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Bone tissue engineering (BTE) strategies are increasingly investigated to overcome the
limitations of currently used bone substitutes and to improve the bone regeneration
process. Among the natural polymers used for tissue engineering, dextran and pullulan
appear as natural hydrophilic polysaccharides that became promising biomaterials for
BTE. This systematic review aimed to present the different published applications of
pullulan and dextran-based biomaterials for BTE. An electronic search in Pubmed,
Scopus, and Web of Science databases was conducted. Selection of articles was
performed following PRISMA guidelines. This systematic review led to the inclusion of
28 articles on the use of pullulan and/or dextran-based biomaterials to promote bone
regeneration in preclinical models. Sixteen studies focused on dextran-based materials for
bone regeneration, six on pullulan substitutes and six on the combination of pullulan and
dextran. Several strategies have been developed to provide bone regeneration capacity,
mainly through their fabrication processes (functionalization methods, cross-linking
process), or the addition of bioactive elements. We have summarized here the
strategies employed to use the polysaccharide scaffolds (fabrication process,
composition, application usages, route of administration), and we highlighted their
relevance and limitations for BTE applications.
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1 INTRODUCTION

Improving bone regeneration after traumatic injuries, pathologies, or tumors resection has been and
still remains a surgical challenge since decades. To date, autologous bone grafting (Dimitriou et al.,
2011; Lanza et al., 2014) is the gold standard technique for bone reconstruction, as it is induced by a
non-immunogenic way, the properties required for bone regeneration [i.e., osteoinduction,
osteoconduction, and osteogenesis (Dimitriou et al., 2011; Lanza et al., 2014)]. However, this
method has some important drawbacks due to its limited availability and inherent complications
from the surgical procedures (donor site injury and morbidity) (Dimitriou et al., 2011).
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Bone tissue engineering (BTE) strategies have thus emerged to
develop alternatives to conventional autologous bone graft
reconstruction. BTE approach is usually based on a
combination of scaffolds with cells and/or bioactive molecules
to provide the conditions required for bone formation. Design of
scaffolds that mimic the mechanical and structural features of
bone extracellular matrix (Filippi et al., 2020) that is highlighted.
Biomaterials for bone scaffolding applications are critical to
enable cell viability and proliferation, osteodifferentiation,
angiogenesis, host integration, and when needed load bearing
(Roseti et al., 2017; Kashirina et al., 2019). Calcium phosphate
cements (CPC) such as hydroxyapatite (HA) or β-tricalcium
phosphate (β-TCP) are thus the most commonly used
scaffolds for BTE applications (Ana et al., 2018; Liang et al., 2021).

Recently, a number of natural polymers, such as chitosan,
collagen, gelatin, hyaluronic acid, or alginate has gained an
increasing interest (Tang et al., 2021). They often show
biocompatibility, biodegradability, and share similar
structures to the natural extracellular matrix (Filippi et al.,
2020). An interesting property of polymeric scaffolds is their
ability to be easily designed according to the desired three-
dimensional structure, such as hydrogels, macroporous
scaffolds, microspheres, or micro-molded matrices (Mallick
and Cox, 2013; Wu et al., 2021). Polysaccharides are one
type of natural polymers that are composed of molecules
linked through a glycosidic linkage (Hussain et al., 2017).
Among them, dextran and pullulan are both
exopolysaccharides, which are secreted into the surrounding
environment of microorganisms by cell wall-anchored enzymes
(Hussain et al., 2017). They have already been used for medical
research since they are biocompatible, biodegradable, and
present no immunogenic reaction (Prajapati et al., 2013;
Banerjee and Bandopadhyay, 2016). For example, dextran
was used as plasma expander (Banerjee and Bandopadhyay,
2016), drug carrier to target organs [e.g., colon (Hovgaard and
Brøndsted, 1995; Simonsen et al., 1995), skin (Sun et al., 2011)]
or as a molecular imaging tracer for magnetic resonance
imaging (Tassa et al., 2011; Banerjee and Bandopadhyay,
2016) (e.g., dextran-coated iron oxide nanoparticles).
Pullulan-based materials have been used as an excipient in
pharmaceutical tablets (Prajapati et al., 2013). Some
researchers also focused on its potential as a plasma-blood
substitute (Prajapati et al., 2013) like dextran derivatives, as a
drug delivery system (Fundueanu et al., 2003) or as a fluorescent
probe for medical imaging (Morimoto et al., 2005b).

The use of these two polysaccharides for BTE has thus been
investigated to design biological scaffolds for bone regeneration.
In the last decades, several studies focused on the production of
pullulan and/or dextran-based scaffolds combined with CPC or
growth factors, and investigated their potential for BTE.
However, there is no report summarizing the development of
pullulan and/or dextran-based bone materials, functionalization
methods and their applications to promote bone regeneration.
This review aims to identify the different strategies of pullulan
and/or dextran-based substitutes for bone tissue engineering
applications in preclinical studies since no clinical application
were reported in the online search.

2 MATERIALS AND METHODS

This systematic review was performed according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines (Moher et al., 2015). A protocol was
specified and registered on the database International
Prospective Register of Systematic Reviews (PROSPERO)
(registration number CRD42021220920) and is available from:
https://www.crd.york.ac.uk/prospero/display_record.php?ID=
CRD42021220920.

2.1 Focused Question
This systematic review was performed to address the following
focused question: “What are the best strategies of using pullulan
and/or dextran in bone regeneration in preclinical models?”

2.2 Search Strategy
An electronic search of the MedLine (PubMed), Embase (Scopus),
and Web of science databases was carried out. Medical subject
headlings (MeSH) terms were combined with keywords and
Boolean operators to search databases. All searches were
performed from October 2020 to February 2022 by focusing on
studies written in English or French and published between
January 2000 and February 2022. The searching query used for
the research was: (“pullulan”OR “dextran”) AND [“bone (MeSH)”
OR “bone regeneration (MeSH)”]. Additional articles were also
searched by manually screening the list of references of all
publications selected by the search.

2.3 Eligibility Criteria
Preclinical controlled trials using pullulan and/or dextran
substitutes to induce bone regeneration were considered. All
animal studies (all type, all sexes) were eligible if they assessed
new bone formation in a bone defect or subcutaneously. In vitro
studies, clinical trials and reviews were excluded.

2.4 Screening Methods and Data Extraction
Two independent reviewers (NA and MF) screened the titles and
abstracts. For eligible studies that matched with the inclusion
criteria, full texts were then assessed. Any disagreement between
the reviewers over the eligibility of particular studies was resolved
through discussion with a third reviewer (J-CF).

In order to extract relevant data from included studies,
structurable tables were made with the following data: authors,
animal models, type of defect or implantation site, conditions
tested (with the number of defects created or scaffolds
implanted), composition of the scaffolds, cross-linking
reagents, adjuvants (e.g., growths factors, cell lines, mineralized
molecules), material design, observation period, and
experimental analysis with results. For any missing data,
authors were contacted by e-mail to complete tables.

2.5 Quality Assessment and Analysis of the
Data
Methodological quality of individual studies was assessed using
the collaborative Evidence-Based Complementary and
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TABLE 1 | Characterization of scaffold used in the included studies.

Author (Year) Polysaccharide
composition

Biocomposite
scaffold

(additional
polymers

and ceramics)

Functionalization of
dextran, pullulan

or pullulan/dextran
scaffolds

Cross-linking process
(cross-linker used)

Material aspect Bioactive
components

Lafont et al. (2004) Dextran — Carboxymethyl,
benzylamide and sulfate

— Aqueous solution
(loaded into collagen
sponges)

—

Maire et al. (2005a) Dextran — Carboxylate, benzylamide
and sulfate (three different
D.S. expressed in %: 0, 2,
and 18)

Chemical cross-linking
(STMP)

Hydrogel BMP-2

Chen et al. (2005) Dextran Gelatin — Chemical cross-linking Microspheres BMP-2
Chen et al. (2006) Dextran Gelatin Glycidyl methacrylate

(three different D.S.
referring to the number of
methacrylated groups per
100 glucopyranose
residues: 4.7, 6.3, and 7.8)

Chemical cross-linking
(Polyethylene glycol)

Microspheres IGF-1

Chen et al. (2007) Dextran Gelatin Glycidyl methacrylate Chemical cross-linking Hydrogel —

Dextran Polyethylene glycol Glycidyl methacrylate Chemical cross-linking Microspheres BMP-2
Degat et al. (2007) Dextran — Carboxymethyl,

benzylamide
— Aqueous solution

(loaded into collagen
sponges)

BMP-2

Abbah et al. (2012) Dextran/Alginate — Diethylaminoethyl Physical cross-linking
(CaCl2)

Microspheres (loaded
into polymeric
sponges)

BMP-2

Bölgen et al. (2013) Dextran Hydroxyethyl
methacrylate

— Chemical cross-linking
(Methylenebisacrylamide)

Cryogel (disc-shaped) MSCs

Lactate
Togami et al. (2014) Dextran Polyvinyl formal — — Sponges —

Ritz et al. (2018) Dextran — Carboxymethyl and epoxy
benzophenone

Chemical cross-linking (UV
radiation)

Hydrogel
(disc-shaped)

BMP-7
SDF-1
HUVEC hOB

Chen et al. (2019) Dextran — Sulfate — Aqueous solution
(loaded into gelatin
sponges)

BMP-2

Ding et al. (2019) Dextran/Chitosan Strontium-doped
HA

Formylbenzoic Chemical cross-linking Hydrogel (injected, in
situ forming)

—

Fang et al. (2019) Dextran Polyacrylamide Urethane methacrylate Physical cross-linking (SDS/
SMA micelles)

Hydrogel
(disc-shaped)

—

HA
Shoji et al. (2020) Dextran — Tyramine Chemical cross-linking

(H2O2, HRP)
Hydrogel (injected, in
situ forming)

bFGF

Yu et al. (2020) Dextran — — — Aqueous solution
(loaded into gelatin
sponges)

BMP-2

Wang et al. (2021) Dextran PLGA Aldehyde and catechol Chemical cross-linking
(Schiff reaction)

Hydrogel (injected, in
situ forming)

Bisphosphonate
HA

Hayashi et al. (2009) Pullulan — Cholesteryl and acryloyl Chemical cross-linking
(thiol-bearing polyethylene
glycol)

Hydrogel
(hemisphere-shaped)

BMP-2

Miyahara et al.
(2011)

Pullulan — Cholesteryl and acryloyl Chemical cross-linking
(thiol-bearing polyethylene
glycol)

Hydrogel (membrane) —

Fujioka-Kobayashi
et al. (2012)

Pullulan — Cholesteryl and acryloyl Chemical cross-linking
(thiol-bearing polyethylene
glycol)

Hydrogel
(disc-shaped)

BMP-2 and/or
FGF18

Takahata et al.
(2015)

Pullulan β-TCP Phosphate — NS —

Charoenlarp et al.
(2018)

Pullulan — Cholesteryl and acryloyl Chemical cross-linking
(thiol-bearing polyethylene
glycol and/or RGD peptides)

Hydrogel
(disc-shaped)

BMP-2 and
FGF18

Popescu et al.
(2019)

Pullulan/Alginate Bioglass containing
X%CuO (X = 0.5
or 1.5)

— — NS —

(Continued on following page)
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Alternative Medicine approach to meta-analysis and review of
animal data in experimental infarction (CAMARADES) 10-item
quality checklist (Macleod et al., 2004) and SYRCLE’s risk of bias
tool (Hooijmans et al., 2014). These tools enabled to build a
modified checklist by using eight items for relevance: 1) Peer
reviewed publication; 2) Control of the temperature in the animal
facilities; 3) Random allocation to treatment or control; 4)
Blinded assessment of outcomes; 5) Animal model description;
6) Sample size calculation; 7) Compliance with animal welfare
regulation; 8) Statement of potential conflict of interest. Data
analysis was then performed in a descriptive way since the
information obtained did not enable meta-analyses.

3 RESULTS

3.1 Search Outcomes
Database screening yielded to 713 publications after duplicates
removal. Among these publications, 35 articles were selected for
potential inclusion after title and abstract reading. Full texts of
these 35 articles were reviewed. Seven of the 35 studies were
excluded for not meeting the inclusion criteria. No additional
study was added for selection after manually screening the list of
references of selected publications. Finally, 28 studies were
included for this systematic review: 16 used dextran-derived
biomaterials (Lafont et al., 2004; Maire et al., 2005a; Chen
et al., 2005; Chen et al., 2006; Chen et al., 2007; Degat et al.,
2009; Abbah et al., 2012; Bölgen et al., 2014; Ritz et al., 2018; Chen
et al., 2019; Ding et al., 2019; Fang et al., 2019) for bone
regeneration, six used pullulan-derived biomaterials (Hayashi
et al., 2009; Fujioka-Kobayashi et al., 2012; Miyahara et al.,
2012; Takahata et al., 2015; Charoenlarp et al., 2018; Popescu
et al., 2020) and six used a combination of these two
polysaccharides (Fricain et al., 2013; Fricain et al., 2018;
Schlaubitz et al., 2014; Frasca et al., 2017; Ribot et al., 2017)

(Table 1). A flowchart of the selection and inclusion process,
based on PRISMA recommendations is presented in Figure 1.
Risk of bias ranged from low to high and detailed results of
methodological quality are presented in Figures 2, 3. Sample size
calculation and blinded assessment of outcomes showed the
highest risk of bias.

3.2 Experimental Models
Most studies (25 out of 28 studies) were carried out on small
animals (e.g., mice, rats, rabbits), and only few studies
investigated bone formation in larger animal models (e.g.,
pigs, sheeps, goats, and dogs). Experimental procedures were
performed ectopically (17%), or orthotopically (83%) (Figure 4).
Ectopic bone formation was investigated in six studies using
subcutaneous implantation in the back of animals or by muscular
implantation (e.g., leg muscles) (Table 2) (Maire et al., 2005a;
Degat et al., 2009; Hayashi et al., 2009; Fricain et al., 2013; Chen
et al., 2019; Yu et al., 2020). Orthotopic implantations were
mainly performed on maxillofacial defects and long bone
defects (Tables 3, 4, 5) (Lafont et al., 2004; Chen et al., 2005;
Chen et al., 2006; Chen et al., 2007; Hayashi et al., 2009; Abbah
et al., 2012; Fujioka-Kobayashi et al., 2012; Miyahara et al., 2012;
Fricain et al., 2013; Bölgen et al., 2014; Schlaubitz et al., 2014;
Takahata et al., 2015; Togami et al., 2015; Frasca et al., 2017; Ribot
et al., 2017; Charoenlarp et al., 2018; Fricain et al., 2018; Ritz et al.,
2018; Ding et al., 2019; Fang et al., 2019; Popescu et al., 2020; Shoji
et al., 2020; Maurel et al., 2021; Wang et al., 2021). Nine studies
investigated calvarial defects, six studies focused on mandibular
or maxillary defects (e.g., periodontal, sinus bone augmentation),
whereas 10 studies were performed on femoral defects (e.g.,
condyle, epiphysis, metaphysis), one study on ulnar defect and
one study on tibial defect. Two studies assessed vertebral bone
defects regeneration. Bone formation was investigated
radiographically mainly using micro-computed tomography
(micro-CT) and/or by histological analysis.

TABLE 1 | (Continued) Characterization of scaffold used in the included studies.

Author (Year) Polysaccharide
composition

Biocomposite
scaffold

(additional
polymers

and ceramics)

Functionalization of
dextran, pullulan

or pullulan/dextran
scaffolds

Cross-linking process
(cross-linker used)

Material aspect Bioactive
components

Fricain et al. (2013) Pullulan/Dextran HA — Chemical cross-linking
(STMP)

Hydrogel (sponges) —

Schlaubitz et al.
(2014)

Pullulan/Dextran HA — Chemical cross-linking
(STMP)

Microspheres —

Frasca et al. (2017) Pullulan/Dextran — — Chemical cross-linking
(STMP)

Hydrogel (sponges) MSCs

Ribot et al. (2017) Pullulan/Dextran HA and/or fucoidan — Chemical cross-linking
(STMP)

Microspheres —

Fricain et al. (2018) Pullulan/Dextran HA — Chemical cross-linking
(STMP)

Microspheres —

Maurel et al. (2021) Pullulan/Dextran HA — Chemical cross-linking
(STMP)

Microspheres —

bFGF, basic fibroblast growth factor; BMP, bone morphogenetic protein; β-TCP, beta-tricalcium phosphate; CuO, copper oxide; D.S., degree of substitution; FGF, fibroblast growth
factor; HA, hydroxyapatite; HEMA, hydroxyethyl methacrylate; H2O2, hydrogen peroxide; hOB, human osteoblast; HRP, horseradish peroxidase; HUVEC, human umbilical vein endothelial
cells; IGF, insulin-like growth factor; MSCs, mesenchymal stromal cells; NS, not specified; PEG, polyethylene glycol; PLGA, poly-(L-glutamic acid); RGD, arginine-glycine-aspartate;
SDF-1, stromal-derived growth factor; SDS, sodium dodecyl sulfate; SMA, stearyl methacrylate; STMP, sodium trimetaphosphate; (—), not applicable.
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3.3 Polysaccharide-Based Materials
Among the 28 studies included, 24 used either dextran or pullulan
as the main component for biomaterial design (Lafont et al., 2004;
Chen et al., 2005; Maire et al., 2005a; Chen et al., 2006; Chen et al.,
2007; Degat et al., 2009; Hayashi et al., 2009; Abbah et al., 2012;
Fujioka-Kobayashi et al., 2012; Miyahara et al., 2012; Bölgen et al.,
2014; Takahata et al., 2015; Charoenlarp et al., 2018; Ritz et al.,
2018; Chen et al., 2019; Ding et al., 2019; Fang et al., 2019;
Popescu et al., 2020) and six used a combination of these two
polysaccharides (Fricain et al., 2013; Schlaubitz et al., 2014; Frasca
et al., 2017; Ribot et al., 2017; Fricain et al., 2018) (Table 1). In
most cases, when pullulan or dextran was used alone, chemical
functionalization of the polysaccharide was performed to
improve the cross-linking process and/or to promote their
binding capacity to growth factors. For dextran derivatives,
acrylate groups (Chen et al., 2006; Chen et al., 2007) (e.g.,
glycidyl methacrylate, urethane methacrylate), amine or amide
derivatives (Lafont et al., 2004; Maire et al., 2005a; Degat et al.,
2009; Abbah et al., 2012; Shoji et al., 2020) (e.g., benzylamide,
diethylaminoethyl, tyramine), carboxyl (Lafont et al., 2004; Degat
et al., 2009; Ritz et al., 2018) (e.g., carboxylate, carboxymethyl,
formylbenzoic), aldehyde (Wang et al., 2021), catechol (Wang
et al., 2021) (i.e., dopamine), or sulfated groups (Chen et al., 2019)

were added to the dextran backbone in 11 studies. Concerning
pullulan derivatives, acrylate groups (Hayashi et al., 2009;
Fujioka-Kobayashi et al., 2012; Miyahara et al., 2012;
Charoenlarp et al., 2018) (e.g., acryloyl, cholesteryl) or
phosphate groups (Takahata et al., 2015) were added for
functionalization in five studies. No chemical modification was
reported for compositions using both polysaccharides (Fricain
et al., 2013; Schlaubitz et al., 2014; Frasca et al., 2017; Ribot et al.,
2017; Fricain et al., 2018; Maurel et al., 2021).

Physical cross-linking and chemical cross-linking were used
for hydrogels (Kumari and Badwaik, 2019). Physically cross-
linked of dextran-derived biomaterials were identified in two
studies by using ionic cross-linking [e.g., calcium chloride (Abbah
et al., 2012)] or by micellar reaction [e.g., sodium dodecyl sulfate/
stearyl methacrylate (Fang et al., 2019) (SDS/SMA) micelles].
Chemical cross-linking was the most commonly used procedure.
For chemically cross-linked dextran and/or pullulan-derived
biomaterials, a wide range of reagents and reactions were
employed, such as methylenebisacrylamide (Bölgen et al.,
2014) (MBAm), polyethylene glycol (Chen et al., 2006) (PEG),
thiol group-modified polyethylene glycol (Hayashi et al., 2009;
Fujioka-Kobayashi et al., 2012; Miyahara et al., 2012; Charoenlarp
et al., 2018) (PEGSH), PEGSH with “arginine-glycine-aspartate”

FIGURE 1 | Flow diagram of the screened publications.
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FIGURE 2 | Quality assessment of each included study using a modified CAMARADES checklist.
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(RGD) peptides (Charoenlarp et al., 2018), sodium
trimetaphosphate (Maire et al., 2005a; Fricain et al., 2013;
Schlaubitz et al., 2014; Frasca et al., 2017; Ribot et al., 2017;
Fricain et al., 2018; Maurel et al., 2021) (STMP), through Schiff
reaction (imine bonding) (Wang et al., 2021), through enzymatic
reaction (Shoji et al., 2020) (e.g., hydrogen peroxide, horseradish
peroxidase) or by activating a photocross-linking group using UV
light (Ritz et al., 2018).

We have identified three main routes of administration of
these biomaterials in implantation sites. They could be
implanted as an injectable hydrogel or microspheres/

microbeads (e.g., dextran and/or pullulan-derived
biomaterials), as an aqueous solution adsorbed on a collagen
or a polyvinyl alcohol sponge [e.g., dextran-derived biomaterials
(Lafont et al., 2004; Degat et al., 2009; Togami et al., 2015; Chen
et al., 2019; Yu et al., 2020)] or as a membrane for guided bone
regeneration [e.g., pullulan-derived biomaterial (Miyahara et al.,
2012)].

To induce or enhance bone formation, various elements were
directly added in these scaffolds to generate composite scaffolds
(Figure 5). Bioceramics, such as hydroxyapatite (HA) (Fricain
et al., 2013; Schlaubitz et al., 2014; Ribot et al., 2017; Fricain et al.,

FIGURE 3 | Summary of risk of bias assessment for the included studies using a modified CAMARADES checklist.

FIGURE 4 | Implantation sites of pullulan and/or dextran-based scaffolds to assess their potential for bone regeneration. Created with BioRender.com.
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TABLE 2 | Preclinical studies using Dextran and/or Pullulan scaffold in ectopic sites.

Author
(Year)

Animal model
(sex; species);
n, number
of animals

used

Implantation site,
dimension of
the implanted

material

Conditions (N,
number of

total implanted
materials per
condition)

Observation
time

[in day
(D), week
(W) or

month (M)]

Experimental
analysis

Results

Maire et al.
(2005b)

Rat (male,
Sprague
Dawley), n = 21

Muscle implantation
(back)

1: BMP (N = 20) 7 W 2D X-ray (qualitative analysis) Dextran (DS 18%) + BMP showed
large radiopaque areas compared to
other groups (no statistical
significance due to heterogeneity
within the same group)

2: Dextran (DS
0%) + BMP (N

= 14)

Collagen sponge
Diameter: 7 mm
Height: 7 mm

3: Dextran (DS
2%) + BMP (N

= 14)

Stevenel blue and Van Gieson
Picrofuschin staining (Bone
formation); Von Kossa staining
(qualitative analysis)

For Dextran (DS 18%) + BMP group,
bone formation occurred through
endochondral ossification or by
intramembranous ossification4: Dextran (DS

18%) + BMP (N
= 14)

Degat
et al.
(2007)

Rat (male,
Sprague
Dawley), n = 24

Subcutaneous (back) 1: BMP-2 (N = 6) 4 W Calcium mass (µg/implant) Dextran (10 µg) + BMP-2 ** > BMP-2
2: Dextran (1 µg)
+ BMP-2 (N = 6)

Collagen sponge 3: Dextran
(10 µg) + BMP-2

(N = 6)

BMP-2 * > Dextran (100 µg) + BMP-2

Diameter: 3 mm
Height: 2 mm

4: Dextran
(100 µg) + BMP-

2 (N = 6)

Chen et al.
(2019)

Mouse (male,
C57BL/6),
n = 3

Muscle
implantation (leg)

1: BMP-2 (N=NS) 2 W Wet and ash weights of ectopic
bone (g)

No significant difference observed
between Dextran + BMP-2 and BMP-
2 alone groupsGelatin sponge size 2: Chitosan +

BMP-2 (N=NS)
Length: 0.5 cm 3: Dextran +

BMP-2 (N=NS)
Width: 0.5 cm 4: PSS + BMP-

2 (N=NS)
4 W Masson’s Trichrome staining

(qualitative analysis)
Dextran + BMP-2 less bone formation
compared to other groupsHeight: 0.3 cm

Yu et al.
(2020)

Mouse (male,
C56BL/6),
n = 40

Muscle
implantation (leg)

1: BMP-2 (10 µg)
(N = 16)

2 W Micro-CT (BVF in %) No significant difference between
groups

2: BMP-2 (15 µg)
(N = 16)

Gelatin sponge
size: NS

3: Heparin +
BMP-2 (N = 16)
4: Chitosan +

BMP-2 (N = 16)
4 W Masson’s Trichrome staining;

TRAP+ staining (qualitative
analysis)

At 4W: for Dextran + BMP-2 group,
traces of trabecular bone and bone
resorption occurred5: Dextran +

BMP-2 (N = 16)

Hayashi
et al.
(2009)

Mouse (male,
ICR), n = NS

Muscle
implantation (leg)

1: Pullulan (N
= 3–4)

3 W Micro-CT (BV in mm3) No significant difference between
Pullulan and Pullulan + BMP-2 group

Diameter: 2.5 mm 2: Pullulan +
BMP-2 (2 µg) (N

= 3–4)
Height: NS

Fricain
et al.
(2013)

Mouse (NS,
Balb/c), n = NS

Subcutaneous (back) 1: Pullulan/
Dextran (N = 6)

15 D Micro-CT (MC in mg; MD in
mg/cm3)

Pullulan/Dextran + HA ** > Pullulan/
Dextran

Diameter: 4 mm 2: Pullulan/
Dextran + HA (N

= 6)

30 D
Height: 4 mm 60 D Enzyme Immunoassay for BMP-2

(pg/mg protein)
Pullulan/Dextran + HA * > Pullulan/
Dextran

Goat (NS) n = 7 Muscle implantation
(back)

1: Pullulan/
Dextran (N = 12)

1 M Micro-CT (qualitative analysis) Osteoid tissue formation for Pullulan/
Dextran + HA group

Diameter: 10 mm 2: Pullulan/
Dextran + HA (N

= 12)

6 M Von Kossa staining; Masson’s
Trichrome staining (qualitative
analysis)

Osteoid tissue formation for Pullulan/
Dextran + HA groupDepth: 10 mm

BMP, bone morphogenetic protein; BV, bone volume; BVF, bone volume fraction; D.S., degree of substitution; HA, hydroxyapatite; MC, mineral content; MD, mineral density; NS, not
specified; PSS, poly (sodium-p-styrenesulfonate); * p < 0.05; ** p < 0.01.
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2018; Ding et al., 2019; Fang et al., 2019; Maurel et al., 2021;Wang
et al., 2021), β-tricalcium phosphate (Takahata et al., 2015) (β-
TCP) or bioactive glass (Popescu et al., 2020) were thus added to
the scaffolds in nine studies, whereas another natural or synthetic

polymer was combined to the scaffold in nine studies (Chen et al.,
2005; Chen et al., 2006; Chen et al., 2007; Abbah et al., 2012;
Togami et al., 2015; Ding et al., 2019; Fang et al., 2019; Popescu
et al., 2020; Wang et al., 2021).

TABLE 3 | Preclinical studies using Dextran scaffolds for bone regeneration in orthotopic sites.

Author
(Year)

Animal model
(sex; species);
n, number
of animals

used

Type of
defect (defect

size)

Conditions (N,
number of

defects created
in total

per condition)

Observation
time

[in day
(D), week
(W) or

month (M)]

Experimental
analysis

Results

Lafont
et al.
(2004)

Rat (male, Wistar),
n = 98

Calvaria 1: PBS (N = 49) 1 D 2D x-ray analysis (Bone
Repair in %)

At 7D: Dextran *** > PBS
2 D
3 D
4 D

Ø: 5 mm 2: Dextran (N = 49) 5 D
6 D
7 D Toluidine blue staining (ALP

staining, qualitative analysis)
For Dextran group: at 5D, bone
formation began at the edges of
the defect and bone nodules
appeared at 6D

Chen
et al.
(2005)

Dog (female,
Beagle), n = 12

Periodontal class III
furcation (2nd, 3rd
and 4th premolars)
H: 5 mm

1: CPC covered by Simple
Membrane (N = 33)

8 W HE staining (New bone area
in %)

Dextran/Gelatin + BMP-2 **
> CPC

2: CPC + BMP-2 covered
by Simple Membrane (N

= 32)
3: Dextran/Gelatin +

BMP-2 in CPC covered by
Functionalized Membrane

(N = 34)

Chen
et al.
(2006)

Dog (male,
Beagle), n = 12

Periodontal class III
furcation (2nd and
3rd molars)

1: Empty (N = 16) 4 W 2D X-Ray (qualitative analysis) For Dextran/Gelatin containing
IGF groups, new bone
formation was observable

2: Dextran (D.S. = 6.3)/
Gelatin (N = 16)
3: IGF-1 (N = 16)

H: 5 mm 4: Dextran (D.S. = 4.7)/
Gelatin + IGF-1 (N = 16)

8 W HE staining; Modified
Mallory’s Trichrome staining
(Morphometric analysis of
new bone in %)

Dextran (D.S. = 4.7)/Gelatin +
IGF-1 * > Dextran (D.S. = 7.8)/
Gelatin + IGF-15: Dextran (D.S. = 6.3)/

Gelatin + IGF-1 (N = 16)
6: Dextran (D.S. = 7.8)/
Gelatin + IGF-1 (N = 16)

Chen
et al.
(2007)

Dog (male,
Mongrel), n = 6

Periodontal class III
furcation (2nd and
3rd premolars)

1: Dextran/Gelatin (N
= 16)

8 W Modified Mallory’s Trichrome
staining (Height of new bone
regenerated in mm; % of
regenerated new bone)

Dextran/Gelatin + microsphere
BMP ** > Dextran/Gelatin +
aqueous BMP * > Dextran/
GelatinH: 5 mm 2: Dextran/Gelatin +

microsphere BMP (N
= 16)

3: Dextran/Gelatin +
aqueous BMP (N = 16)

Abbah
et al.
(2012)

Rat (male, Sprague
Dawley), n = 38

Arthrodesis (iliac
bone L3, L4 fusion)

1: Empty (N = 6) 6 W Micro-CT (BVF in %) PLA + BMP-2 ** > DEAD-
Dextran + BMP-2

Bioresorbable
mPCL-TCP scaffold

2: Alginate + BMP-2 (N
= 8)

L: 4 mm 3: PLO + BMP-2 (N = 8)
W: 4 mm 4: PLA + BMP-2 (N = 8)
H: 4 mm 5: DEAE-Dextran + BMP-

2 (N = 8)
Masson’s Trichrome staining
(qualitative analysis)

DEAD-Dextran: new bone
tissue was thin and sparse

Bölgen
et al.
(2013)

Rat (NS, Sprague
Dawley), n = 57

Calvaria 1: HEMA/Lactate/Dextran
(N = 29)

30 D HE staining; At 180D: HEMA/Lactate/
Dextran > HEMA/Lactate/
Dextran + MSCs *Ø: 8 mm 2: HEMA/Lactate/Dextran

+ MSCs (N = 28)
90 D Masson’s Trichrome staining

(New bone/Total cavity ratio)180 D

(Continued on following page)

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org June 2022 | Volume 10 | Article 8894819

Ahmed Omar et al. Pullulan/Dextran for Bone regeneration

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


TABLE 3 | (Continued) Preclinical studies using Dextran scaffolds for bone regeneration in orthotopic sites.

Author
(Year)

Animal model
(sex; species);
n, number
of animals

used

Type of
defect (defect

size)

Conditions (N,
number of

defects created
in total

per condition)

Observation
time

[in day
(D), week
(W) or

month (M)]

Experimental
analysis

Results

Togami
et al.
(2014)

Rabbit (male,
Japanese) n = 9

Femoral (epiphysis) 1: PVF/Dextran without
water holding capability (N

= 9)

2 W Micro-CT (BV/TV in %; BMD
in mg/cm3)

At 4W and 6W: PVF/Dextran
water holding capability ** >
PVF/Dextran without water
holding capability

Ø: 4 mm 2: PVF/Dextran with water
holding capability (N = 9)

4 W HE staining (Ratio of bone
formation per area in %)

PVF/Dextran water holding
capability > PVF/Dextran
without water holding
capability ***

H: 10 mm 6 W Newly trabecular bone with
lamellar structures for PVF/
Dextran water holding capability

Ritz et al.
(2018)

Mouse (NS,
Athymic nude),
n = 40

Calvaria 1: Empty (N = 2) 8 W Micro-CT (BV/TV in Voxel) Dextran + HUVEC * > Empty
Ø: 2.7 mm 2: Dextran (N = 16) Dextran + SDF-1 * > Empty

3: Dextran + HUVEC (N
= 16)

4: Dextran + HUVEC/hOB
(N = 14)

HE staining (qualitative
analysis)

For Dextran + HUVEC or SDF-1
groups: fibrous membrane
structure complemented by a
thin bony structure covering the
whole defect

5: Dextran + SDF-1 (N
= 16)

6: Dextran + BMP-7 (N
= 16)

Ding et al.
(2019)

Rat (NS, Sprague
Dawley), n = 24

Calvaria 1: Chitosan/Dextran (N
= 6)

Micro-CT (BV/TV in %) Chitosan/Dextran + Sr100HA*
> Chitosan/Dextran + HA * >
Chitosan/Dextran2: Chitosan/Dextran + HA

(N = 6)
4 W

Ø: 5 mm 3: Chitosan/Dextran +
Sr50HA (N = 6)

8 W HE staining (New bone area
fraction in %); Masson’s
Trichrome staining
(Regenerated collagen in %)

Chitosan/Dextran + Sr100HA *
> Chitosan/Dextran

4: Chitosan/Dextran +
Sr100HA (N = 6)

Fang et al.
(2019)

Rabbit (female,
New Zealand),
n = 18

Femoral (condyle) 1: Dextran/Polyacrylamide
(N = 18)

0 D Micro-CT (BMC in mg; BV
in mm3)

At 30D: HA-Dextran/
Polyacrylamide ** > Dextran/
Polyacrylamide

Ø: 3 mm 2: Dextran/Polyacrylamide
+ HA (N = 18)

30 D
H: 5 mm 90 D HE staining; Masson’s

Trichrome staining (qualitative
analysis)

At 30D: HA-Dextran/
Polyacrylamide groups sowed
osteoid tissue formation which
was not observed without HA

Shoji et al.
(2020)

Mouse (NS,
C57BL/6J), n = NS

Femur fracture 1: Empty (N=NS) 4 W Micro-CT (BV in mm3; BMC
in mg)

Dextran + bFGF * > Empty
L: 10 mm 2: Dextran + PBS (N = 8)
W: 4 mm 3: Dextran + bFGF (N = 8) HE staining (qualitative

analysis)
Large calluses and newly
formed bone at fracture site for
Dextran + bFGF group

Wang
et al.
(2021)

Rats (female,
Sprague Dawley)
n = 18

Calvaria 1: Empty (N = 9) 4 W Micro-CT (BVF in %; BMD in
g/cc; trabecular number
in mm−1)

Dextran/PLGA + HA + BP * >
EmptyØ: 4 mm 2: Dextran/PLGA + HA +

BP (N = 9)
8 W

12 W HE staining; Toluidine blue
staining (qualitative analysis)

At 8W: for Dextran/PLGA + HA
+ BP group, large area of woven
bone and thin lamellar structure

BMC, bone mineral content; BMD, bone mineral density; BMP, bone morphogenic protein; BP, bisphosphonate; BV, bone volume; BV/TV, bone volume over total volume; β-TCP, beta-
tricalcium phosphate; BVF, bone volume fraction; CPC, calcium phosphate ceramic; DEAE, diethylaminoethyl; D.S., degree of substitution; H, height; HA, hydroxyapatite; HE, hematoxylin
and eosin; HEMA, hydroxyethyl methacrylate; hOB, human osteoblast; HUVEC, human umbilical vein endothelial cells; L, length; MC, mineral content; MD, mineral density; Micro-CT,
micro-computed tomography; mPCL-TCP, medical grade poly (ε-caprolactone)—β-tricalcium phosphate; MSCs, mesenchymal stromal cells; n/s not significant; NaCl, sodium chloride;
PBS, phosphate buffer saline; PLA, poly-L-arginine; PLO, poly-L-ornithine; PVF, polyvinyl formol; Sr, strontium; W, width * p < 0.05; ** p < 0.01; *** p < 0.001; ø, diameter.
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TABLE 4 | Preclinical studies using Pullulan scaffolds for bone regeneration in orthotopic sites.

Author (Year) Animal model
(sex; species);
n, number
of animals

used

Type of
defect (defect

size)

Conditions (N,
number of

defects created
in total

per condition)

Observation
time

[in day
(D), week
(W) or

month (M)]

Experimental
analysis

Results

Hayashi et al. (2009) Mouse (male, ICR),
n = NS

Calvaria
implantation
(without defect)

1: Pullulan (N=NS) 14 D Micro-CT (BV in mm3) No significant difference between
groups2: Pullulan + BMP-2

(0.1 µg) (N=NS)
Ø: 4.6 mm 3: Pullulan + BMP-2

(1 µg) (N=NS)
H: NS 4: Pullulan + BMP-2

(1.5 µg) (N=NS)
4: Pullulan + BMP-2

(2 µg) (N=NS)
HE staining; Von
Kossa staining
(qualitative analysis)

Pullulan + BMP-2 stimulation of
osteoblast activity to form new
bone

Mouse (male, ICR),
n = NS

Calvaria 1: Empty (N=NS) 4 W Micro-CT (qualitative
analysis)

Pullulan alone failed to repair bone
defect

Ø: 4.6 mm 2: Pullulan (N=NS) Pullulan + BMP-2 (2 µg) full repair
of bone defectH: NS 3: Pullulan + BMP-2

(1 µg) (N=NS)
4: Pullulan + BMP-2

(2 µg) (N=NS)
HE staining
(qualitative analysis)

New bone formation at the edges
of the defect for Pullulan + BMP-2
groups

Miyahara et al. (2011) Rat (NS, Wistar),
n = 36

Calvaria 1: Empty (N = 24) 2 W Micro-CT (BV in mm3) At 4W: Pullulan membrane * >
Collagen membrane

Ø: 5 mm 2: Collagen
membrane (N = 24)

4 W HE staining
(qualitative analysis)

Collagen membrane: immature
bone synthesized on both sides
of the membrane

H: NS 3: Pullulan
membrane (N = 24)

8 W Pullulan membrane: Mature bone
synthesized; regeneration
occurred under the membrane

Fujioka-Kobayashi
et al. (2012)

Mouse (NS, C57BL/
6N), n = 43

Calvaria 1: Pullulan + PBS (N
= 11)

0 W Micro-CT (Bone
healing in %)

At 8W: Pullulan + FGF18 + BMP-
2 * > Pullulan + BMP-2

Ø: 3 mm 2: Pullulan + FGF18
(N = 10)

1 W

H: 5 mm 3: Pullulan + BMP-2
(N = 11)

2 W

4: Pullulan + FGF18
+ BMP-2 (N = 11)

3 W Alizarin Red and
Calcein staining
(qualitative analysis)

Newly bone synthesis in the
defect in Pullulan + BMP-2 and
Pullulan + FGF18 + BMP-2
groups

6 W
8 W

Mouse (NS, Osx1-
GFP::Cre/B26B),
n = 6

Calvaria 1: Pullulan-Rh +
PBS (N = 3)

2 W X-gal staining Osterix 1 gene activated for the
formation of new bone in Pullulan-
Rh + FGF18 + BMP-2 groupØ: 3 mm 2: Pullulan-Rh +

FGF18 + BMP-2 (N
= 3)

H: NS

Takahata et al. (2015) Rabbit (female,
New Zealand), n = 6

Ulnar (diaphysis) 1: α-TCP (N=NS) 4W HE staining; Safranin
O staining (qualitative
analysis)

Mature bone formation for
Pullulan + β-TCP group

L: 10 mm 2: Pullulan + β-
TCP (N=NS)

8W Fragmented bone ingrowth for α-
TCP group

Mouse (female,
C57BL/6J), n = 13

Femoral
(Intramedular
injection) Size: NA

1: Empty (N = 4) 4W Micro-CT (BMD in
mg/cm3)

Pullulan + β-TCP * > Empty
2: Pullulan (N = 4)
3: Pullulan + β-TCP

(N = 4)
1: Empty (N = 3) 2 W HE staining

(qualitative analysis)
At 5W: bone formation began for
Pullulan + β-TCP group2: Pullulan (N = 3) 5 W

3: Pullulan + β-TCP
(N = 3)

8 W

Pig (female, NS), n = 4 Vertebral body
Size: 1 cm2

1: Empty (N=NS) 8 W Micro-CT (CT number
in Hounsfield Unit)

Pullulan + β-TCP ** > Empty
2: α-TCP (N=NS)

(Continued on following page)
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Another reported strategy to enhance bone formation was the
incorporation of bioactive molecules to these biomaterials to
create a delivery system. Growth factors were employed in 13
studies, namely, bone morphogenetic proteins (Chen et al., 2005;
Maire et al., 2005a; Chen et al., 2007; Degat et al., 2009; Hayashi
et al., 2009; Abbah et al., 2012; Fujioka-Kobayashi et al., 2012;

Charoenlarp et al., 2018; Chen et al., 2019; Yu et al., 2020) (e.g.,
BMP-2 and BMP-7), basic fibroblast growth factor (Shoji et al.,
2020) (bFGF), fibroblast growth factor (Fujioka-Kobayashi et al.,
2012; Charoenlarp et al., 2018) (FGF18), insulin-like growth
factor (Chen et al., 2006) (IGF-1) and stromal-derived growth
factor (Ritz et al., 2018) (SDF-1). One study reported the

TABLE 4 | (Continued) Preclinical studies using Pullulan scaffolds for bone regeneration in orthotopic sites.

Author (Year) Animal model
(sex; species);
n, number
of animals

used

Type of
defect (defect

size)

Conditions (N,
number of

defects created
in total

per condition)

Observation
time

[in day
(D), week
(W) or

month (M)]

Experimental
analysis

Results

3: Pullulan + β-
TCP (N=NS)

1: α-TCP (N=NS) 4 W HE staining
(qualitative analysis)

At 4W: bone defect recovered by
bone healing for Pullulan + β-TCP
group whereas α-TCP group
demonstrated fragmented bone
ingrowth

2: Pullulan + β-
TCP (N=NS)

8 W

Charoenlarp et al.
(2018)

Mouse (male,
C57BL/6N), n = 6–10
per condition

Calvaria 1: Pullulan (air) +
PBS (N=NS)

0 W Micro-CT (% of
healing)

At 8W: Pullulan (cross-linked
RGD) + BMP-2 + FGF18 * >
Pullulan (freeze-dried) + BMP-2 +
FGF18

Ø: 3 mm 2: Pullulan (freeze-
dried) + PBS (N=NS)

1 W

H: NS 3: Pullulan (cross-
linked RGD) +
PBS (N=NS)

2 W

4: Pullulan (air) +
BMP-2 +

FGF18 (N=NS)

3 W

5: Pullulan (freeze-
dried) + BMP-2 +
FGF18 (N=NS)

4 W

6: Pullulan (cross-
linked RGD) + BMP-
2 + FGF18 (N=NS)

6 W
8 W Modified Tetrachrome

staining (qualitative
analysis)

Whether Pullulan was cross-
linked with RGD peptides or
freeze-dried and combined with
BMP-2 and FGF18, it showed
trabecular bone formation with
calcified bone fragmented

Mouse (male, ICR),
n = 3–4 per condition

Calvaria 1: Pullulan (cross-
linked RGD) +
PBS (N=NS)

1 W Modified Tetrachrome
staining (qualitative
analysis)

Presence of osteoblasts in
Pullulan (cross-linked RGD) +
BMP-2 + FGF18 and bone
regeneration begun under the
nanogel

Ø: 3 mm 2: Pullulan (cross-
linked RGD) + BMP-
2 + FGF18 (N=NS)

H: NS

Popescu et al. (2019) Rat (male, Wistar),
n = 30

Femoral
(diaphysis,
unicortical)

1: Alginate/
Pullulan (N=NS)

0 D MRI (Bone defect
width in µm)

All groups showed a decrease in
bone defect size but it was faster
for Alginate/Pullulan/1.5CuBG
group (No statistical comparison
done)

2: Alginate/Pullulan
+ β-TCP/HA (N=NS)

5 D

3: Alginate/Pullulan/
0.5CuBG (N=NS)

28 D

W: 2 mm 4: Alginate/Pullulan/
1.5CuBG (N=NS)

0 D HE staining
(qualitative analysis)

Alginate/Pullulan/0.5 or 1.5CuBG
showed osteoid tissue formation
with parallel organized fibers5: Alginate/Pullulan/

BG (N=NS)
35 D

BG, bioglass; BMD, bone mineral density; BMP, bone morphogenic protein; BV, bone volume; β-TCP, beta-tricalcium phosphate; H, height; HA, hydroxyapatite; HE, hematoxylin and
eosin; L, length; Micro-CT, micro-computed tomography; NA, not applicable; NaCl sodium chloride; NS, not specified; PBS, phosphate buffer saline; Rh rhodamine; W, width; X-gal 5-
bromo-4-chloro-3-indolyl-b-D-galactopyranoside; * p < 0.05; ** p < 0.01; *** p < 0.001; ø, diameter.
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TABLE 5 | Preclinical studies using Dextran and Pullulan scaffolds for bone regeneration in orthotopic sites.

Author
(Year)

Animal model
(sex; species);
n, number
of animals

used

Type of
defect (defect

size)

Conditions (N,
number of

defects created
in total

per condition)

Observation
time

[in day
(D), week
(W) or

month (M)]

Experimental
analysis

Results

Fricain et al.
(2013)

Rat (NS, Wistar),
n = NS

Femoral (condyle) 1: Empty (N = 6) 15 D Micro-CT (MC in mg; MD in
mg/cm3)

Pullulan/Dextran + HA * > Pullulan/
Dextran * > EmptyØ: 5 mm 2: Pullulan/Dextran (N

= 18)
30 D

H: 6 mm 3: Pullulan/Dextran + HA
(N = 18)

90 D Von Kossa staining;
Masson’s Trichrome
staining (qualitative analysis)

Tissue mineralization was more
important for Pullulan/Dextran +
HA than Pullulan/Dextran

Goat (NS), n = 7 Mandibular 1: Empty (N = 2) 1 M Micro-CT (qualitative
analysis)

Osteoid tissue formation observed
for Pullulan/Dextran + HA groupØ: 10 mm 2: Pullulan/Dextran + HA

(N = 10)
6 M

H: 8 mm Von Kossa staining;
Masson’s Trichrome
staining (qualitative analysis)

New osteoid tissue formation for
Pullulan/Dextran + HA group and
mineralized tissue

Tibial (epiphysis) 1: Empty (N = 2) 1 M Micro-CT (qualitative
analysis)

Mineralized tissue within the defect
for Pullulan/Dextran + HA groupL: 40 mm 2: Pullulan/Dextran + HA

(N = 10)
6 M

W: 12 mm Von Kossa staining;
Masson’s Trichrome
staining (qualitative analysis)

Induction of mineralized tissue with
organized lamellar bone by
Pullulan/Dextran + HA group

Schlaubitz
et al. (2014)

Rat (female,
Wistar RjHan),
n = 18

Femoral (condyle) 1: Empty (N = 18) 15 D Micro-CT (BMC in mg; BMD
in mg/cc)

Pullulan/Dextran + HA ** > Empty

Size: 38 mm3 2: Pullulan/Dextran + HA
(N = 18)

30 D Von Kossa staining (osteoid
within the region of interest
in %)

Pullulan/Dextran + HA ** > Empty
70 D

Frasca et al.
(2017)

Rat (male,
Lewis), n = 90

Femoral
metaphysis

1; Empty (N = 30) 7 D Micro-CT (BV/TV in %) At 30D: Pullulan/Dextran + MSCs*
> MSCs

Ø: 3 mm 2: MSCs (N = 30) 30 D
H: 5 mm 3: Pullulan/Dextran (N

= 30)
90 D

4: Pullulan/Dextran +
MSCs (N = 30)

5: HA/β-TCP (N = 30) Von Kossa staining;
Masson’s Trichrome
staining (qualitative analysis)

For Pullulan/Dextran with or
without MSCs groups, formation of
trabecular and cortical bones

6: HA/β-TCP + MSCs (N
= 30)

Ribot et al.
(2017)

Rat (female,
Wistar RjHan),
n = 33

Femoral condyle 1: Pullulan/Dextran +
Fucoidan (N = 15)

1 W MRI (Volume of hyper
intense signal in mm3)

At 3W: Pullulan/Dextran +
Fucoidan > Pullulan/Dextran +
Fucoidan + HA * > Pullulan/
Dextran + HA *

2: Pullulan/Dextran + HA
(N = 12)

3: Pullulan/Dextran +
Fucoidan + HA (N = 18)

Ø: 3,5 mm 1: Pullulan/Dextran +
Fucoidan (N = 24)

3 W

H: 4 mm 2: Pullulan/Dextran + HA
(N = 24)

5 W Micro-CT (BV/TV in %) At 5W: Pullulan/Dextran + HA** >
Pullulan/Dextran + Fucoidan +
HA** > Pullulan/Dextran +
Fucoidan

3: Pullulan/Dextran +
Fucoidan + HA (N = 30)

Masson’s Trichrome
staining (% of mature bone
per defect)

At 3W: Pullulan/Dextran + HA * >
Pullulan/Dextran + Fucoidan + HA
* > Pullulan/Dextran + Fucoidan

Fricain et al.
(2018)

Sheep (NS),
n = 12

Maxillary sinus
(i.e. sinus lift
procedure)

1: Bio-Oss® (N = 12) 0 M Micro-CT (MV/TV ratio) Pullulan/Dextran + HA ≈ Bio-Oss®

(n/s)2: Pullulan/Dextran + HA
(N = 12)

3 M

6 M Masson’s Trichrome
staining (Bone tissue
in mm2)

Pullulan/Dextran + HA ≈ Bio-
Oss® *

(Continued on following page)
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TABLE 5 | (Continued) Preclinical studies using Dextran and Pullulan scaffolds for bone regeneration in orthotopic sites.

Author
(Year)

Animal model
(sex; species);
n, number
of animals

used

Type of
defect (defect

size)

Conditions (N,
number of

defects created
in total

per condition)

Observation
time

[in day
(D), week
(W) or

month (M)]

Experimental
analysis

Results

Maurel et al.
(2021)

Rat (female,
NS), n = 6

Femoral condyle 1: Pullulan/Dextran + HA
resuspended in NaCl

0.9% (N = 6)

30 D Micro-CT (BV/TV ratio) No significant difference between
the two groups

Ø: 4 mm 2: Pullulan/Dextran + HA
resuspended in

autologous blood (N = 6)

60 D Masson’s Trichrome
staining (new bone surface
in %)

Osteoid tissue formation with
trabecular-like structures for both
conditions

H: 6 mm

Sheep (NS),
n = 3

Maxillary sinus
(i.e. sinus lift
procedure)

1: Pullulan/Dextran + HA
resuspended in NaCl

0.9% (N = 3)

3 M Cone Beam Computer
Tomography (MV/TV ratio)

No significant difference between
the two groups

2: Pullulan/Dextran + HA
resuspended in

autologous blood (N = 3)

Masson’s Trichrome
staining (new bone surface
in %)

Osteoid tissue formation for both
conditions

BMC, bone mineral content; BMD, bone mineral density; BV/TV, bone volume over total volume; β-TCP, beta-tricalcium phosphate; H, height; HA, hydroxyapatite; L, length; MC, mineral
content; MD, mineral density; Micro-CT, micro-computed tomography; MRI, magnetic resonance imaging; MSCs, mesenchymal stromal cells; MV/TV, mineral volume over total volume;
NS, not specified; NaCl, sodium chloride; * p < 0.05; ** p < 0.01; ø, diameter.

FIGURE 5 | Dextran and/or pullulan-based scaffolds for bone tissue engineering applications. Created with BioRender.com. bFGF, basic fibroblast growth factor;
BMP, bone morphogenetic protein; B-TCP, beta-tricalcium phosphate; FGF, fibroblast growth factor; HA, hydroxyapatite; HEMA, hydroxyethyl methacrylate; hOB,
human osteoblast; HRP, horseradish peroxidase; HUVEC, human umbilical vein endothelial cells; IGF, insulin-like growth factor; MSCs, mesenchymal stromal cells;
PLGA, poly-(L-glutamic acid); PVF, polyvinyl formal; SDF, stromal-derived growth factor.
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incorporation into the scaffold of bisphosphonate, which exhibits
strong affinity with hydroxyapatite (Wang et al., 2021).

Incorporation of cells into the polysaccharide scaffolds was the
last identified procedure to promote bone regeneration (three
studies). Three types of cells have been incorporated to scaffolds
to promote bone regeneration: rat mesenchymal stromal cells
(Bölgen et al., 2014; Frasca et al., 2017) (MSCs), human umbilical
vein endothelial cells (Ritz et al., 2018) (HUVEC), or human
osteoblasts (Ritz et al., 2018).

For all these different strategies, the performance for
regenerating bone tissue is examined in the following sections.

3.4 Evaluation of Performance of
Polysaccharide-Based Materials for Bone
Formation
3.4.1 Dextran-Based Materials for Bone Regeneration
Twelve studies investigated orthotopic bone formation by using
dextran-based biomaterials and four studies investigated ectopic
bone formation in rodents (Tables 2, 3).

3.4.1.1 Dextran-Based Materials as a Bone Graft Substitute
To determine bone regeneration ability of dextran-derived
biomaterials, several studies combined this polysaccharide
with natural or synthetic polymers. For example, polyvinyl
formal (PVF) sponges have been coated with dextran to
enhance the poor osteogenic ability of this synthetic polymer
due to its fibrous construction (Togami et al., 2015).
Investigation of the water holding capability of the scaffold
revealed that dextran-coated PVF sponge with high water
capability significantly improved bone formation in a rat
femoral defect.

Three studies assessed the osteogenic capability improvement
of dextran-based hydrogels loaded with mineral particles.
Dextran-based hydrogel combined with a synthetic polymer
(polyacrylamide) loaded or not with hydroxyapatite (HA)
particles was implanted into a rabbit femoral defect (Fang
et al., 2019). Bone regeneration was significantly improved in
the presence of HA. In another case, dextran was mixed to
chitosan with strontium-doped mineral particles to further
improve bone regeneration (Ding et al., 2019).
Nanohydroxyapatite particles doped with increasing molar
ratios of strontium (0%, 50%, and 100%) were incorporated
into the polymeric mixture and implanted in a rat calvarial
defect model. The adjunction of nanohydroxyapatite doped
with 100% strontium significantly enhanced bone
regeneration, whereas the dextran-based hydrogel without
strontium-nanohydroxyapatite showed the lowest
regeneration rate.

Finally, an injectable hydrogel composed of dextran and
poly (L-glutamic acid) inspired from mussel adhesion to
design an adhesive, self-healing biomaterial with osteogenic
properties through HA and bisphosphonate incorporation
inside the scaffold was designed by Wang et al. (2021).
Scaffolds were implanted in a rat calvarial defect and
showed a significant enhancement of bone regeneration
compared with control.

3.4.1.2 Dextran-Based Material to Create Heparan Sulfate
Mimetic Molecules (i.e., Regenerating Agent, RGTA®)
Regenerating Agents (RGTA®) are polysaccharides designed to
replace altered heparan sulfate in injured tissues (Barritault et al.,
2017). They are derived from dextran that is chemically modified
by sulfate and carboxyl groups. One of these RGTA®, derived
from dextran, was investigated for bone regeneration in a rat
calvarial defect model (Lafont et al., 2004). Where dextran
backbone was functionalized with methylcarboxyl,
benzylamide, and sulfate groups. Two conditions were applied
on a collagen sponge either with a solution of dextran derivatives
like RGTA® or with PBS. Bone healing occurred earlier with the
dextran derivative at 7 days after implantation.

3.4.1.3 Dextran-Based Material as a Potential Cell Carrier
System
Scaffold designed for BTE loaded with cells can act as a carrier
system if cells loaded on the scaffold stay inside to recruit
endogenous cells, or can act as a cell delivery system if cells
migrate to the surrounding tissue (Lalande et al., 2011). Two
studies reported the use of dextran-derived biomaterials as a
carrier for cell delivery (Bölgen et al., 2014; Ritz et al., 2018). A
dextran-based cryogel was implanted in a rat calvarial defect
loaded with or without stem cells (rat MSCs) (Bölgen et al., 2014).
Bone regeneration significantly increased over time in both
conditions. However, no significant difference was evidenced
between the “scaffold-stem cells” group and the cell-free
scaffold group whatever the time point (30 and 90 days).
These results were consistent with another study focusing on a
dextran-based material loaded with HUVECs and osteoblasts.
(Ritz et al., 2018). Dextran-based hydrogels were either loaded
with a monoculture of HUVECs or a co-culture of human
osteoblasts with HUVECs. Results at 8 weeks showed that
hydrogels loaded with HUVECs significantly enhanced bone
formation compared with the defect left empty. However, this
study showed no significant difference between the “scaffold-
cells” group and the cell-free scaffold group, thereby
demonstrating that a use of dextran-based hydrogels as a cell
carrier system to deliver rat MSCs or HUVECs fail to enhance
dextran osteogenic properties.

3.4.1.4 Dextran-Based Material as a Growth Factor Carrier
Dextran-derived biomaterials were also reported as growth factor
carriers to promote bone regeneration. As previously mentioned,
dextran polysaccharide chains have been chemically modified by
amine, amide, carboxyl or acrylic groups to promote growth factor
delivery system. Those modifications were performed either to 1)
cross-link the polymeric scaffold to enable the encapsulation of
growth factors or 2) to directly interact with them.

Four studies investigated the osteoinductive potential of
dextran-based materials as a delivery growth factor system in
ectopic bone formation models (Maire et al., 2005a; Degat et al.,
2009; Chen et al., 2019; Yu et al., 2020) (Table 2).

Maire et al. (2005a) used modified dextran with different
degrees of substitution of hydroxyl groups (i.e., number of
modified groups adding per 100 glucose units) and combined
extracted bovine BMP-2 (0.5 and 5 µg) to analyze ectopic bone
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formation and calcification. Modification of the dextran
backbone enabled cross-linking of the scaffold. It appeared
that depending on the functionalization rate of dextran (e.g.,
degree of substitution of 0%, 2% or 18% w/w), BMP-2 was
gradually delivered to the surrounding environment to
promote bone formation and calcification. The highest growth
factor retention was observed using the highest functionalized
dextran content (D.S. = 18%). Small concentration of BMP
(0.5 µg) failed to induce bone formation regardless of the
functionalization rate.

In another study, the number of carboxymethyl and
benzylamide groups (i.e., for cross-linking purpose) on dextran
backbone was modified to investigate subcutaneously BMP-2
delivery (Degat et al., 2009). A dose-dependent trend was
observed: 1 or 10 µg of modified dextran were sufficient to
induce ectopic bone formation whereas a higher concentration
of this dextran derivative (100 µg) inhibited such formation.

The impact of sulfated groups on different polymers (e.g.,
chitosan, dextran) and its ability to release rhBMP-2 (10 µg) was
determined in a mouse muscle implantation model (Chen et al.,
2019). Dextran substitutes improved binding with cytokine (e.g.,
rhBMP-2) through electrostatic interactions but generated few
bones ectopically compared with chitosan. It was hypothesized
that the modified dextran having less sulfated groups than the
modified sulfated chitosan, it failed to properly deliver rhBMP-2
and induce bone formation.

The last study in ectopic model by Yu et al. (2020). confirmed
these findings by loading unmodified dextran with rhBMP-2. It
appeared that dextran scaffold generated few trabecular
structures after 8 weeks.

Five studies reported the use of dextran-based materials as a
delivery growth factor in orthotopic bone models. Dextran-based
microbeads modified with an amino group, diethylaminoethyl
(DEAE) was investigated in a rat arthrodesis model (Abbah et al.,
2012). Dextran-based scaffold failed to successfully deliver BMP-
2 (5 µg) and to induce bone formation as shown by micro-CT
analysis. In comparison, another amino group (i.e., tyramine) was
used to modify dextran backbone in a mice fracture model (Shoji
et al., 2020). This association has improved the delivery of b-FGF
and accelerate bone formation. Large calluses and new bone areas
were observed at the fracture site.

Another team assessed the potential of dextran/gelatin
scaffolds to act as a delivery growth factors system [e.g., BMP-
2 (Chen et al., 2005; Chen et al., 2007) or IGF-1 (Chen et al.,
2006)] in a periodontal defect model on dogs. Chemical
properties of dextran/gelatin scaffold were investigated by
functionalized dextran (Chen et al., 2006), and growth factors
entrapment inside the scaffold (Chen et al., 2005; Chen et al.,
2007). Here, the functionalization of dextran backbone only
played a role on the reticulation process of the biomaterial. In
their first study (Chen et al., 2005), dextran/gelatin microspheres
were combined with BMP-2 and mixed in CPC to fill periodontal
defect. In addition, a chitosan membrane loaded with these
microspheres was added to cover the defect. Compared with
the control group (i.e., CPC covered by chitosan membrane),
dextran/gelatin microspheres covered with the chitosan
membrane presented new bone formation 8 weeks after surgery.

Another approach concerns the dextran functionalization
with glycidyl methacrylate at different degrees of substitution
(e.g., 4.7, 6.3, and 7.8) combined with IGF-1 (Chen et al., 2006).
Dextran with the smallest rate of substitution (D.S. = 4.7) showed
positive results to properly deliver IGF-1 and then
regenerate bone.

Chen et al. (2007) investigated whether BMP-2 had to be
adsorbed or loaded through microsphere encapsulation in the
dextran/gelatin scaffold. BMP-2 activity seemed to be better
preserved when loaded in dextran/gelatin microspheres in the
scaffold compared when it was adsorbed at the surface of the
material.

Finally, dextran scaffold was successfully loaded with stromal-
derived growth factor (SDF-1) in a mice calvarial defect. Bone
regeneration was significantly improved compared with the
empty defect (Ritz et al., 2018), but without significant
difference with the growth factor-free scaffold.

3.4.2 Bone Formation With Pullulan Substitutes
Six studies investigated orthotopic bone formation by using
pullulan-based biomaterials and one study assessed ectopic
bone formation in rodents (Tables 2, 4).

3.4.2.1 Pullulan-Based Materials as a Bone Graft Substitute
Numerous studies described the performance of composite
materials with pullulan. Combination of pullulan to alginate
and bioactive glasses with various percentage of copper oxide
to regenerate bone was investigated in a rat femoral defect and
was compared with a commercial β-TCP/HA substitute
embedded in an alginate-pullulan composite scaffold (Popescu
et al., 2020). A progressive healing of bone was observed whatever
the tested scaffold composition. Interestingly, a regeneration
process was also observed when the alginate–pullulan
composite materials were implanted in such orthotopic site
without an osteoconductive component (i.e., β-TCP/HA and
bioglass), thereby suggesting the potential of these materials
for BTE applications. However, there was no empty group as a
control in this study.

Phosphorylated-pullulan mixed with β-TCP had been tested
in three different models, a rabbit ulnar defect, a pig vertebral
defect, and a mouse femoral injection (Takahata et al., 2015). It
showed similar bone regeneration compared to a clinical bone
substitute made of α-TCP (Biopex-R®) in a rabbit ulnar bone
defect model. Additionally, implantation of the composite
scaffold induced new bone formation at 4 and 8 weeks,
whereas Biopex-R® remained isolated from the surrounding
bone at 8 weeks.

3.4.2.2 Pullulan-Based Material as a Potential Growth Factor
Carrier
Three studies mentioned the substitution of pullulan main chains
by cholesteryl and acryloyl groups to proceed cross-linking
between pullulan macromolecules and then to establish a
growth factor delivery system (Hayashi et al., 2009; Fujioka-
Kobayashi et al., 2012; Charoenlarp et al., 2018). Modified
pullulan successfully delivered BMP-2 (2 µg) and induced bone
formation ectopically in a mice model (Hayashi et al., 2009). The
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potential of this scaffold to deliver BMP-2 and promote bone
regeneration by varying BMP-2 concentration was then
determined in an orthotopic mouse calvarial model.
Implantation of pullulan-based hydrogel containing 2 µg of
BMP-2 showed the best results which was evidenced by the
complete healing of the critical defect. One study described the
effect of a co-administration of FGF18 and BMP-2 implanted in a
bone defect using a pullulan-based hydrogel (Fujioka-Kobayashi
et al., 2012). The amount of newly formed bone was higher when
both growth factors were delivered, suggesting that this system
improved the efficiency of BMP2-dependent bone healing in a
mouse calvarial defect model.

Charoenlarp et al. (2018) also used pullulan-based materials to
act as a delivery system for multiple growth factors (i.e., BMP-2
and FGF18). They assessed their growth factor release pattern and
observed an initial burst followed by a gradual sustained release
more than 1 week. They also observed that functionalization with
RGD peptides during synthesis of gels enhanced bone healing as
growth factors interact with the repeated units.

3.4.2.3 Pullulan-Based Membrane for Guided Bone
Regeneration
A nanogel membrane made with cholesteryl and acryloyl-binding
pullulan was evaluated for guiding bone regeneration (Miyahara
et al., 2012). This nanogel membrane was compared with a
commercially available collagen membrane (Koken Tissue
Guide®) in a rat calvarial defect and they both stimulated
bone regeneration compared with the control, in which no
membrane was applied. Earlier bone regeneration was
significantly enhanced with the pullulan-based nanogel
membrane and newly formed bone was more mature 2 weeks
after surgery.

3.4.3 Pullulan/Dextran-Based Materials for Bone
Regeneration
Six studies investigated orthotopic bone formation by using
pullulan/dextran-based biomaterials in which one study also
assessed ectopic bone formation in rodents and goats
(Tables 2, 5).

3.4.3.1 Pullulan/Dextran-Based Substitute Used as a Bone
Graft Substitute
One team focused on a composite scaffold combining a pullulan/
dextran-based material with HA particles to promote
osteogenesis (Fricain et al., 2013; Schlaubitz et al., 2014; Ribot
et al., 2017; Fricain et al., 2018; Maurel et al., 2021). Firstly, this
biomaterial was supplemented or not with hydroxyapatite in
heterotopic and orthotopic sites on mice and goat to
investigate the osteoinductive and osteoconductive properties
(Fricain et al., 2013). Subcutaneous and intra-muscular
implantations on small and large mammals revealed that this
pullulan/dextran scaffold combined with HA enabled osteoid
tissue formation. Besides, the composite scaffold induced a highly
mineralized tissue in three different bony sites (e.g., femur,
mandible, and tibia), as well as osteoid tissue and bone tissue
regeneration in direct contact to the matrix. The same composite
scaffold was then designed as cross-linked microbeads to be

implanted in a rat femoral defect (Schlaubitz et al., 2014).
Bone regeneration was significantly enhanced compared with
the empty group. Interestingly, one study compared in a
maxillary bone defect in sheep this pullulan/dextran-based
scaffold with HA to a widely used clinical xenograft (BioOss®)
(Fricain et al., 2018). Similar results were obtained for both
materials. These composite microbeads were also either
reconstituted in saline buffer or autologous blood to
investigate the role of this vehicle for bone regeneration
(Maurel et al., 2021). They displayed important mineralization
process without significant difference, thereby suggesting that
reconstitution of microbeads with autologous blood is not
required. A study focused on the interest of Magnetic
Resonance Imaging (MRI) for longitudinal evaluation of three
different biomaterials based on pullulan/dextran and containing
either fucoidan and/or HA for bone regeneration in a rat femoral
bone defect (Ribot et al., 2017). The high sensitivity of MRI
showed that the material without HA was the least efficient for
bone regeneration, which was confirmed by micro-CT images
and histology. After 5 weeks, pullulan/dextran-based scaffold
containing either HA alone or Fucoidan plus HA showed
similar results.

3.4.3.2 Pullulan/Dextran-Based Material as a Potential Stem
Cell Vehicle
Pullulan/dextran polysaccharide-based scaffold supplemented
with MSCs was compared with a commercially available CPC
bone substitute (Calciresorb C35®) (Frasca et al., 2017) for their
ability to promote bone regeneration once loaded with cells. They
were implanted alone or combined with syngenic MSCs from rat
bone marrow. After 1 month, MSCs combined with these
biomaterials significantly enhanced bone healing compared
with their respective group without MSCs. After 3 months,
bone regeneration was significantly enhanced for each
condition without difference between cellularized and non-
cellularized biomaterials. Results also showed that pullulan/
dextran substitutes had a better resorption rate than CPC
particles.

4 DISCUSSION

The purpose of this work was to review the design of pullulan
and/or dextran-derived biomaterials used for bone regeneration.
Polysaccharide scaffolds were systematically analyzed. These
scaffolds were mostly used as a bone substitute (13 studies) or
as a growth factor delivery system (13 studies). Three studies
investigated the ability of these polysaccharide-based scaffolds to
act as cell carriers for BTE applications and only one study
suggested the use of a pullulan-based nanogel as a membrane
for guided bone regeneration (Miyahara et al., 2012). The present
systematic review showed that most of the pullulan-based and
dextran-based materials underwent functionalization methods
for BTE applications. Chemical functionalization is the most
widely used approach to improve reticulation process and/or
to promote their binding capacity to growth factors, thus
enhancing their potential to act as growth factors carrier. The
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introduction of charged groups also seemed to provide binding
sites for host cells to adhere to the material (Filippi et al., 2020).
Addition of acrylate groups (e.g., acryloyl, cholesteryl) was the
most reported process to functionalize pullulan-based hydrogel
(Hayashi et al., 2009; Fujioka-Kobayashi et al., 2012; Miyahara
et al., 2012; Charoenlarp et al., 2018). Hydrogels of cholesterol-
bearing pullulan are already considered as unique materials for
various drug delivery applications (Morimoto et al., 2005a; Kato
et al., 2007). Combination of cholesteryl group-associated
hydrophobic domains and hydrophilic polysaccharide chains
provides an amphiphilic hydrogel that shows effective drug-
trapping sites in itself (Akiyoshi et al., 1998).

A wide range of functionalization methods were used for
dextran-based materials, making it impossible to select a
specific one for these polysaccharide-based materials.
Interestingly, no chemical modification of pullulan/dextran-
based matrix was also reported (Fricain et al., 2013; Schlaubitz
et al., 2014; Frasca et al., 2017; Ribot et al., 2017; Fricain et al.,
2018; Maurel et al., 2021).

This review also highlights the significant use of cross-linking
reagents for these polysaccharide-based biomaterials synthesis.
Cross-linkers have attracted much attention to enhance the
biological functionality and mechanical properties of
biopolymers (Oryan et al., 2018; Krishnakumar et al., 2019).
Cross-linking strategies vary depending on the chemical nature of
the biomaterials. This review emphasized that chemical cross-
linkers were extensively used in the included studies. This is
consistent with previous studies that establish that chemical
cross-linking is the most commonly employed strategy to
develop bone substitutes (Krishnakumar et al., 2019). For
instance, successful chemical cross-linking of pullulan/dextran-
based materials was carried out using the cross-linking agent
STMP (Fricain et al., 2013; Schlaubitz et al., 2014; Frasca et al.,
2017; Ribot et al., 2017; Fricain et al., 2018; Maurel et al., 2021).
STMP is a nontoxic cross-linker, already used in the food
industry (to cross-link starch) or for pharmaceutical
applications (for hydrogels synthesis) (Gliko-Kabir et al., 2000;
Lack et al., 2007). The present review outlined that pullulan/
dextran-based materials were cross-linked with STMP. However,
it should be mentioned that all the works carried out on pullulan/
dextran-based materials comes from the same group. Pullulan-
based materials were successfully cross-linked with thiol-bearing
in four studies (Hayashi et al., 2009; Fujioka-Kobayashi et al.,
2012; Miyahara et al., 2012; Charoenlarp et al., 2018), whereas no
cross-linking reagents were used in two studies. Finally, cross-
linking strategies were less employed to functionally modify
dextran-based materials (only half of the included studies).
Furthermore, each study focused on a different cross-linking
process, making it difficult to draw conclusions.

Biomaterial design also plays a key role in promoting bone
healing. In the present review, we outlined that these
polysaccharide-derived biomaterials are mainly used as
hydrogels or microbeads. A growing interest for polymer
hydrogels in BTE is arising (Tang et al., 2021) as they exhibit
several promising properties in a context of bone repair: they are
ready-to-use material that can be molded to any shape, size, or
form, thereby fitting easily in the bone defect (Li et al., 2021). Six

studies designed disc-shaped hydrogels to adjust calvarial bone
defects (Hayashi et al., 2009; Fujioka-Kobayashi et al., 2012;
Bölgen et al., 2014; Charoenlarp et al., 2018; Ritz et al., 2018;
Fang et al., 2019). Otherwise, in situ forming hydrogels were
directly injected into the defect area, molding the defect site (Ding
et al., 2019; Shoji et al., 2020), thereby ensuring a tight interface
with the surrounding bone (El-Sherbiny and Yacoub, 2013;
Maisani et al., 2018). Microbeads can be also easily adapted to
a complex bone defect. Injectable hydrogels or microbeads allow
minimal invasion of surrounding tissues during delivery (Ding
et al., 2019).

Hydrogels also are good candidates to incorporate cells or
growth factors and act as a delivery system. Pullulan and/or
dextran-based materials display unique properties in the field
of bone regeneration compared with commonly used bone
substitutes. They exhibit resorption ability (Miyahara et al.,
2012; Bölgen et al., 2014; Frasca et al., 2017), thereby ensuring
the gradual replacement with newly formed bone compared
with HA/TCP ceramics that exhibit extensive in situ
resorption latencies (Keller et al., 2012). Another
interesting property of these polymers is their
radiotransparency (Hayashi et al., 2009; Frasca et al., 2017;
Fricain et al., 2018) meaning that it allows to follow
radiologically the new bone formation.

Several studies investigated the osteogenic properties of
these polysaccharides-derived biomaterials through the
adjunction of mineral contents. Most of these studies show
a significant improvement of bone regeneration by
incorporation of mineral contents. HA supplementation was
used in eight of these 10 studies. This stimulates bone tissue
formation and gives osteoconductive properties to the
biomaterial. In addition, dextran and/or pullulan have been
reinforced with mineral materials to overcome their weak
physical properties (Fricain et al., 2013; Schlaubitz et al.,
2014; Takahata et al., 2015; Ribot et al., 2017; Fricain et al.,
2018; Ding et al., 2019; Fang et al., 2019; Popescu et al., 2020;
Maurel et al., 2021; Wang et al., 2021) and then improve their
mechanical strength.

Another reported strategy to enhance bone regeneration of
dextran and/or pullulan-based materials was the encapsulation of
growth factors. Growth factors are widely used in BTE to provide
more regulating cues to target cell proliferation and
differentiation and effective bone repair (Tang et al., 2021). A
total of 13 studies reported the ability of pullulan-based materials
and dextran-based materials to deliver growth factors. Most of
them (i.e., 11 studies) focused on BMP-2 which play critical roles
in bone regeneration process (Rao et al., 2018; Tang et al., 2021).
A sustained release of this growth factor appeared to be difficult as
heterotopic bone formation is usually observed due to its
overexpression. Customization of biomaterials could be an
alternative to regulate BMP-2 delivery. For example, chemical
modification of polysaccharides was performed to enhance
growth factors bearing within the scaffold to act as a drug
delivery system. The addition of carboxylate, benzylamide, and
sulfated groups to dextran-based scaffold enabled to mimic
heparin-like compounds (Lafont et al., 2004; Maire et al.,
2005a; Degat et al., 2009), which is one of the ECM
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components that has high affinity with growth factors.
Functionalized dextran thus exhibits binding capacity to
heparin-binding growth factors, such as transforming growth
factor-b1 (TGF-b1) (Maire et al., 2005b). As TGF-b1 and BMP-2
belong to the same superfamily and share one third of structural
homology, functionalized dextran has the ability to bind to BMP-
2 through its heparin-binding site (Maire et al., 2005a). This could
be an alternative to the currently used collagen sponges that are
approved by FDA to deliver BMP-2 (Maire et al., 2005a).
Interestingly, heterotopic bone formation of BMP-2 loaded
with heparin microparticles was investigated at high and low
concentrations (0.12 and 0.01 mg/kg body weight) in a rat
femoral defect (Hettiaratchi et al., 2020; Vantucci et al., 2021).
BMP-2 delivery alone led to heterotopic bone formation whatever
the concentration used. But when it was combined to heparin
microparticles at a high dosage (30 µg per graft), a sustained
release was observed and seemed to regulate bone formation.

Interestingly, no study reported the use of a pullulan/dextran-
based material to deliver growth factor. This could be explained
by the ability of these matrices to retain local growth factors
(Fricain et al., 2013). The combination of these two
polysaccharides might be an ideal candidate to provide a
growth factor-free biomaterial for BTE applications.

Finally, three studies investigated dextran or pullulan/
dextran-based hydrogels capability to incorporate
progenitor cells to promote bone healing (Bölgen et al.,
2014; Frasca et al., 2017; Ritz et al., 2018). Two approaches
can be evidenced in such scaffolds. In one hand, cells
entrapped into the scaffold can migrate at the defect site to
initiate the ossification process. On the other hand, they can
stay inside the scaffold to recruit local factors. In these three
studies, only one mentioned the use of pullulan/dextran
biomaterial as a cell delivery system (Frasca et al., 2017).
The two others did not specify the role of their biomaterial
on the delivery of cells. Concerning the angiogenesis process of
these biomaterials in bone defects, it was observed in all
studies. However, no significant difference in bone
regeneration amount was observed between the seeded
scaffold and the cell-free scaffold in two studies, thereby
suggesting that using dextran-based material as a potential
cell carrier system does not increase its osteogenic potential.
This could be related to a low ability of these polysaccharide-
based hydrogels to support cell adhesion and proliferation. To
overcome this drawback, Frasca et al. (2017) proposed a
sequential multiple MSC administration strategy to cover
the entirety of the repair process kinetic.

Only three studies (Takahata et al., 2015; Frasca et al., 2017;
Fricain et al., 2018) compared the pullulan and pullulan/
dextran-based materials to commercialized and commonly
used bone substitutes. These commercial devices were either
xenograft (e.g., Bio-Oss®, extract from the mineral part of
bovine bone) or alloplastic bone substitutes (e.g., Calciresorb
C35®, composed of HA and TCP and Biopex-R®, composed of
a-TCP). Pullulan and pullulan/dextran-based materials
seemed to be at least as efficient as these conventional and
commercially available bone substitutes. Besides, alloplastic
bone substitutes showed poor host integration and failed to

completely resorb in vivo, thereby preventing their
replacement by newly formed bone. However, further
studies comparing these polysaccharides to commercially
used bone substitutes should be conducted to draw formal
conclusions.

Finally, there are limitations related to the present
systematic review that must be mentioned. One limitation
of this study is the heterogeneity in animal models and the
wide types of bone defects performed in the included studies,
thereby making it difficult to compare studies. Calvarial and
femoral defects were the most commonly used model to assess
bone regeneration in these studies. Femoral defect may be
more appropriate to consider load-bearing capacity of
polysaccharide scaffolds when necessary (Taguchi and
Lopez, 2021). Another identified drawback of this
systematic review is the low number of studies investigating
the mechanical properties of the materials (Abbah et al., 2012;
Takahata et al., 2015; Ding et al., 2019; Fang et al., 2019).
Among four studies, only one study evaluated the compressive
strength directly on the bone with the investigating constructs
(Abbah et al., 2012). It would be interesting to further evaluate
the mechanical properties of these constructs and their
evolution in time that should match the natural bone
properties (Yunus Basha et al., 2015) to favor host bone
integration (Giannoudis et al., 2007). Another interesting
parameter to consider when evaluating a biomaterial for
bone regeneration is the defect size, as non-critical size
defect may heal spontaneously. Originally, critical-sized
defect can be defined as the smallest size tissue defect that
will not completely heal over the natural lifetime of an animal
(Schmitz and Hollinger, 1986; Spicer et al., 2012). In practice, a
defect is considered as critical-sized defect if it does not fully
heal during the experimental time observation (Gosain et al.,
2000; McGovern et al., 2018). Among the 28 included studies,
all experiments using calvarial defects could be considered as
critical-sized defect [e.g., more than 2 mm in mouse; more
than 5 mm in rats (Taguchi and Lopez, 2021)]. For other bone
models (e.g., tibia, ulnar, vertebrae), knowledge on the size
considered as critical defect in those models could not be
found in the literature. It would thus be interesting to compare
these polysaccharides using the same animal model. The lack
of empty defect condition as control in 13 studies (Lafont et al.,
2004; Chen et al., 2005; Chen et al., 2007; Fujioka-Kobayashi
et al., 2012; Bölgen et al., 2014; Togami et al., 2015; Ribot et al.,
2017; Charoenlarp et al., 2018; Fricain et al., 2018; Ding et al.,
2019; Fang et al., 2019; Popescu et al., 2020; Maurel et al.,
2021), prevented readers to conclude on the relevance of the
model used and the tested scaffolds. Further studies including
an empty defect condition in the animal experimental design
would be necessary to increase the relevance of results. We also
observed that none of the included studies performed the
required sample size calculation for each condition before
conducting the experiments. It would be useful to report
these data in future studies to better understand the study
design. In addition, only two studies conducted a blinded
assessment of outcomes. Blind assessment of the collected
data reduces the risk of bias when interpreting the data. If
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possible, this methodological parameter should be
implemented in future preclinical studies to strengthen the
level of evidence.

5 CONCLUSION

The present study emphasized that pullulan and/or dextran-
based materials display unique properties for BTE
applications. Moreover, this review is expected to provide clear
information on the chemical functionalization of the pullulan-
based and dextran-based materials and the cross-linking
strategies for BTE applications. Interestingly, these
polysaccharides are used as injectable hydrogels or microbeads
that easily fit the bone defect. Incorporation of mineral contents
such as hydroxyapatite to the pullulan and/or dextran-based
biomaterials significantly enhance bone regeneration. We also
outlined that the association of pullulan and dextran is a solution
to obtain a biomaterial, deprived of growth factors or living cells
to promote bone formation. Studies comparing these
biomaterials with commercialized and clinically used products
are too limited and further studies are required to draw more
conclusions.
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