhn, S., Miethe, S., Tiersch, B., Koetz, J., Hust, M., et al. (2013).
Encapsulation of proteins in hydrogel carrier systems for controlled drug delivery:
Influence of network structure and drug size on release rate. J. Biotechnol. 163 (2),
243–249. doi:10.1016/j.jbiotec.2012.06.036

Bouxsein, M. L., Boyd, S. K., Christiansen, B. A., Guldberg, R. E., Jepsen, K. J., and
Muller, R. (2010). Guidelines for assessment of bone microstructure in rodents

using micro-computed tomography. J. Bone Min. Res. 25 (7), 1468–1486. doi:10.
1002/jbmr.141

Burghardt, I., Luthen, F., Prinz, C., Kreikemeyer, B., Zietz, C., Neumann, H. G.,
et al. (2015). A dual function of copper in designing regenerative implants.
Biomaterials 44, 36–44. doi:10.1016/j.biomaterials.2014.12.022

Cai, Y., Liu, Y., Yan, W., Hu, Q., Tao, J., Zhang, M., et al. (2007). Role of
hydroxyapatite nanoparticle size in bone cell proliferation. J. Mat. Chem. 17 (36),
3780. doi:10.1039/b705129h

Calis, M., Demirtas, T. T., Vatansever, A., Irmak, G., Sakarya, A. H., Atilla,
P., et al. (2017). A biomimetic alternative to synthetic hydroxyapatite:
”Boron-Containing bone-like hydroxyapatite” precipitated from
simulated body fluid. Ann. Plast. Surg. 79 (3), 304–311. doi:10.1097/sap.
0000000000001072

Cheah, C. W., Al-Namnam, N. M., Lau, M. N., Lim, G. S., Raman, R., Fairbairn,
P., et al. (2021). Synthetic material for bone, periodontal, and dental tissue
regeneration: Where are we now, and where are we heading next? Mater.
(Basel) 14 (20), 6123. doi:10.3390/ma14206123

Chen, Y. X., Zhu, R., Ke, Q.F., Gao, Y.S., Zhang, C.Q., Guo, Y.P., et al. (2017).
MgAl layered double hydroxide/chitosan porous scaffolds loaded with PFTα to
promote bone regeneration. Nanoscale. 9(20), 6765–6776. doi:10.1039/c7nr00601b

Chen, Y. X., Yu, J.Q., Ke, Q.F., Gao, Y.S., Zhang, C.Q., Guo, Y.P., et al. (2018).
Bioinspired fabrication of carbonated hydroxyapatite/chitosan nanohybrid
scaffolds loaded with TWS119 for bone regeneration. Chemical Engineering
Journal. 341, 112–125. doi:10.1016/j.cej.2018.02.010

Chen, S., Wang, H., Mainardi, V. L., Talo, G., McCarthy, A., John, J. V., et al.
(2021a). Biomaterials with structural hierarchy and controlled 3D nanotopography
guide endogenous bone regeneration. Sci. Adv. 7 (31), eabg3089. doi:10.1126/sciadv.
abg3089

Chen, Y. Q., Li, C. R., Wang, Z. M., Long, J., Wang, R. Q., Zhao, J., et al. (2021b).
Self-assembled nanocomposite hydrogels enhanced by nanoparticles phosphonate-
magnesium coordination for bone regeneration. Appl. Mater. Today 25, 101182.
doi:10.1016/j.apmt.2021.101182

Chen, Y., Sheng, W., Lin, J., Fang, C., Deng, J., Zhang, P., et al. (2022). Magnesium
oxide nanoparticle coordinated phosphate-functionalized chitosan injectable
hydrogel for osteogenesis and angiogenesis in bone regeneration. ACS Appl.
Mat. Interfaces 14 (6), 7592–7608. doi:10.1021/acsami.1c21260

Frontiers in Bioengineering and Biotechnology frontiersin.org19

Guo et al. 10.3389/fbioe.2022.986212

https://doi.org/10.1016/j.jconrel.2021.04.003
https://doi.org/10.1016/j.bone.2020.115620
https://doi.org/10.46582/jsrm.1602008
https://doi.org/10.1089/ten.TEB.2009.0639
https://doi.org/10.1016/j.biomaterials.2007.03.013
https://doi.org/10.1016/j.biomaterials.2007.03.013
https://doi.org/10.1016/j.eurpolymj.2016.06.025
https://doi.org/10.1152/physrev.00036.2018
https://doi.org/10.1152/physrev.00036.2018
https://doi.org/10.1016/j.biomaterials.2011.02.029
https://doi.org/10.1016/j.colsurfb.2010.02.027
https://doi.org/10.1016/j.jbiotec.2012.06.036
https://doi.org/10.1002/jbmr.141
https://doi.org/10.1002/jbmr.141
https://doi.org/10.1016/j.biomaterials.2014.12.022
https://doi.org/10.1039/b705129h
https://doi.org/10.1097/sap.0000000000001072
https://doi.org/10.1097/sap.0000000000001072
https://doi.org/10.3390/ma14206123
https://doi.org/10.1039/c7nr00601b
https://doi.org/10.1016/j.cej.2018.02.010
https://doi.org/10.1126/sciadv.abg3089
https://doi.org/10.1126/sciadv.abg3089
https://doi.org/10.1016/j.apmt.2021.101182
https://doi.org/10.1021/acsami.1c21260
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.986212


Dash, M., Chiellini, F., Ottenbrite, R. M., and Chiellini, E. (2011). Chitosan-A
versatile semi-synthetic polymer in biomedical applications. Prog. Polym. Sci. 36 (8),
981–1014. doi:10.1016/j.progpolymsci.2011.02.001

Ding, X., Li, X., Li, C., Qi, M., Zhang, Z., Sun, X., et al. (2019a). Chitosan/dextran
hydrogel constructs containing strontium-doped hydroxyapatite with enhanced
osteogenic potential in rat cranium. ACS Biomater. Sci. Eng. 5 (9), 4574–4586.
doi:10.1021/acsbiomaterials.9b00584

Ding, X., Wang, S., Jin, W., Liu, X., Chen, J., and Chen, S. (2019b). <p&gt;
Encapsulation of a nanoporous simvastatin-chitosan composite to enhance
osteointegration of hydroxyapatite-coated polyethylene terephthalate
ligaments&lt;/p&gt;. Int. J. Nanomedicine 14, 4881–4893. doi:10.2147/ijn.S210687

Dvir, T., Timko, B. P., Kohane, D. S., and Langer, R. (2011). Nanotechnological
strategies for engineering complex tissues. Nat. Nanotechnol. 6 (1), 13–22. doi:10.
1038/nnano.2010.246

Dziaduszewska, M., and Zielinski, A. (2021). Structural and material
determinants influencing the behavior of porous Ti and its alloys made by
additive manufacturing techniques for biomedical applications. Materials 14 (4),
712. doi:10.3390/ma14040712

García-González, M., Muñoz, F., González-Cantalapiedra, A., López-Peña, M.,
and Saulacic, N. (2021). Systematic review and quality evaluation using ARRIVE
2.0 guidelines on animal models used for periosteal distraction osteogenesis. Anim.
(Basel) 11 (5), 1233. doi:10.3390/ani11051233

Gizer, M., Kose, S., Karaosmanoglu, B., Taskiran, E. Z., Berkkan, A., Timucin, M.,
et al. (2020). The effect of boron-containing nano-hydroxyapatite on bone cells.
Biol. Trace Elem. Res. 193 (2), 364–376. doi:10.1007/s12011-019-01710-w

Goel, A., Kapoor, S., Rajagopal, R. R., Pascual, M. J., Kim, H. W., and Ferreira,
J. M. (2012). Alkali-free bioactive glasses for bone tissue engineering: A preliminary
investigation. Acta Biomater. 8 (1), 361–372. doi:10.1016/j.actbio.2011.08.026

Gomes, P. S., and Fernandes, M. H. (2011). Rodent models in bone-related
research: The relevance of calvarial defects in the assessment of bone regeneration
strategies. Lab. Anim. 45 (1), 14–24. doi:10.1258/la.2010.010085

Grenier, J., Duval, H., Lv, P., Barou, F., Le Guilcher, C., Aid, R., et al. (2022). Interplay
between crosslinking and ice nucleation controls the porous structure of freeze-dried
hydrogel scaffolds. Biomater. Adv. 139, 212973. doi:10.1016/j.bioadv.2022.212973

Guo, L., Liang, Z., Yang, L., Du, W., Yu, T., Tang, H., et al. (2021). The role of
natural polymers in bone tissue engineering. J. Control. Release 338, 571–582.
doi:10.1016/j.jconrel.2021.08.055

Guo, Y. P., Guan, J. J., Yang, J., Wang, Y., Zhang, C. Q., and Ke, Q. F. (2015).
Hybrid nanostructured hydroxyapatite-chitosan composite scaffold: Bioinspired
fabrication, mechanical properties and biological properties. J. Mat. Chem. B 3 (23),
4679–4689. doi:10.1039/c5tb00175g

Haffner-Luntzer, M., Fischer, V., and Ignatius, A. (2021). Differences in fracture
healing between female and male C57bl/6J mice. Front. Physiol. 12, 712494. doi:10.
3389/fphys.2021.712494

Hooijmans, C. R., Rovers, M. M., de Vries, R. B., Leenaars, M., Ritskes-Hoitinga,
M., and Langendam, M. W. (2014). SYRCLE’s risk of bias tool for animal studies.
BMC Med. Res. Methodol. 14, 43. doi:10.1186/1471-2288-14-43

Hu, H., Zhao, P., Liu, J., Ke, Q., Zhang, C., Guo, Y., et al. (2018). Lanthanum
phosphate/chitosan scaffolds enhance cytocompatibility and osteogenic efficiency via the
Wnt/β-catenin pathway. J. Nanobiotechnology 16 (1), 98. doi:10.1186/s12951-018-0411-9
Hu, M., Xiao, F., Ke, Q. F., Li, Y., Chen, X. D., and Guo, Y. P. (2019). Cerium-

doped whitlockite nanohybrid scaffolds promote new bone regeneration via SMAD
signaling pathway. Chem. Eng. J. 359, 1–12. doi:10.1016/j.cej.2018.11.116

Huang, S. C., Wu, B. C., and Ding, S. J. (2015). Stem cell differentiation-induced
calcium silicate cement with bacteriostatic activity. J. Mat. Chem. B 3 (4), 570–580.
doi:10.1039/c4tb01617c

Huang, Y. R.,Wu, I. T., Chen, C. C., and Ding, S. J. (2020). In vitro comparisons of
microscale and nanoscale calcium silicate particles. J. Mat. Chem. B 8 (28),
6034–6047. doi:10.1039/d0tb01202e

Jayash, S. N., Cooper, P. R., Shelton, R. M., Kuehne, S. A., and Poologasundarampillai,
G. (2021). Novel chitosan-silica hybrid hydrogels for cell encapsulation and drug delivery.
Int. J. Mol. Sci. 22 (22), 12267. doi:10.3390/ijms222212267

Jeong, J., Kim, J. H., Shim, J. H., Hwang, N. S., and Heo, C. Y. (2019). Bioactive
calcium phosphate materials and applications in bone regeneration. Biomater. Res.
23, 4. doi:10.1186/s40824-018-0149-3

Ji, Y., Wang, M., Liu, W., Chen, C., Cui, W., Sun, T., et al. (2017). Chitosan/
nHAC/PLGA microsphere vehicle for sustained release of rhBMP-2 and its derived
synthetic oligopeptide for bone regeneration. J. Biomed. Mat. Res. A 105 (6),
1593–1606. doi:10.1002/jbm.a.35962

Jin, M., Shi, J., Zhu, W., Yao, H., and Wang, D. A. (2021). Polysaccharide-based
biomaterials in tissue engineering: A review. Tissue Eng. Part B Rev. 27 (6), 604–626.
doi:10.1089/ten.TEB.2020.0208

Jones, M. C., Zha, J., and Humphries, M. J. (2019). Connections between the cell
cycle, cell adhesion and the cytoskeleton. Phil. Trans. R. Soc. B 374 (1779),
20180227. doi:10.1098/rstb.2018.0227

Joukhdar, H., Seifert, A., Jungst, T., Groll, J., Lord, M. S., and Rnjak-Kovacina, J.
(2021). Ice templating soft matter: Fundamental principles and fabrication
approaches to tailor pore structure and morphology and their biomedical
applications. Adv. Mat. 33 (34), e2100091. doi:10.1002/adma.202100091

Kallai, I., Mizrahi, O., Tawackoli, W., Gazit, Z., Pelled, G., and Gazit, D. (2011).
Microcomputed tomography-based structural analysis of various bone tissue
regeneration models. Nat. Protoc. 6 (1), 105–110. doi:10.1038/nprot.2010.180

Kamboj, N., Ressler, A., and Hussainova, I. (2021). Bioactive ceramic scaffolds for
bone tissue engineering by powder bed selective laser processing: A review. Mater.
(Basel) 14 (18), 5338. doi:10.3390/ma14185338

Karimi, A. R., and Khodadadi, A. (2016). Mechanically robust 3D nanostructure
chitosan-based hydrogels with autonomic self-healing properties. ACS Appl. Mat.
Interfaces 8 (40), 27254–27263. doi:10.1021/acsami.6b10375

Kroschwald, L. M., Allerdt, F., Bernhardt, A., Rother, S., Zheng, K., Maqsood, I.,
et al. (2021). Artificial extracellular matrices containing bioactive glass
nanoparticles promote osteogenic differentiation in human mesenchymal stem
cells. Int. J. Mol. Sci. 22 (23), 12819. doi:10.3390/ijms222312819

Kundu, K., Afshar, A., Katti, D. R., Edirisinghe, M., and Katti, K. S. (2021).
Composite nanoclay-hydroxyapatite-polymer fiber scaffolds for bone tissue
engineering manufactured using pressurized gyration. Compos. Sci. Technol. 202,
108598. doi:10.1016/j.compscitech.2020.108598

Le Ferrec, M., Mellier, C., Lefevre, F. X., Boukhechba, F., Janvier, P., Montavon,
G., et al. (2020). In vivo resorption of injectable apatitic calcium phosphate cements:
Critical role of the intergranular microstructure. J. Biomed. Mat. Res. 108 (2),
367–376. doi:10.1002/jbm.b.34395

Lee, C. S., Hwang, H. S., Kim, S., Fan, J., Aghaloo, T., and Lee, M. (2020). Inspired
by nature: Facile design of nanoclay-organic hydrogel bone sealant with
multifunctional properties for robust bone regeneration. Adv. Funct. Mat. 30
(43), 2003717. doi:10.1002/adfm.202003717

Li, K. Q., Xia, C., Qiao, Y. Q., and Liu, X. Y. (2019). Dose-response relationships
between copper and its biocompatibility/antibacterial activities. J. Trace Elem. Med.
Biol. 55, 127–135. doi:10.1016/j.jtemb.2019.06.015

Li, T., Liu, Z. L., Xiao, M., Yang, Z. Z., Peng, M. Z., Li, C. D., et al. (2018a).
Impact of bone marrow mesenchymal stem cell immunomodulation on the
osteogenic effects of laponite. Stem Cell Res. Ther. 9 (1), 100. doi:10.1186/
s13287-018-0818-0

Li, Y., Zhang, Z., and Zhang, Z. (2018b). Porous chitosan/nano-hydroxyapatite
composite scaffolds incorporating simvastatin-loaded PLGAmicrospheres for bone
repair. Cells Tissues Organs 205 (1), 20–31. doi:10.1159/000485502

Liao, F., Peng, X. Y., Yang, F., Ke, Q. F., Zhu, Z. H., and Guo, Y. P. (2019).
Gadolinium-doped mesoporous calcium silicate/chitosan scaffolds enhanced bone
regeneration ability. Mater. Sci. Eng. C 104, 109999. doi:10.1016/j.msec.2019.
109999

Lieder, R., Darai, M., Thor, M. B., Ng, C. H., Einarsson, J. M., Gudmundsson, S.,
et al. (2012). In vitro bioactivity of different degree of deacetylation chitosan, a
potential coating material for titanium implants. J. Biomed. Mat. Res. A 100 (12),
3392–3399. doi:10.1002/jbm.a.34283

Liu, X., Wu, Y., Zhao, X., and Wang, Z. (2021). Fabrication and applications of
bioactive chitosan-based organic-inorganic hybrid materials: A review. Carbohydr.
Polym. 267, 118179. doi:10.1016/j.carbpol.2021.118179

Loh, Q. L., and Choong, C. (2013). Three-dimensional scaffolds for tissue
engineering applications: Role of porosity and pore size. Tissue Eng. Part B Rev.
19 (6), 485–502. doi:10.1089/ten.TEB.2012.0437

Long, T., Hong, F., Shen, S., Wang, L., Wang, Y., and Wang, J. (2012). In vitro
degradation of electrodeposited calcium phosphate coatings by osteoclast-like cells.
Biomed. Mat. 7 (4), 045012. doi:10.1088/1748-6041/7/4/045012

Lu, J., Descamps, M., Dejou, J., Koubi, G., Hardouin, P., Lemaitre, J., et al. (2002).
The biodegradation mechanism of calcium phosphate biomaterials in bone.
J. Biomed. Mat. Res. 63 (4), 408–412. doi:10.1002/jbm.10259

Luo, D., Wan, X., Liu, J., and Tong, T. (2018). Optimally estimating the sample
mean from the sample size, median, mid-range, and/or mid-quartile range. Stat.
Methods Med. Res. 27 (6), 1785–1805. doi:10.1177/0962280216669183

Lyu, H. Z., and Lee, J. H. (2021). Correlation between two-dimensional micro-CT
and histomorphometry for assessment of the implant osseointegration in rabbit
tibia model. Biomater. Res. 25 (1), 11. doi:10.1186/s40824-021-00213-x

Madihally, S. V., and Matthew, H. W. (1999). Porous chitosan scaffolds for tissue
engineering. Biomaterials 20 (12), 1133–1142. doi:10.1016/s0142-9612(99)00011-3

Mahmoud, N. S., Ahmed, H. H., Mohamed, M. R., Amr, K. S., Aglan, H. A., Ali,
M. A. M., et al. (2020). Role of nanoparticles in osteogenic differentiation of bone

Frontiers in Bioengineering and Biotechnology frontiersin.org20

Guo et al. 10.3389/fbioe.2022.986212

https://doi.org/10.1016/j.progpolymsci.2011.02.001
https://doi.org/10.1021/acsbiomaterials.9b00584
https://doi.org/10.2147/ijn.S210687
https://doi.org/10.1038/nnano.2010.246
https://doi.org/10.1038/nnano.2010.246
https://doi.org/10.3390/ma14040712
https://doi.org/10.3390/ani11051233
https://doi.org/10.1007/s12011-019-01710-w
https://doi.org/10.1016/j.actbio.2011.08.026
https://doi.org/10.1258/la.2010.010085
https://doi.org/10.1016/j.bioadv.2022.212973
https://doi.org/10.1016/j.jconrel.2021.08.055
https://doi.org/10.1039/c5tb00175g
https://doi.org/10.3389/fphys.2021.712494
https://doi.org/10.3389/fphys.2021.712494
https://doi.org/10.1186/1471-2288-14-43
https://doi.org/10.1186/s12951-018-0411-9
https://doi.org/10.1016/j.cej.2018.11.116
https://doi.org/10.1039/c4tb01617c
https://doi.org/10.1039/d0tb01202e
https://doi.org/10.3390/ijms222212267
https://doi.org/10.1186/s40824-018-0149-3
https://doi.org/10.1002/jbm.a.35962
https://doi.org/10.1089/ten.TEB.2020.0208
https://doi.org/10.1098/rstb.2018.0227
https://doi.org/10.1002/adma.202100091
https://doi.org/10.1038/nprot.2010.180
https://doi.org/10.3390/ma14185338
https://doi.org/10.1021/acsami.6b10375
https://doi.org/10.3390/ijms222312819
https://doi.org/10.1016/j.compscitech.2020.108598
https://doi.org/10.1002/jbm.b.34395
https://doi.org/10.1002/adfm.202003717
https://doi.org/10.1016/j.jtemb.2019.06.015
https://doi.org/10.1186/s13287-018-0818-0
https://doi.org/10.1186/s13287-018-0818-0
https://doi.org/10.1159/000485502
https://doi.org/10.1016/j.msec.2019.109999
https://doi.org/10.1016/j.msec.2019.109999
https://doi.org/10.1002/jbm.a.34283
https://doi.org/10.1016/j.carbpol.2021.118179
https://doi.org/10.1089/ten.TEB.2012.0437
https://doi.org/10.1088/1748-6041/7/4/045012
https://doi.org/10.1002/jbm.10259
https://doi.org/10.1177/0962280216669183
https://doi.org/10.1186/s40824-021-00213-x
https://doi.org/10.1016/s0142-9612(99)00011-3
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.986212


marrow mesenchymal stem cells. Cytotechnology 72 (1), 1–22. doi:10.1007/s10616-
019-00353-y

Marin, C. P., Santana, G. L., Robinson, M., Willerth, S. M., Crovace, M. C., and
Zanotto, E. D. (2021). Effect of bioactive Biosilicate ®/F18 glass scaffolds on
osteogenic differentiation of human adipose stem cells. J. Biomed. Mat. Res. A
109 (8), 1293–1308. doi:10.1002/jbm.a.37122

Mathews, S., Gupta, P. K., Bhonde, R., and Totey, S. (2011). Chitosan enhances
mineralization during osteoblast differentiation of human bone marrow-derived
mesenchymal stem cells, by upregulating the associated genes. Cell Prolif. 44 (6),
537–549. doi:10.1111/j.1365-2184.2011.00788.x

McGovern, J. A., Griffin, M., and Hutmacher, D. W. (2018). Animal models for
bone tissue engineering and modelling disease. Dis. Model. Mech. 11 (4),
dmm033084. doi:10.1242/dmm.033084

Mehta, M., Duda, G. N., Perka, C., and Strube, P. (2011). Influence of gender and
fixation stability on bone defect healing in middle-aged rats: A pilot study. Clin.
Orthop. Relat. Res. 469 (11), 3102–3110. doi:10.1007/s11999-011-1914-y

Metwally, S., and Stachewicz, U. (2019). Surface potential and charges impact on
cell responses on biomaterials interfaces for medical applications.Mater. Sci. Eng. C
104, 109883. doi:10.1016/j.msec.2019.109883

Mieszawska, A. J., Llamas, J. G., Vaiana, C. A., Kadakia, M. P., Naik, R. R., and
Kaplan, D. L. (2011). Clay enriched silk biomaterials for bone formation. Acta
Biomater. 7 (8), 3036–3041. doi:10.1016/j.actbio.2011.04.016

Murugan, R., and Ramakrishna, S. (2004). Bioresorbable composite bone paste
using polysaccharide based nano hydroxyapatite. Biomaterials 25 (17), 3829–3835.
doi:10.1016/j.biomaterials.2003.10.016

Muschler, G. F., Raut, V. P., Patterson, T. E., Wenke, J. C., and Hollinger, J. O.
(2010). The design and use of animal models for translational research in bone
tissue engineering and regenerative medicine. Tissue Eng. Part B Rev. 16 (1),
123–145. doi:10.1089/ten.TEB.2009.0658

Nguyen, A. T., Sathe, S. R., and Yim, E. K. (2016). From nano to micro:
Topographical scale and its impact on cell adhesion, morphology and contact
guidance. J. Phys. Condens. Matter 28 (18), 183001. doi:10.1088/0953-8984/28/18/
183001

Osada, N., Terada, A., Maeda, H., Obata, A., Nishikawa, Y., and Kasuga, T.
(2019). Tuning of ion-release capability from bio-ceramic-polymer composites for
enhancing cellular activity. R. Soc. open Sci. 6 (9), 190612. doi:10.1098/rsos.190612

Peng, X. Y., Hu, M., Liao, F., Yang, F., Ke, Q. F., Guo, Y. P., et al. (2019). La-Doped
mesoporous calcium silicate/chitosan scaffolds for bone tissue engineering.
Biomater. Sci. 7 (4), 1565–1573. doi:10.1039/c8bm01498a

Percie du Sert, N., Ahluwalia, A., Alam, S., Avey, M. T., Baker, M., Browne, W. J.,
et al. (2020). Reporting animal research: Explanation and elaboration for the
ARRIVE guidelines 2.0. PLoS Biol. 18 (7), e3000411. doi:10.1371/journal.pbio.
3000411

Perez, R. A., and Mestres, G. (2016). Role of pore size and morphology in
musculo-skeletal tissue regeneration. Mater. Sci. Eng. C 61, 922–939. doi:10.1016/j.
msec.2015.12.087

Peric Kacarevic, Z., Rider, P., Alkildani, S., Retnasingh, S., Pejakic, M., Schnettler,
R., et al. (2020). An introduction to bone tissue engineering. Int. J. Artif. Organs 43
(2), 69–86. doi:10.1177/0391398819876286

Peter, M., Ganesh, N., Selvamurugan, N., Nair, S. V., Furuike, T., Tamura, H.,
et al. (2010). Preparation and characterization of chitosan–gelatin/
nanohydroxyapatite composite scaffolds for tissue engineering applications.
Carbohydr. Polym. 80 (3), 687–694. doi:10.1016/j.carbpol.2009.11.050

Pina, S., Oliveira, J. M., and Reis, R. L. (2015). Natural-based nanocomposites for
bone tissue engineering and regenerative medicine: A review. Adv. Mat. 27 (7),
1143–1169. doi:10.1002/adma.201403354

Porrelli, D., Abrami, M., Pelizzo, P., Formentin, C., Ratti, C., Turco, G., et al.
(2022). Trabecular bone porosity and pore size distribution in osteoporotic patients
- a low field nuclear magnetic resonance and microcomputed tomography
investigation. J. Mech. Behav. Biomed. Mat. 125, 104933. doi:10.1016/j.jmbbm.
2021.104933

Rajula, M. P. B., Narayanan, V., Venkatasubbu, G. D., Mani, R. C., and Sujana, A.
(2021). Nano-hydroxyapatite: A driving force for bone tissue engineering. J. Pharm.
Bioallied Sci. 13 (1), S11–S14. doi:10.4103/jpbs.JPBS_683_20

Rastegar Ramsheh, M., Behnamghader, A., and Khanlarkhani, A. (2021). Sol-gel
synthesis, in vitro behavior, and human bone marrow-derived mesenchymal stem
cell differentiation and proliferation of bioactive glass 58S. Iran. Biomed. J. 25 (3),
180–192. doi:10.52547/ibj.25.3.180

Renno, A. C., Bossini, P. S., Crovace, M. C., Rodrigues, A. C., Zanotto, E. D., and
Parizotto, N. A. (2013). Characterization and in vivo biological performance of
biosilicate. Biomed. Res. Int. 2013, 1–7. doi:10.1155/2013/141427

Rial, R., Liu, Z., Messina, P., and Ruso, J. M. (2022). Role of nanostructured
materials in hard tissue engineering. Adv. Colloid Interface Sci. 304, 102682. doi:10.
1016/j.cis.2022.102682

Roberts, S. J., van Gastel, N., Carmeliet, G., and Luyten, F. P. (2015). Uncovering
the periosteum for skeletal regeneration: The stem cell that lies beneath. Bone 70,
10–18. doi:10.1016/j.bone.2014.08.007

Ruoslahti, E. (1996). RGD and other recognition sequences for integrins. Annu.
Rev. Cell Dev. Biol. 12, 697–715. doi:10.1146/annurev.cellbio.12.1.697

Santocildes-Romero, M. E., Crawford, A., Hatton, P. V., Goodchild, R. L., Reaney,
I. M., and Miller, C. A. (2015). The osteogenic response of mesenchymal stromal
cells to strontium-substituted bioactive glasses. J. Tissue Eng. Regen. Med. 9 (5),
619–631. doi:10.1002/term.2003

Saravanan, S., Vimalraj, S., Vairamani, M., and Selvamurugan, N. (2015). Role of
mesoporous wollastonite (calcium silicate) in mesenchymal stem cell proliferation
and osteoblast differentiation: A cellular and molecular study. J. Biomed.
Nanotechnol. 11 (7), 1124–1138. doi:10.1166/jbn.2015.2057

Schaefer, S., Detsch, R., Uhl, F., Deisinger, U., and Ziegler, G. (2011). How
degradation of calcium phosphate bone substitute materials is influenced by phase
composition and porosity. Adv. Eng. Mat. 13 (4), 342–350. doi:10.1002/adem.
201000267

Schexnailder, P. J., Gaharwar, A. K., Bartlett, R. L., 2nd, Seal, B. L., and Schmidt,
G. (2010). Tuning cell adhesion by incorporation of charged silicate nanoparticles as
cross-linkers to polyethylene oxide. Macromol. Biosci. 10 (12), 1416–1423. doi:10.
1002/mabi.201000053

Seda Tigli, R., Karakecili, A., and Gumusderelioglu, M. (2007). In vitro
characterization of chitosan scaffolds: Influence of composition and
deacetylation degree. J. Mat. Sci. Mat. Med. 18 (9), 1665–1674. doi:10.1007/
s10856-007-3066-x

Sengupta, P. (2013). The laboratory rat: Relating its age with human’s. Int. J. Prev.
Med. 4 (6), 624–630.

Sheikh, Z., Abdallah, M. N., Hanafi, A. A., Misbahuddin, S., Rashid, H., and
Glogauer, M. (2015). Mechanisms of in vivo degradation and resorption of calcium
phosphate based biomaterials. Mater. (Basel) 8 (11), 7913–7925. doi:10.3390/
ma8115430

Shi, J., Luo, D., Weng, H., Zeng, X. T., Lin, L., Chu, H., et al. (2020). Optimally
estimating the sample standard deviation from the five-number summary. Res.
Synth. Methods 11 (5), 641–654. doi:10.1002/jrsm.1429

Shi, P., Kim, Y. H., Mousa, M., Sanchez, R. R., Oreffo, R. O. C., and Dawson, J. I.
(2018). Self-assembling nanoclay diffusion gels for bioactive osteogenic
microenvironments. Adv. Healthc. Mat. 7 (15), e1800331. doi:10.1002/adhm.
201800331

Soriente, A., Fasolino, I., Gomez-Sanchez, A., Prokhorov, E., Buonocore, G. G.,
Luna-Barcenas, G., et al. (2022). Chitosan/hydroxyapatite nanocomposite scaffolds
to modulate osteogenic and inflammatory response. J. Biomed. Mat. Res. A 110 (2),
266–272. doi:10.1002/jbm.a.37283

Sparks, D. S., Saifzadeh, S., Savi, F. M., Dlaska, C. E., Berner, A., Henkel, J., et al.
(2020). A preclinical large-animal model for the assessment of critical-size load-
bearing bone defect reconstruction. Nat. Protoc. 15 (3), 877–924. doi:10.1038/
s41596-019-0271-2

Stastny, P., Sedlacek, R., Suchy, T., Lukasova, V., Rampichova, M., and Trunec, M.
(2019). Structure degradation and strength changes of sintered calcium phosphate
bone scaffolds with different phase structures during simulated biodegradation
in vitro. Mater. Sci. Eng. C 100, 544–553. doi:10.1016/j.msec.2019.03.027

Strube, P., Mehta, M., Baerenwaldt, A., Trippens, J., Wilson, C. J., Ode, A., et al.
(2009). Sex-specific compromised bone healing in female rats might be associated
with a decrease in mesenchymal stem cell quantity. Bone 45 (6), 1065–1072. doi:10.
1016/j.bone.2009.08.005

Sukpaita, T., Chirachanchai, S., Pimkhaokham, A., and Ampornaramveth, R. S.
(2021). Chitosan-based scaffold for mineralized tissues regeneration.Mar. Drugs 19
(10), 551. doi:10.3390/md19100551

Sun, T. W., Yu,W. L., Zhu, Y. J., Yang, R. L., Shen, Y. Q., Chen, D. Y., et al. (2017).
Hydroxyapatite Nanowire@Magnesium silicate core-shell hierarchical
nanocomposite: Synthesis and application in bone regeneration. ACS Appl. Mat.
Interfaces 9 (19), 16435–16447. doi:10.1021/acsami.7b03532

Sun, W., Gregory, D. A., Tomeh, M. A., and Zhao, X. (2021). Silk fibroin as a
functional biomaterial for tissue engineering. Int. J. Mol. Sci. 22 (3), 1499. doi:10.
3390/ijms22031499

Suphasiriroj, W., Yotnuengnit, P., Surarit, R., and Pichyangkura, R. (2009). The
fundamental parameters of chitosan in polymer scaffolds affecting osteoblasts
(MC3T3-E1). J. Mat. Sci. Mat. Med. 20 (1), 309–320. doi:10.1007/s10856-008-
3575-2

Frontiers in Bioengineering and Biotechnology frontiersin.org21

Guo et al. 10.3389/fbioe.2022.986212

https://doi.org/10.1007/s10616-019-00353-y
https://doi.org/10.1007/s10616-019-00353-y
https://doi.org/10.1002/jbm.a.37122
https://doi.org/10.1111/j.1365-2184.2011.00788.x
https://doi.org/10.1242/dmm.033084
https://doi.org/10.1007/s11999-011-1914-y
https://doi.org/10.1016/j.msec.2019.109883
https://doi.org/10.1016/j.actbio.2011.04.016
https://doi.org/10.1016/j.biomaterials.2003.10.016
https://doi.org/10.1089/ten.TEB.2009.0658
https://doi.org/10.1088/0953-8984/28/18/183001
https://doi.org/10.1088/0953-8984/28/18/183001
https://doi.org/10.1098/rsos.190612
https://doi.org/10.1039/c8bm01498a
https://doi.org/10.1371/journal.pbio.3000411
https://doi.org/10.1371/journal.pbio.3000411
https://doi.org/10.1016/j.msec.2015.12.087
https://doi.org/10.1016/j.msec.2015.12.087
https://doi.org/10.1177/0391398819876286
https://doi.org/10.1016/j.carbpol.2009.11.050
https://doi.org/10.1002/adma.201403354
https://doi.org/10.1016/j.jmbbm.2021.104933
https://doi.org/10.1016/j.jmbbm.2021.104933
https://doi.org/10.4103/jpbs.JPBS_683_20
https://doi.org/10.52547/ibj.25.3.180
https://doi.org/10.1155/2013/141427
https://doi.org/10.1016/j.cis.2022.102682
https://doi.org/10.1016/j.cis.2022.102682
https://doi.org/10.1016/j.bone.2014.08.007
https://doi.org/10.1146/annurev.cellbio.12.1.697
https://doi.org/10.1002/term.2003
https://doi.org/10.1166/jbn.2015.2057
https://doi.org/10.1002/adem.201000267
https://doi.org/10.1002/adem.201000267
https://doi.org/10.1002/mabi.201000053
https://doi.org/10.1002/mabi.201000053
https://doi.org/10.1007/s10856-007-3066-x
https://doi.org/10.1007/s10856-007-3066-x
https://doi.org/10.3390/ma8115430
https://doi.org/10.3390/ma8115430
https://doi.org/10.1002/jrsm.1429
https://doi.org/10.1002/adhm.201800331
https://doi.org/10.1002/adhm.201800331
https://doi.org/10.1002/jbm.a.37283
https://doi.org/10.1038/s41596-019-0271-2
https://doi.org/10.1038/s41596-019-0271-2
https://doi.org/10.1016/j.msec.2019.03.027
https://doi.org/10.1016/j.bone.2009.08.005
https://doi.org/10.1016/j.bone.2009.08.005
https://doi.org/10.3390/md19100551
https://doi.org/10.1021/acsami.7b03532
https://doi.org/10.3390/ijms22031499
https://doi.org/10.3390/ijms22031499
https://doi.org/10.1007/s10856-008-3575-2
https://doi.org/10.1007/s10856-008-3575-2
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.986212


Takeshita, S., Zhao, S., Malfait, W. J., and Koebel, M. M. (2021). Chemistry of
chitosan aerogels: Three-dimensional pore control for tailored applications. Angew.
Chem. Int. Ed. 60 (18), 9828–9851. doi:10.1002/anie.202003053

Tang, Y. Q., Wang, Q. Y., Ke, Q. F., Zhang, C. Q., Guan, J. J., and Guo, Y. P.
(2020). Mineralization of ytterbium-doped hydroxyapatite nanorod arrays in
magnetic chitosan scaffolds improves osteogenic and angiogenic abilities for
bone defect healing. Chem. Eng. J. 387, 124166. doi:10.1016/j.cej.2020.124166

Thein-Han, W. W., and Misra, R. D. (2009). Biomimetic chitosan-
nanohydroxyapatite composite scaffolds for bone tissue engineering. Acta
Biomater. 5 (4), 1182–1197. doi:10.1016/j.actbio.2008.11.025

Vajgel, A., Mardas, N., Farias, B. C., Petrie, A., Cimões, R., and Donos, N. (2014).
A systematic review on the critical size defect model. Clin. Oral Implants Res. 25 (8),
879–893. doi:10.1111/clr.12194

Wan, X., Wang, W., Liu, J., and Tong, T. (2014). Estimating the sample mean and
standard deviation from the sample size, median, range and/or interquartile range.
BMC Med. Res. Methodol. 14, 135. doi:10.1186/1471-2288-14-135

Wang, Y., Liu, Q., Zhang, B., Zhang, H., Jin, Y., Zhong, Z., et al. (2021). Gelatin
tailored pore structure and mechanical properties of freeze-cast porous boron
carbide ceramics. Ceram. Int. 47 (2), 2897–2902. doi:10.1016/j.ceramint.2020.
09.111

Weber, F. E. (2019). Reconsidering osteoconduction in the era of additive
manufacturing. Tissue Eng. Part B Rev. 25 (5), 375–386. doi:10.1089/ten.TEB.
2019.0047

Webster, T. J., Ergun, C., Doremus, R. H., Siegel, R. W., and Bizios, R. (2000).
Specific proteins mediate enhanced osteoblast adhesion on nanophase ceramics.
J. Biomed. Mat. Res. 51 (3), 475–483. doi:10.1002/1097-4636(20000905)51:3<475::
aid-jbm23>3.0.co;2-9
Weir, M. D., and Xu, H. H. (2010). Osteoblastic induction on calcium phosphate

cement-chitosan constructs for bone tissue engineering. J. Biomed. Mat. Res. A 94
(1), 223–233. doi:10.1002/jbm.a.32665

Weisspflog, J., Vehlow, D., Muller, M., Kohn, B., Scheler, U., Boye, S., et al. (2021).
Characterization of chitosan with different degree of deacetylation and equal
viscosity in dissolved and solid state - insights by various complimentary
methods. Int. J. Biol. Macromol. 171, 242–261. doi:10.1016/j.ijbiomac.2021.01.010

Wu, I. T., Kao, P. F., Huang, Y. R., and Ding, S. J. (2020a). In vitro and in vivo
osteogenesis of gelatin-modified calcium silicate cement with washout resistance.
Mater. Sci. Eng. C 117, 111297. doi:10.1016/j.msec.2020.111297

Wu, J., Zheng, K., Huang, X., Liu, J., Liu, H., Boccaccini, A. R., et al. (2019).
Thermally triggered injectable chitosan/silk fibroin/bioactive glass nanoparticle
hydrogels for in-situ bone formation in rat calvarial bone defects. Acta
Biomater. 91, 60–71. doi:10.1016/j.actbio.2019.04.023

Wu, T., Li, B., Wang, W., Chen, L., Li, Z., Wang, M., et al. (2020b). Strontium-
substituted hydroxyapatite grown on graphene oxide nanosheet-reinforced
chitosan scaffold to promote bone regeneration. Biomater. Sci. 8 (16),
4603–4615. doi:10.1039/d0bm00523a

Xia, Z., Grover, L. M., Huang, Y., Adamopoulos, I. E., Gbureck, U., Triffitt, J. T.,
et al. (2006). In vitro biodegradation of three brushite calcium phosphate cements
by a macrophage cell-line. Biomaterials 27 (26), 4557–4565. doi:10.1016/j.
biomaterials.2006.04.030

Xu, S., Lin, K., Wang, Z., Chang, J., Wang, L., Lu, J., et al. (2008). Reconstruction
of calvarial defect of rabbits using porous calcium silicate bioactive ceramics.
Biomaterials 29 (17), 2588–2596. doi:10.1016/j.biomaterials.2008.03.013

Yang, Y. M., Hu, W., Wang, X. D., and Gu, X. S. (2007). The controlling
biodegradation of chitosan fibers by N-acetylation in vitro and in vivo. J. Mat. Sci.
Mat. Med. 18 (11), 2117–2121. doi:10.1007/s10856-007-3013-x

Young, S., Patel, Z. S., Kretlow, J. D., Murphy, M. B., Mountziaris, P. M., Baggett,
L. S., et al. (2009). Dose effect of dual delivery of vascular endothelial growth factor
and bone morphogenetic protein-2 on bone regeneration in a rat critical-size defect
model. Tissue Eng. Part A 15 (9), 2347–2362. doi:10.1089/ten.tea.2008.0510

Yu, X., Wang, Y., Liu, X., Ge, Y., and Zhang, S. (2021). Ursolic acid loaded-
mesoporous hydroxylapatite/chitosan therapeutic scaffolds regulate bone
regeneration ability by promoting the m2-type polarization of macrophages. Int.
J. Nanomedicine 16, 5301–5315. doi:10.2147/IJN.S323033

Yuan, Y., Chesnutt, B. M., Haggard, W. O., and Bumgardner, J. D. (2011).
Deacetylation of chitosan: Material characterization and in vitro evaluation via
albumin adsorption and pre-osteoblastic cell cultures. Mater. (Basel) 4 (8),
1399–1416. doi:10.3390/ma4081399

Zhang, H., Zhou, L., and Zhang, W. (2014). Control of scaffold degradation in
tissue engineering: A review. Tissue Eng. Part B Rev. 20 (5), 492–502. doi:10.1089/
ten.TEB.2013.0452

Zhao, P. P., Hu, H. R., Liu, J. Y., Ke, Q. F., Peng, X. Y., Ding, H., et al. (2019a).
Gadolinium phosphate/chitosan scaffolds promote new bone regeneration via
Smad/Runx2 pathway. Chem. Eng. J. 359, 1120–1129. doi:10.1016/j.cej.2018.11.071

Zhao, X., Zhou, C., Lvov, Y., and Liu, M. (2019b). Clay nanotubes aligned with
shear forces for mesenchymal stem cell patterning. Small 15 (21), e1900357. doi:10.
1002/smll.201900357

Zhao, Y., Fan, T., Chen, J., Su, J., Zhi, X., Pan, P., et al. (2019c). Magnetic
bioinspired micro/nanostructured composite scaffold for bone regeneration.
Colloids Surfaces B Biointerfaces 174, 70–79. doi:10.1016/j.colsurfb.2018.11.003

Zhou, D., Qi, C., Chen, Y. X., Zhu, Y. J., Sun, T. W., Chen, F., et al. (2017).
Comparative study of porous hydroxyapatite/chitosan and whitlockite/chitosan
scaffolds for bone regeneration in calvarial defects. Int. J. Nanomedicine 12,
2673–2687. doi:10.2147/ijn.S131251

Zhou, P., Xia, D., Ni, Z., Ou, T., Wang, Y., Zhang, H., et al. (2021). Calcium silicate
bioactive ceramics induce osteogenesis through oncostatin M. Bioact. Mat. 6 (3),
810–822. doi:10.1016/j.bioactmat.2020.09.018

Zhu, D. Y., Lu, B., Yin, J. H., Ke, Q. F., Xu, H., Zhang, C. Q., et al. (2019). <p&gt;
Gadolinium-doped bioglass scaffolds promote osteogenic differentiation of hBMSC
via the Akt/GSK3&amp;beta; pathway and facilitate bone repair in vivo&lt;/p&gt;.
Int. J. Nanomedicine 14, 1085–1100. doi:10.2147/IJN.S193576

Frontiers in Bioengineering and Biotechnology frontiersin.org22

Guo et al. 10.3389/fbioe.2022.986212

https://doi.org/10.1002/anie.202003053
https://doi.org/10.1016/j.cej.2020.124166
https://doi.org/10.1016/j.actbio.2008.11.025
https://doi.org/10.1111/clr.12194
https://doi.org/10.1186/1471-2288-14-135
https://doi.org/10.1016/j.ceramint.2020.09.111
https://doi.org/10.1016/j.ceramint.2020.09.111
https://doi.org/10.1089/ten.TEB.2019.0047
https://doi.org/10.1089/ten.TEB.2019.0047
https://doi.org/10.1002/1097-4636(20000905)51:3<475::aid-jbm23>3.0.co;2-9
https://doi.org/10.1002/1097-4636(20000905)51:3<475::aid-jbm23>3.0.co;2-9
https://doi.org/10.1002/jbm.a.32665
https://doi.org/10.1016/j.ijbiomac.2021.01.010
https://doi.org/10.1016/j.msec.2020.111297
https://doi.org/10.1016/j.actbio.2019.04.023
https://doi.org/10.1039/d0bm00523a
https://doi.org/10.1016/j.biomaterials.2006.04.030
https://doi.org/10.1016/j.biomaterials.2006.04.030
https://doi.org/10.1016/j.biomaterials.2008.03.013
https://doi.org/10.1007/s10856-007-3013-x
https://doi.org/10.1089/ten.tea.2008.0510
https://doi.org/10.2147/IJN.S323033
https://doi.org/10.3390/ma4081399
https://doi.org/10.1089/ten.TEB.2013.0452
https://doi.org/10.1089/ten.TEB.2013.0452
https://doi.org/10.1016/j.cej.2018.11.071
https://doi.org/10.1002/smll.201900357
https://doi.org/10.1002/smll.201900357
https://doi.org/10.1016/j.colsurfb.2018.11.003
https://doi.org/10.2147/ijn.S131251
https://doi.org/10.1016/j.bioactmat.2020.09.018
https://doi.org/10.2147/IJN.S193576
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.986212

	Effect of chitosan/inorganic nanomaterial scaffolds on bone regeneration and related influencing factors in animal models:  ...
	Introduction
	Methods
	Protocol, registration, and search strategy
	Inclusion/exclusion criteria
	Outcome measure
	Data extraction
	Quality assessment
	Evaluation of the risk of bias
	Data processing and statistical analysis

	Results
	Search and screening results
	Characteristics of study subjects
	Interventions
	Characteristics of scaffolds
	Surgery

	Outcome measures
	Quality assessment
	Evaluation of the risk of bias

	Discussion
	Osteoconductivity of scaffolds
	Pore size
	Sponge-like porous scaffolds
	Hydrogel scaffolds
	Degradation rate
	Cell adhesion

	Osteoinductivity of scaffolds
	Other factors

	Limitations
	Summary and perspective
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


