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Over the past decade, numerous biomaterials have been developed for periodontal tissue regeneration. The aim of this system-
atic review was to evaluate the application of growth factor–loaded biomaterials for the regeneration of the periodontal complex
in preclinical animal studies. The review was conducted in accordance with PRISMA guidelines. A computerized search of
SCOPUS, PubMed, and Web of Science was performed, including English-language articles published between 2015 and 2025.
From an initial yield of 173 articles, 12 studies met the inclusion criteria after screening titles, abstracts, and full texts. All in-
cluded studies demonstrated successful regeneration of the three key periodontal tissues – alveolar bone, cementum, and
periodontal ligament – in animal models. With one exception, the studies were short-term, with histological evaluations per-
formed up to 12 weeks. The biomaterials used ranged from relatively simple systems to complex multiphasic scaffolds. Six
studies employed biomaterials loaded with a single growth factor, while the remaining six used combinations of two or more
growth factors. Fibroblast growth factor (FGF) was the most frequently used growth factor, followed by bone morphogenetic
proteins (BMPs). The findings indicate that scaffolds are the most commonly used biomaterial platform, and that FGF- and
BMP-based systems are predominant. Notably, simpler biomaterial and growth factor combinations often achieve regenerative
outcomes comparable to more complex scaffold designs but remain robust, especially when the goal is functional regeneration.
Keywords: biomaterials, tissue regeneration, growth factor, scaffold

V zadnjem desetletju je bilo razvitih veliko novih biomaterialov za regeneracijo obzobnih tkiv. Avtorja v tem ~lanku zato
predstavljata sistemati~ni pregled in analizo uporabe biomaterialov obogatenih z rastnimi faktorji, za regeneracijo obzobnih tkiv,
v predklini~nih {tudijah na `ivalskih modelih. Pregled sta avtorja izvedla v skladu s smernicami PRISMA. Ra~unalni{ko iskanje
literature sta opravila v bazah SCOPUS, PubMed in Web of Science, ki so vklju~evale ~lanke v angle{kem jeziku, objavljene
med letoma 2015 in 2025. Od za~etnih 173 najdenih ~lankov, sta po pregledu naslovov, povzetkov in celotnih besedil je merila
za vklju~itev izpolnjevalo 12 raziskav. Vse vklju~ene raziskave so pri `ivalskih modelih pokazale uspe{no regeneracijo
alveolarne kosti, cementa in parodontalnega ligamenta. Z izjemo ene so bile {tudije kratkoro~ne, s histolo{ko analizo po 12
tednih. Uporabljeni so bili tako enostavni biomateriali kot kompleksna, ve~fazna ogrodja. [est {tudij je uporabilo biomateriale z
enim rastnim faktorjem, preostalih {est pa kombinacijo dveh ali ve~ rastnih faktorjev. Najpogosteje uporabljen biomaterial je
bilo ogrodje, najpogosteje uporabljen rastni faktor pa fibroblastni rastni faktor (FGF), sledili so kostni morfogenetski proteini
(BMP). Enostavnej{e kombinacije biomaterialov in rastnih faktorjev so pogosto dosegle primerljive regenerativne u~inke kot
kompleksnej{a ogrodja, vendar manj idealne, ko je bil cilj funkcionalna regeneracija.
Klju~ne beside: biomateriali, tkivna regeneracija, rastni faktor, ogrodje

1 INTRODUCTION

Periodontium is an integrated and functional unit of
alveolar bone (AB), periodontal ligament (PDL) and ce-
mentum (CM). Various biomaterials and methods have
been used to support the treatment of periodontal de-
fects.

Most commonly used tissue regeneration procedure
in clinical practice is guided tissue regeneration (GTR),
with the use of barrier membranes. These membranes

prevent epithelial tissue ingrowth and provide space for
the tissue to regenerate. We can use them together with
scaffolds. Scaffolds are used in tissue engineering pri-
marily as substrates for cell attachment, tissue ingrowth
and initial structural support. Various scaffolds can also
exhibit membrane like properties. Scaffolds can be made
from natural materials (i.e., collagen, chitosan, silk),
bioceramics and synthetic polymers (i.e., PLLA, PLGA).
The use of bioactive ceramics (bioceramics), such as
hydroxyapatite (HA), bioactive glass ceramic (BGC) and
" tricalcium phosphate ("TCP), in polymer membranes
has a positive impact on mineralization and cellular ac-
tivity. In addition, bioceramics can improve the mechani-
cal properties and neutralize the acidic derivates pro-
duced by the degradation of polymers.1
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For integrated periodontal regeneration, bi- or tri-
phasic scaffolds are a suitable solution because they pro-
vide spatial niches, in which new cells can harbour and
communicate as regeneration requires three-dimensional
spaces for CM, PDL and AB. Different techniques are
available to fabricate such products. Among them are the
established cryogel technique for macroporous scaffolds
and electrospinning method for the fabrication of
microporous structures. To enhance tissue regeneration,
cells or bioactive molecules such as antibiotics or growth
factors can be seeded on these engineered constructs.2 To
overcome problems with irregular periodontal defects,
new scaffold biomaterials are being fabricated using dif-
ferent methods, with hydrogels being a popular option.
Hydrogels are cross-linked polymers that can be injected
into defect areas.3 They are easily prepared as carriers of
bioactive molecules and/or cells.2 Recent studies showed
that induced pluripotent stem cells (iPSCs) derived
mesenchymal stem cells may facilitate the repair of
periodontal defects by increasing regeneration and the
production of newly formed mineralized tissues.4 Fur-
thermore, an effective alternative for delivery of growth
factor proteins is gene therapy. In this field, experiments
utilize viral or non-viral vector systems that can be used
to transduce or transfect genes of interest into target
cells.2 Adenovirus vectors (Ad) may circumvent many of
the limitations of protein delivery by exhibiting high in
vivo transduction efficiency with a relatively short ex-
pression period5 making them well suitable for regenera-
tion without eliciting long-term health concerns.6

Growth factors (GFs) play an essential role in tissue
formation. They modulate cellular activity as they can
provide cells with a stimulus for proliferation, migration
and differentiation. Periodontal tissue regeneration can
be enhanced by exposing the treated area to GFs, such as
platelet-derived GF (PDGF), fibroblast GF-2 (FGF-2),
transforming GF1 (TGF1), and bone morphogenetic pro-
teins (BMPs).7 Concentrated growth factor (CGF) be-
longs to a novel generation of platelet concentrate prod-
ucts. Made from platelet-rich plasma (PRP), it is rich in
various endogenous growth factors and can potentially
participate in the regeneration of soft tissues. Most GFs
have short half-lives and narrow therapeutic windows.
Natural biomaterials such as heparin and heparan sulfate
glycosaminoglycans in the ECM have binding domains
that exert a strong interaction with bioactive molecules.
This binding protects bioactive molecules from denatur-
ation and proteolytic degradation, consequently prolong-
ing sustained release.3

To our knowledge, this is the first comprehensive re-
view of preclinical studies on animal models to synthe-
size current research on growth factor-loaded bio-
materials for periodontal tissue regeneration. It offers
researchers foundation for preclinical optimization and
facilitates the translation of these models into human
clinical trials.

Our questions are: Which are the latest growth fac-
tor-loaded biomaterials that have successfully regener-
ated all three tissues of the periodontal complex (alveolar
bone, cementum and periodontal ligament) in animal
models with experimental periodontal defects? Which
primary materials and which growth factors were used?

The aim of this systematic review is to guide re-
searchers in potential new preclinical studies and in the
evaluation of biomaterials in human clinical trials. This
systematic review was conducted according to the Pre-
ferred Reporting Items for Systematic Reviews and
Meta-Analyses guidelines.8

2 EXPERIMENTAL PART

2.1 Inclusion and exclusion criteria

Inclusion criteria: articles written in English, publica-
tion date between 2015–2025, animal models with ex-
perimental periodontal defects, control group, applica-
tion of biomaterials with growth factors, simultaneous
regeneration of alveolar bone, cementum and periodontal
ligament

Exclusion criteria: review articles, book chapters,
studies without a control group, the three periodontal tis-
sues (periodontal ligament, alveolar bone, cementum)
not being regenerated, in vitro studies, pilot studies, ani-
mal studies without experimental periodontal defects,
human trials, nonrelevant studies

2.2 Information sources

In order to identify the most up-to-date research re-
garding the growth factor-loaded biomaterials for
periodontal tissue regeneration in animal models, we
used selected databases: PubMed, Web of Science and
Scopus. The following search algorithms were used: for
Scopus TITLE-ABS-KEY ((alveolar_bone) AND
(periodontal_ligament) AND (cementum) AND (regen-
eration) AND (growth_factor OR growth_factors OR
FGF OR BMP OR PDGF) ) AND PUBYEAR > 2014
AND PUBYEAR < 2026 AND PUBYEAR > 2014 AND
PUBYEAR < 2026 AND (LIMIT-TO (LANGUAGE,
“English”)); for PubMed: (“periodontal ligament”[MeSH
Terms] OR “periodontal ligament” [Title/Abstract])
AND (“alveolar bone” [MeSH Terms] OR “alveolar
bone”[Title/Abstract]) AND (“cementum” [MeSH
Terms] OR cementum [Title/Abstract]) AND (“regenera-
tion” [MeSH Terms] OR regeneration [Title/Abstract])
AND (“growth factor*” [MeSH Terms] OR “growth fac-
tor*” [Title/Abstract] OR “BMP” [MeSH Terms] OR
“BMP” [Title/Abstract] OR “FGF” [MeSH Terms] OR
“FGF” [Title/Abstract] OR “PDGF” [MeSH Terms] OR
“PDGF” [Title/Abstract]); and for Web of Science:
TS=(“alveolar bone”) AND TS=(“periodontal ligament”)
AND TS=(cementum) AND TS=(regenerat*) AND
TS=(growth factor* OR BMP OR FGF OR PDGF).
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2.3 Research selection and recording methods

The study selection was assessed by two reviewers
(U.[., R.S.) separately. Studies were screened by title,
abstract and ultimately by full text reading. Qualified ar-
ticles were chosen on the basis of inclusion and exclu-
sion criteria and imported in the software Rayyan®.
Both reviewers (U.[., R.S.) contributed in the data pro-
cessing stage. The following information was retrieved
from each study: animal species, animal sex, number of
animals, number of groups, number of periodontal de-
fects in each animal, types of periodontal defects, types
of biomaterials used, types of control groups, duration
from application to histologic evaluation, methods for
evidence control, results.

2.4 Risk of bias assessment

The methodological quality and risk of bias of the in-
cluded studies were independently evaluated by two re-
viewers, who were blinded to the authors’ names and in-
stitutional affiliations. Any disagreements were resolved
through discussion and consensus. The risk of bias was
assessed using the SYRCLE risk of bias tool, specifically
designed for animal studies.

3 RESULTS

3.1 Study selection

The computerized search strategy yielded 173 cita-
tions, 38 of which were articles from PubMed, 70 from
Scopus, and 65 from Web of Science. No additional
studies were retrieved through manual searches of the
reference lists or internet searches in Google Scholar.
173 records were screened by title and abstract. Further-
more, full text was screened in ordered to check the in-
clusion/exclusion criteria. 26 articles remained, of which
14 records were duplicates. 12 articles met the full read-
ing criteria.

The flowchart used for the selection of the studies is
shown in Figure 1.

3.2 Quality assessment

Based on the SYRCLE risk-of-bias assessment, the
reporting quality of randomization, blinding, and hous-
ing remains limited in many preclinical animal studies,
consistent with trends in the field. Most studies avoided
attrition and selective reporting biases, strengthening the
confidence in their reported outcomes. Only a few stud-
ies (e.g., Zhang et al., 2015; Matsuse et al., 2017;
Momose et al., 2016; Ding et al., 2020) consistently
scored low risk across most domains, making them rela-
tively more robust methodologically. Risk of bias is pre-
sented in Table 1.

3.3 Study characteristics

All twelve studies successfully demonstrated the re-
generation of all three tissues of the periodontal complex
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Figure 1: Simplified search strategy

Table 1: Risk of bias
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Table 2: Study characteristicsBiomaterials tested

STUDY
SPECIES

N AN. N GR.
N

DEF./
AN.

DEFECT
TYPE BIOMATERIAL

CONTROL GR.
TIME

to histo.
EVIDENCE RESULTS

Ani-
mal Sex Primary Growth factor

Anzai et
al. 2016

Beagle F 24 3 2 2-wall
intrab. (sur-
gically cre-
ated model)

3% hydroxyl
propyl solution
(HPC)

FGF-2 1: negative con-
trol – only 3%
HPC 2: blank
group: animals
without defect

13mo histology (Azan
staining), micro–CT

Height of the newly formed bone, length of the newly formed PDL, length
of the newly formed cementum, and distance to the junctional epiyhelium
of the FGF-2 group were significantly higher than those of the control
group (p = 0.003, p = 0.001, p = 0.004, and p = 0.010).

Yu et al.
2022

Spragu
e-Daw
ley
rats

M 40 4 1 fenestration
defect

intrafibrillarly
mineralized
collagen (IMC)
scaffold +
Bio-Gide

CGF (con-
centrated
growth fac-
tor)

1: CGF +
Bio-Gide
2: CGF-DBBM
+ Bio-Gide
(deproteinized
bovine bone
minerals)
3: blank gr.:
Bio-Gide – self
healing

8w histology (HE and
Masson’s trichrome
staining), micro–CT

The amount of new alveolar bone in the distal root defect region of the
first molar in the CGF/IMC group (61.49% ± 7.39%) was significantly
greater than those in the CGF–DBBM (32.37% ± 5.14%), CGF
(35.41% ± 8.75%), and blank (1.84% ± 3.19%) groups. The trend for
newly formed cementum was consistent with that for alveolar bone. More
new PDL (71.29% ± 19.12%) was observed in the CGF/IMC group than in
the CGF-DBBM (55.72% ± 5.23%), CGF (47.77% ± 3.89%), and blank
(6.34% ± 10.99%) groups. The proportion of OCN, VEGFR1, TGFb1 and
Smad3 was much higher in the CGF/IMC group than in controls.

Matsuse et
al. 2017

Beagle U 6 2 3 2-wall
intrab.

porous á-TCP
+ heparin

bFGF unmodified po-
rous á-TCP

2w, 4w,
8w

histology (HE,
Azan staining), mi-
cro–CT

The ratios of new bone area/total area (BA/TA), new cementum (NC)/total
height (TH) (%), and new PDL (NP)/ total height (TA) (%) of each group
were measured at 4 weeks, and they were significantly higher in the bFGF
group compared to controls. (p < 0.05).

Nagayasu-
Tanaka et
al. 2015

Beagle F 4 2 2 3-wall
intrab.

3% HPC FGF-2 3% HPC 3d, 7d,
14d, 28d

histology (HE,
Azan staining),
immunohistochemis
try

Promotion of normal tissue formation induced by FGF-2 at only 7 days
leads to enhanced new AB, C, and PDL. Height of the new bone in the
FGF-2 group was after 7 days significantly larger and the amount of new
cementum and PDL in the FGF-2 group was also higher compared to con-
trol group. BMP-2, osterix, ALP and OC expression were increased signif-
icantly in the FGF-2 group compared with that in the control group at 7
and 14 days.

Zhang et
al. 2015

Beagle M 5 5 4 buccal
dehiscence

mesoporous
bioactive glass
(MBG)/silk
scaffold

AdPDGFB
or
AdBMP7
or
AdPDGFB
+ AdBMP7

1: control
non-filled de-
fects,
2: scaffold alone

8w histology (HE,
Azan staining), mi-
cro–CT for bone
quality

Scaff. + adPDGF-B demonstrated a significant new formation of the PDL.
Scaff + adBMP7 demonstrated a significantly greater new bone formation.
Scaff.+ adPDGF-B + adBMP7 demonstrated qualitative features similar to
those of native periodontal structures.

Kiyota et
al. 2024

Beagle F 15 3 3 3-wall
intrab.

atelocollagen
sponge

BDNF 25
ìg/mL,
BDNF 50
ìg/mL

1: atelocolag.
sponge 2: con-
trol non-filled
defects

1w, 2w,
4w

histology (Azan
staining),
immunohisto, real
time PCR

4 weeks after application, in the BDNF group, a significant amount of new
bone and an adequate width of PDL were observed. In control group, PDL
tissue regeneration was insufficient, and cementum regeneration was lim-
ited. In the BDNG group, the denuded root surface was almost completely
covered with new cementum. OPN expression was much higher in the de-
fect area and along the root surface in the BDNF group compared to con-
trol group. Higher concentration (50 μg/mL) is considered to be effective
for periodontal tissue regeneration.

Momose
et al. 2016

Beagle F 6 3 6 buccal Class
II furcation
defects

collagen
hydrogel

FGF-2 1: collagen
hydrogel
2: control
non-implantation

10d, 4w histology (HE and
Masson’s trichrome
staining)

The mean value of the new bone area of the FGF-2 receiving group was 2
times greater compared with the control group. Reforming well-developed
PDL-like tissue and an acellular cementum-like structure with inserted
Sharpey’s fibers was significantly stimulated by FGF application. Implan-
tation of the FGF-2 loaded scaffold resulted in 70% regeneration of
periodontal tissue. In addition, the FGF-2 loaded scaffold consistently sup-
pressed aberrant healing (epithelial down-growth, ankylosis, root resorp-
tion).

Sowmya et
al. 2017

White
New
Zea-
land
rabbit

U 12 4 1 unspecified
defect

tri-layered
nanocomposite
hydrogel scaf-
fold: 2 layers of
chitin-PLGA/n
BGC (for AB
and C) and 1
layer of chitin-
PLGA for PDL

CEMP1,
FGF-2,
PRP

1: negative con-
trol
2: GTR mem-
brane
3: scaffold with-
out GF

3m histology,
immunohistochemis
try, micro–CT

In vivo, complete defect closure and healing with the formation of new ce-
mentum, fibrous PDL, and alveolar bone with well-defined trabeculae were
more pronounced in defects treated with the tri-layered nanocomposite
hydrogel scaffold with growth factors in comparison to the other three
groups.

Chien et
al. 2018

Spragu
e-Daw
ley
rats

M 16 4 1 unspecified
defect

thermosensitive
CHC hydrogel
(chytosan/gela-
tin/glycerol
phosphate) +
iPSC

BMP6 1: hydrogel +
BMP6
2: BMP6 only
3: negative con-
trol

42d histology (HE stain-
ing), micro–CT

BMP6 only: new AB; BMP6 + hydrogel: new AB + C; BMP6 + hydrogel
+ iPSCs: new AB + C + PDL. Only the iPSCs-BMP-6-hydrogel showed
significantly greater bone volume refraction relative to the other groups.
This group provided significantly higher trabecular numbers, and similar
results were observed for the trabecular thickness. Markers of osteoblasts,
osteoclasts and PDL formation were all significantly upregulated in the
iPSCs-BMP-6-hydrogel group compared to the other groups. IL-8, TNF-á
and IL-1 b were down regulated in the iPSCs-BMP-6-hydrogel group com-
pared to the hydrogel-only and BMP-6-hydrogel groups.

Huang et
al. 2020

Beagle M 6 6 6 2-wall
intrab.

biphasic
cryogel scaf-
fold (BCS):
gelatin + gela-
tin/BTCP/HA
(BH), function-
ally graded
membrane
(FGM): PLLA
on conventional
membrane
(CM)

EMD-loade
d scaffold,
BMP2,
PDGF-load
ed mem-
brane

1: BH-CM
2: BCS-CM
3: BBC-CM
4: BH-FGM
5: BCS-FGM
6: BBC-FGM

12w histology (staining
Alizarin Red and
Stevenel’s Blue),
micro–CT

The biphasic scaffold with GFs (BBS) showed significantly greater
osteogenesis (P < .01) and early defect fill (P < .05) relative to the
mono-phasic scaffold of bone phase (BH). FGM significantly promoted
osteogenesis (P < .05) in BH-treated sites but showed limited benefit in
BBS-treated sites. On denuded roots, cementum deposition was evident in
BBS-treated sites. Neither ankylosis nor root resorption was noted in any
specimen. The ligament-like fibers were obliquely inserted to the root sur-
face in the BBS-CM and BBS-FGM groups but were parallel to the root
surface in other groups.

Ding et al.
2020

Wistar
rats

U 36 3 1 buccal corti-
cal defect

electrospun
PLLA/PLGA
framework

bFGF +
BMP2

1: PLLA/PLGA
2: neg. control

4w, 8w histology (HE stain-
ing), immuno-
histochemistry, mi-
cro–CT

Bone volume/total volume (BV/TV) of the PLLA/PLGA framework with
the GF group was much higher than that of the other two groups at 1 week
(P < 0.05), 2 weeks (P < 0.05), 4 weeks (P < 0.01) and 8 weeks. The bone
surface/total volume (BS/TV) value showed a similar tendency at 1, 2, 4,
and 8 weeks postoperatively (P < 0.05). Compared with the angulation of
the native mature ligament (47.59 ± 2.99°), all groups demonstrated less
angulation at week 4 (P < 0.001), while at week 8, the angulations in the
native ligament tissue and PLLA/PLGA with the GF group were very simi-
lar (49.87 ± 5.69° vs. 47.59 ± 2.99°) and there was no significant differ-
ence between the two groups (P > 0.05). The newly formed cementum was
observed in PLLA/PLGA with the GF group at 8 weeks postoperatively;
however, no formation of the cementum was observed in the other groups
at any time. PLLA/PLGA with the GF group could attract more host-de-
rived MSCs to defects in the early stage of wound healing. Furthermore,
this group showed more ALP expression after 1 and 2 weeks and more
OCN expression after 4 and 8 weeks of bone repair compared with the
other two groups (P < 0.05). The expression level of Col I exhibited simi-
lar trends with the OCN expression.

Hua et al.
2023

Spragu
e-Daw
ley
rats

F 25 4 4 rectangular
perio. defect

electrospun
PLA–PCL
nanofibrous
mats + chitosan
hzdrogel +
nanoparticles

CHI–NPs–
CTGF,
PLA–PCL
NPs–BMP2
, PLA–PCL
NPs–rhCE
MP1

1: PLA–PCL
without GF
2: porous CHI
control
3: blank control

12w histology (HE, Ma-
son staining), mi-
cro–CT

The bone volume/tissue volume (BV/TV) value in the triphasic scaffold
group with GFs was higher than those of the other groups (P < 0.05). The
deposition of newly formed hyperchromatic cementum-like tissue around
the root surface was also recognized. The average angle between PDL-like
tissue and root surface in the triphasic scaffold with GFs was nearly per-
pendicular, closely resembling that of the physiological PDL in the normal
control, which was much larger than those of the triphasic scaffold without
GFs and monophasic CHI scaffold (P < 0.05). BMP2 staining was signifi-
cantly positive in both triphasic scaffold groups.



– alveolar bone, cementum, and periodontal ligament in
animal models.9–20 Seven studies9–11,17–20 were conducted
on Beagle dogs, four studies12,14–16 were conducted on
Sprague Dawley or Wistar rats, and one study13 was con-
ducted on white New Zealand rabbits. The minimum
number of Beagle dogs involved in a study was 4,18 and
the maximum number was 24.17 The minimum number
of rats involved in a study was 16,14 and the maximum
was 40.16 In the study on New Zealand rabbits, 12 ani-
mals were included.13

The created periodontal defects varied between stud-
ies. The most common defects were two-wall period-
ontal defect10,17,19 and fenestration defect.9,12,16 Two stud-
ies demonstrated three-wall periodontal defect,18,20 two
studies demonstrated non-specified periodontal de-
fect,13,14 one study covered rectangular defect,15 and one
covered Class II furcation defect.11

The shortest period between the material application
and the last histologic evaluation was 28 days18 and the
longest period was 13 months.17 However, apart from the
mentioned study, no other study performed the last histo-
logic check-up after 12 weeks. In ten studies, histologic
evidence was evaluated using HE staining. Some studies
additionally evaluated histologic evidence with other
types of staining (Azan, Massons, Alizarin Red and
Stevenel’s Blue). Furthermore, most studies evaluated
the bone quality with micro-CT.9,10,12–17,19 Immunohisto-
chemistry was performed in four studies.12,13,18,20

Study characteristics are summarized in Table 2.

3.4 Primary materials

Two studies used 3% HPC.17,18 Matsuse et al. used
porous �-TCP + heparin.10 Collagen was used as a pri-
mary material in three studies.11,16,20 Yu et al. used an
intrafibrillary mineralized collagen (IMC) scaffold to-
gether with Bio-Gide. A periodontium-like biphasic scaf-
fold was fabricated in two steps: biomimetic self-assem-
bly of collagen fibrils and nanohydroxyapatites were
used to form a porous IMC scaffold, followed by micro-
stamping of CGF (concentrated growth factor) arrays on
its surface.16 Kiyota et al. used atelocollagen sponge,20

while Momose et al. used collagen hydrogel.11

Most studies used multiphasic scaffolds made from a
combination of natural and synthetic polymers and/or
bioactive glass ceramics. Hua et al. used a triphasic scaf-
fold made from electrospun PLA-PCL nanofibrous mats
and chitosan hydrogel with an orderly aligned micro-
porous channel structure fabricated via directional
freeze-drying technology. Chitosan-stabilized bovine se-
rum albumin (BSA) nanoparticles were used to load
three different GFs in the target layer.15 Chien et al. used
thermosensitive CHC (chitosan/gelatin/glycerol phos-
phate) hydrogel + iPSC.14 Sowmya et al. developed a
tri-layered nanocomposite hydrogel scaffold by assem-
bling chitin and PLGA for each layer, with an addition of
nBGC for mineralized layers (alveolar bone and cemen-
tum).13 In the study by Huang et al., a biphasic cryogel

scaffold (BCS) was made of gelatin for the ligament
phase and gelatin with beta-tricalcium phosphate/hydro-
xyapatite (BH) for the bone phase. Growth factors were
applied to formulate a biomolecule-aided BCS (BBS). A
functionally graded membrane (FGM) was designed as a
tested barrier membrane by adhering PDGF-encapsu-
lated poly(L-lactide-co-D/L-lactide) nanofibers to the
conventional membrane (CM).19 Zhang et al. used
mesoporous bioactive glass (MBG) on a silk scaffold
with a well-ordered nanochannel structure.9 One study
used a scaffold made solely from synthetic materials.
Ding et al. used an electrospinning super-assembly tech-
nique to develop a fibrous framework with a poly(L-lac-
tic acid)/poly(lactide-co-glycolide) (PLLA/PLGA)
core/shell structure that could sequentially release two
different GFs (PLLA/PLGA electrospun framework).12

3.5 Growth factors

The most commonly used growth factor in the studies
was FGF,10–13, 17,18 followed by BMP.9,14,15,19 Six studies
used biomaterials with a single GF and six studies used
biomaterials with a combination of two or more GFs, as
described in next section. In two studies, FGF was used
in combination with other factors, such as BMP12 or
CEMP and PRP.13 Furthermore, BMP was used in com-
bination with PDGF9,19 or with a combination of CTGF
and CEMP.15 BDNF was used in only one study.20 Yu et
al. used CGF.16

3.6 Outcomes of individual studies

Biomaterials with a single growth factor

In the studies conducted by Anzai and Yaganasu
Tanaka, the use of 3 % HPC combined with FGF re-
sulted in a greater height of the newly formed bone, ce-
mentum, and periodontal ligament compared to the con-
trol groups. Anzai et al. demonstrated that the newly
formed bone exhibited a denser structure with richer
trabeculae than the intact bone, regardless of the FGF-2
treatment. FGF-2 enhanced periodontal tissue regenera-
tion achieved similar quality to that seen with natural
physiological healing in terms of bone density, extra-
cellular matrices, and connective tissue attachment.17

Nagayasu Tanaka additionally performed an immuno-
histochemical analysis, revealing that the peak number
of OCN-positive cells (OCN – osteocalcin, a key marker
of osteoblast activity) appeared earlier and was higher in
the bone defect area and on the root surface of the
FGF-treated group. Expression levels of BMP-2, osterix
(a transcription factor involved in preosteoblast matura-
tion), ALP (alkaline phosphatase, produced by osteo-
blasts), and OCN were all significantly higher in the
FGF-2 group compared to the control group at both day
7 and day 14.18

Matsuse et al. and Momose et al. also used FGF. In
the study by Matsuse et al., bFGF was immobilized on
heparin-modified a-TCP particles, which featured a con-
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tinuous porous structure. Momose et al. used FGF-2 em-
bedded in a collagen hydrogel. Both studies reported sig-
nificantly increased formations of new bone,
cementum-like tissue, and periodontal tissues in compar-
ison to control groups.10 In the study by Momose, down-
growth of epithelial tissue was observed in all control
groups but was rarely present in the FGF-2 and
hydrogel-treated groups. The collagen hydrogel scaffold
effectively prevented epithelial invasion and was com-
pletely degraded in all groups by week 4.11

Chien et al. developed a thermosensitive chitosan/
gelatin/glycerol phosphate (CHC) hydrogel loaded with
iPSCs and BMP-6. Six weeks after transplantation, qual-
itative assessments showed that only the iPSCs-BMP-6
hydrogel group demonstrated significantly greater bone
volume regeneration compared to the other groups. This
group also exhibited significantly higher trabecular num-
bers and similar improvements in the trabecular thick-
ness. New bone and cementum were observed in both the
BMP-6-only and BMP-6-hydrogel groups; however, only
the iPSCs-BMP-6 hydrogel group also promoted new
periodontal ligament (PDL) formation. Markers of osteo-
blasts (ALP), osteoclasts (TRAP), and PDL formation
(Masson’s trichrome staining) were all significantly
upregulated in the iPSCs-BMP-6 hydrogel group com-
pared to the other groups. Furthermore, inflammatory
cytokines (IL-8, TNF-á, and IL-1b) were significantly
downregulated in this group compared to the hydrogel-
only and BMP-6-hydrogel groups.14

Kiyota et al. investigated the application of BDNF on
an atelocollagen sponge and observed a significant
amount of new bone formation, adequate width of
periodontal ligament, and nearly complete coverage of
the denuded root surface with new cementum. In the
control group, periodontal tissue regeneration was insuf-
ficient. Additionally, the OPN expression in the defect
area and around the root surface was markedly higher
than in the control group.20

Biomaterials with a combination of growth factors

The use of the IMC/CGF scaffold by Yu et al. dem-
onstrated significant gains in new alveolar bone, cemen-
tum, and periodontal ligament compared to the control
groups. After 8 weeks, small amounts of incompletely
degraded scaffold were still present; however, the tissue
structure closely resembled that of natural periodontal
tissue. Two mesenchymal stem cell (MSC) recruitment
markers were highly expressed in the periodontal defects
of the CGF/IMC group at 4 weeks. At 8 weeks, markers
such as BMP2-positive cells, OCN-positive cells,
VEGFR1 (a marker of angiogenesis), TGF"1 (a marker
for cell proliferation, differentiation, and ECM synthe-
sis), and Smad3 (an intracellular signalling molecule ac-
tivated by TGF"1) were all significantly higher in the
CGF/IMC group compared to the control group.16

Sowmya et al. utilized CEMP1 for the cementum
layer, FGF2 for the PDL layer, and PRP for the alveolar
bone layer. They demonstrated that a tri-layered scaffold,

with each layer containing a specific GF that defined the
anatomical tissue of the periodontal complex, was effec-
tive in complete periodontal regeneration, wound heal-
ing, and defect closure with the formation of cancellous
tissue. Significant increases in the new tissue formation
were observed compared to the other groups.13

In the study by Ding et al., a core/shell structure al-
lowed for the initial release of FGF, followed by the re-
lease of BMP2. At 8 weeks, significantly more bone was
formed compared to the other groups, and cementum tis-
sue was observed, which was not seen in the other
groups. Furthermore, the angulations in the native liga-
ment tissue and the PLLA/PLGA with GFs were very
similar. This group also showed higher ALP expression
after 1 and 2 weeks, and higher OCN expression after 4
and 8 weeks of bone repair. The expression of collagen
type I (Col I – the most common bone matrix collagen
that plays a vital role in bone formation and structure)
followed trends similar to the OCN expression.12

Hua et al. used a triphasic PLA/PCL/chitosan scaf-
fold with GFs, resulting in a higher mineralized bone
volume and collagen density than in the control group.
The deposition of newly formed hyperchromatic cemen-
tum-like tissue around the root surface was also ob-
served. BMP2 staining in the triphasic scaffold with GFs
indicated that this group had the best osteoinductive ca-
pacity and periodontal repair efficacy. BMP2 staining
was significantly positive in both triphasic scaffold
groups.15

Zhang et al. used a bioactive glass scaffold loaded
with adenoviruses for BMP and PDGF, which resulted in
periodontal tissue formation that was significantly
greater than in the controls. Scaffolds containing
adPDGF-B demonstrated significant new formation of
the periodontal ligament (PDL), achieving 70 % of the
original height, with no extra alveolar bone gain. Scaf-
folds containing adBMP7 resulted in greater new bone
formation but with little vertical height increase. Scaf-
folds containing both adPDGF-B and adBMP7 led to
PDL regeneration that approached 90 % of its original
height, along with controlled regeneration of both alveo-
lar bone and cementum (9).

Huang et al. similarly showed that a biphasic scaffold
with GFs (BBS with EMD-BMP-2) had potential for re-
constructing the alveolar ridge, periodontal ligament, and
cementum. BBS demonstrated significantly greater
osteogenesis (P < 0.01) and earlier defect fill (P < 0.05)
compared to the monophasic bone scaffold (BH). While
cementum thickness was not significantly different be-
tween BH- and BBS-treated sites, the coverage of a func-
tionally graded membrane (FGM) consisting of
PDGF/PLLA nanofibers on a conventional membrane re-
sulted in significantly thicker newly formed cementum in
the BBS-FGM group compared to the BCS-FGM group
(BBS scaffold without GFs). Ligament-like fibers were
obliquely inserted into the root surface in the BBS-CM
and BBS-FGM groups, while they were parallel to the
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root surface in the other groups. The combination of
FGM and BBS provided limited additional benefits.19

Complications

No studies reported complications related to material
application, such as ankylosis, or root resorption. Epithe-
lial downgrowth was rarely seen in the study by Momose
et al. in the hydrogel scaffold with FGF-2 treatment,11

and was not reported in other studies.

4 DISCUSSION

5.1 Primary biomaterials

Using monophasic primary biomaterials for perio-
dontal tissue engineering is simple and cost-effective, es-
pecially when composed of a single component.
Atelocollagen sponge, made from type I collagen, is
biocompatible and widely used in clinical practice for
wound healing. Momose et al. combined collagen
sponge with collagen hydrogel to retain more material in
periodontal defects.11 Hydroxypropyl cellulose (HPC), a
cellulose derivate used by Anzai et al. and Nagayasu
Tanaka et al., is biocompatible, water-soluble, adhesive,
and highly viscous, making it practical for medical use.
Matsuse et al. utilized �-TCP, a thermodynamically sta-
ble and degradable material with potential as a
space-making scaffold and drug delivery system due to
its porous structure that promotes blood vessel formation
and progenitor cell harboring.10 Zhang et al. developed a
monophasic mesoporous scaffold from bioactive glass
and silk fibrin, effective for delivering adenovirus-loaded
growth factors. Our study demonstrates that hydrogels
are among the most commonly used materials.
Hydrogels, which are cross-linked polymer carriers, are
easy to prepare and handle since they are injectable, and
suit irregular periodontal defects.2,3 Chien et al. created a
thermosensitive chitosan/gelatin/glycerol hydrogel that
solidifies at body temperature, enabling 3D cell and
BMP7 immobilization and sustained release.14

Our study also confirms that multiphasic scaffolds
loaded with GFs can regenerate periodontal tissues effec-
tively and precisely, although their design is more com-
plex and costly. Common scaffold fabrication methods
include electrospinning for producing nanoscale struc-
tures, which allows good fiber alignment but limits vas-
cular and cell ingrowth,21 and cryogel techniques that
create macroporous, flexible structures, but with lower
surface area for adhesion and poorer control of fiber
alignement.22 Multiphasic scaffolds that combine nano-
and macroporous features can overcome these limita-
tions.

Huang et al. developed a bone-phase scaffold using
b-TCP/hydroxyapatite and dispersing it in gelatin with
cross-linkers at subzero temperatures. The gelatin mesh-
work redistributed bone phase to achieve favorable
interparticle distance that was beneficial for osteogenesis
and improved cell affinity, thereby promoting osteogenic

potential. The scaffold promoted osteogenesis and sus-
tained molecule release via gelatin degradation.19

Yu et al. highlighted the importance of precise mi-
cro/nano-architecture for spatial regulation, migration,
and orientation of cells, leading to the formation of dis-
tinct tissue phases. Their CGF/IMC biphasic scaffold
closely resembled natural periodontal tissues. The CGF
layer featured a periodontal ligament-like parallel struc-
ture that promoted endogenous stem cell migration and
alignment of new collagen fibers. The mineralized IMC
layer had a bone-like microstructure with uniform, inter-
connected pores that supported stem cell migration, vas-
cular ingrowth, and new bone formation.16

Furthermore, it is important that scaffolds exhibit suf-
ficient mechanical strength that promotes selective cell
repopulation, enables space/wound stability and prevents
undesirable tissue invasion. For example, PLA/PCL
nanofibers paired with chitosan hydrogel balance bio-
compatibility, exploit the mechanical strength of syn-
thetic biomaterial, and harness the antibacterial activity
of chitosan. Moreover, densely stacked electrospun
nanofibers on both sides of the triphasic scaffold simu-
late the lamellar structure of cementum and alveolar
bone while the chitosan hydrogel in the middle guides
PDL regeneration through a directional microporous
structure.15

Sowmya et al. created a three-layer porous scaffold
using chitin-PLGA blends and nBGC to target tis-
sue-specific regeneration by combining the advantages
of chitin, which provides ECM similarity, with those of
PLGA, which offers mechanical stability and slower
degradation. nBGC was added to the cementum and al-
veolar bone layers where mineralization was desired.13

Moreover, temporal release of multiple bioactive
agents is crucial for periodontal healing. Ding et al. fab-
ricated PLLA/PLGA core-shell fibers delivering GFs se-
quentially. PLGA was selected as the shell material be-
cause of its adjustable and faster degradation rate, while
PLLA was selected as the core material because of its
long degradation time. The fibrous framework further-
more mimicked the native ECM and provided a suitable
microenvironment for cell proliferation and differentia-
tion.12

5.2 Application of growth factors

FGF2 is a heparin-binding growth factor with strong
angiogenic and mitogenic effects on mesenchymal cells,
playing a key role in bone regeneration by stimulating
the proliferation and differentiation of undifferentiated
bone marrow cells.11 It also promotes the proliferation of
multipotent cells in the periodontal ligament, fibroblasts,
and vascular endothelial cells, and induces VEGF secre-
tion from PDL cells. These actions support new bone
formation, angiogenesis, and healing. Additionally,
FGF2 contributes to the regeneration of cementum and
the periodontal ligament.10
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Concentrated growth factor (CGF) and platelet-rich
plasma (PRP) are autologous platelet concentrates, with
CGF containing higher levels of growth factors.23 Rich in
TGF-b1, VEGF, PDGF-BB, IGF-1, and bFGF, CGF
plays a key role in tissue regeneration. PDGF-B pro-
motes cell proliferation (particularly in fibroblasts and
smooth muscle cells), angiogenesis and acts as chemo-
attractant. TGF-b1 supports the ligament-fibroblastic dif-
ferentiation of PDLSCs. Furthermore, TGF-b1 enhances
osteogenesis and angiogenesis through Smad3 signaling,
and upregulates downstream genes involved in osteo-
genesis and angiogenesis (BMP2, OCN, VEGFR-1).
This contributes to new bone and blood vessel formation
during periodontal tissue repair.16

Bone morphogenetic protein-2 (BMP-2) is a potent
promoter of bone formation. It supports Sharpey’s fiber
development and drives stem cells like MSCs, PDLSCs,
and DFSCs toward osteoblast and cementoblast differen-
tiation, aiding osteogenesis, cementogenesis, and PDL
realignment.11,14 BMP-6 also enhanced periodontal re-
generation in rat models, and in vitro, it was shown to in-
duce even stronger osteogenic differentiation than
BMP-2.14

Brain-derived neurotrophic factor (BDNF), vital for
neuron function, is also found in non-neural tissues, in-
cluding osteoblasts and immune cells. In periodontal tis-
sue, it promotes cementogenesis, increases osteopontin
(OPN) expression, stimulates gingival epithelial and
PDL cell growth, enhances fibroblast activity and has
anti-inflammatory effects. BDNF has a short half-life
and is easily degraded, which makes its delivery chal-
lenging. A collagen sponge has been identified as a suit-
able carrier to stabilize and deliver it effectively.20

In this paragraph, the combinations of growth factors
used in the mentioned studies are examined. Zhang et al.
explored the combination of a potent chemotactic growth
factor, PDGF-B, recruiting mesenchymal stem cells
(MSCs), with an osteoinductive growth factor, BMP7,
for their differentiation into osteoblasts. This combina-
tion demonstrated a synergistic effect in enhancing the
repair of periodontal defects.9 Sowmya et al. utilized
three different bioactive substances, each incorporated
into a distinct layer of a triphasic scaffold. CEMP1 was
used to promote cementogenesis, FGF2 facilitated
periodontium regeneration, and PRP supported alveolar
bone regeneration.13 In a study by Ding et al., the initial
release of FGF provided a sufficient number of recruited
cells and an angiogenic environment. The subsequent re-
lease of BMP2 activated osteogenic and cementogenic
differentiation and enhanced the formation of Sharpey’s
fibers.12 Chien et al. and Huang et al. used BMP in com-
bination with enamel matrix derivatives (EMD). In their
study, EMD supported cementogenesis and ligament fi-
ber formation, while BMP facilitated osteogenesis.13,18

Additionally, Huang et al. incorporated induced pluri-
potent stem cells (iPSCs) into an injectable hydrogel.
BMP served as an effective vehicle for cell delivery, ad-

dressing the issue of limited cell retention and survival.
iPSCs, known for their potential to generate patient-spe-
cific, multi-lineage functional cells and tissues without
immune rejection, further enhanced the regenerative ef-
fect. The combination of iPSCs with EMD showed better
outcomes compared to EMD alone, suggesting that
iPSCs and their microenvironment may play a key role in
periodontal tissue differentiation.19 Hua et al. employed
chitosan-stabilized bovine serum albumin (BSA)
nanoparticles to stabilize and deliver growth factors in a
controlled and sustained manner. BMP2 was used for
bone development, CEMP for cementum formation, and
CTGF for the periodontal ligament (PDL) component.15

6 CONCLUSION

In the last decade, various GF-loaded biomaterials
have been developed for periodontal tissue regeneration,
successfully demonstrating simultaneous regeneration of
periodontal ligament, alveolar bone and cementum on
animal models. The major challenge with most devel-
oped biomaterials is the expensive and time-consuming
fabrication process. Among new biomaterials, scaffolds
have been the most common choice as the primary
biomaterial, and the most frequently used growth factors
have been FGF and BMP. Scaffold-based, multi-GF
complex systems are desirable because the periodontium
is a highly complex and hierarchical structure. These ad-
vanced materials enable spatial and temporal regulation
of tissue regeneration, which may lead to improved tis-
sue organization and functional integration by better
mimicking the natural healing environment. Neverthe-
less, well-chosen single growth factor approaches deliv-
ered via appropriate biomaterial platforms can also result
in robust periodontal regeneration and therefore remain
effective and clinically relevant. Based on the available
evidence, the superiority of complex systems cannot be
confirmed, as the included studies exhibited substantial
heterogeneity in terms of animal models, defect configu-
rations, evaluation time points and tissue analysis meth-
ods. Only one study was a long-term trial that evaluated
tissue regeneration after 13 months, whereas all the other
studies were short-term. Thus, more long-term preclini-
cal trials are desirable. Some biomaterials that have been
tested on rats have yet to be evaluated on non-rodent spe-
cies animals. Other biomaterials are currently progress-
ing toward clinical trial testing. Additionally, only a
small number of studies included immunohistochemical
analysis, thus limiting the possibility to elucidate the un-
derlying biological mechanisms and to precisely evaluate
tissue maturation, cellular differentiation pathways,
angiogenesis, and functional integration of regenerated
tissues. Further studies incorporating such methods are
necessary to enhance the biological interpretation and
translational relevance of preclinical findings. A major
knowledge gap remains in the complete understanding of
basic biology of periodontal tissue repair and healing.
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Periodontal regeneration is a rapidly evolving, dynamic
field, with an enormous potential for research.

Acknowledgment

This systematic review is currently included in the
PROSPERO database of systematic reviews with its title
under ID 1105108. The author(s) declared no potential
conflicts of interest with respect to the research, author-
ship, and/or publication of this article. The author(s) re-
ceived no financial support for the research, authorship,
and/or publication of this article.

7 LITERATURE

1 M. Alqahtani, Guided Tissue and Bone Regeneration Membranes: A
Review of Biomaterials and Techniques for Periodontal Treatments,
Polymers (Basel), 15 (2023) 16, 3355, doi:10.3390/polym15163355

2 H. N. Woo, Y. J. Cho, S. Tarafder, C. H. Lee, The recent advances in
scaffolds for integrated periodontal regeneration, Bioact Mater, 6
(2021) 10, 3328–3342, doi:10.1016/j.bioactmat.2021.03.012

3 Y. Liang, X. Luan, X. Liu, Recent advances in periodontal regenera-
tion: A biomaterial perspective, Bioact Mater, 5 (2020) 2, 297–308,
doi:10.1016/j.bioactmat.2020.02.012

4 K. Hynes, D. Menicanin, J. Han, V. Marino, K. Mrozik, S. Gronthos,
P. M. Bartold, Mesenchymal stem cells from iPS cells facilitate
periodontal regeneration, J Dent Res, 92 (2013) 9, 833–9,
doi:10.1177/0022034513498258

5 S. S. Ghosh, P. Gopinath, A. Ramesh. Adenoviral vectors: a promis-
ing tool for gene therapy, Appl Biochem Biotechnol, 133 (2006) 1,
9–29, doi:10.1385/abab:133:1:9. PMID: 16622281

6 P. C. Chang, J. A. Cirelli, Q. Jin, Y. J. Seol, J. V. Sugai, N. J.
D’Silva, T. E. Danciu, L. A. Chandler, B. A. Sosnowski, W. V.
Giannobile, Adenovirus encoding human platelet-derived growth
factor-B delivered to alveolar bone defects exhibits safety and
biodistribution profiles favorable for clinical use, Human Gene Ther-
apy, 20 (2008), 486–496

7 P. Aprile, D. Letourneur, T. Simon-Yarza, Membranes for Guided
Bone Regeneration: A Road from Bench to Bedside, Adv Healthc
Mater, 9 (2020) 19, 2000707, doi:10.1002/adhm.202000707

8 M. J. Page, J. E. McKenzie, P. M. Bossuyt, I. Boutron, T. C.
Hoffmann, C. D. Mulrow et al., The PRISMA 2020 statement: an up-
dated guideline for reporting systematic reviews, BMJ, 372 (2021)
71, doi:10.1136/bmj.n71

9 Y. Zhang, R. J. Miron, S. Li, B. Shi, A. Sculean, X. Cheng, Novel
MesoPorous BioGlass/silk scaffold containing adPDGF-B and
adBMP7 for the repair of periodontal defects in beagle dogs, J Clin
Periodontol, 42 (2015) 3, 262–71, doi:10.1111/jcpe.12364

10 K. Matsuse, Y. Hashimoto, S. Kakinoki, T. Yamaoka, S. Morita,
Periodontal regeneration induced by porous alpha-tricalcium phos-
phate with immobilized basic fibroblast growth factor in a canine
model of 2-wall periodontal defects, Med Mol Morphol, 51 (2018) 1,
48–56, doi:10.1007/s00795-017-0172-9. PMID: 29079935

11 T. Momose, H. Miyaji, A. Kato, K. Ogawa, T. Yoshida, E. Nishida,
S. Murakami, Y. Kosen, T. Sugaya, M. Kawanami, Collagen
Hydrogel Scaffold and Fibroblast Growth Factor-2 Accelerate
Periodontal Healing of Class II Furcation Defects in Dog, Open Dent
J, 10 (2016), 347–359, doi:10.2174/1874210601610010347, PMID:
27583044, PMCID: PMC4974830

12 T. Ding, J. Li, X. Zhang, L. Du, Y. Li, D. Li, B. Kong, S. Ge,
Super-assembled core/shell fibrous frameworks with dual growth
factors for in situ cementum-ligament-bone complex regeneration,
Biomater Sci, 8 (2020) 9, 2459–2471, doi:10.1039/d0bm00102c,
PMID: 32191780

13 S. Sowmya, U. Mony, P. Jayachandran, S. Reshma, R. A. Kumar, H.
Arzate, S. V. Nair, R. Jayakumar, Tri-Layered Nanocomposite
Hydrogel Scaffold for the Concurrent Regeneration of Cementum,
Periodontal Ligament, and Alveolar Bone, Adv Healthc Mater, 6
(2017) 7, doi:10.1002/adhm.201601251, PMID: 28128898

14 K. H. Chien, Y. L. Chang, M. L. Wang, J. H. Chuang, Y. C. Yang, M.
C. Tai, C. Y. Wang, Y. Y. Liu, H. Y. Li, J. T. Chen, S. Y. Kao, H. L.
Chen, W. L. Lo, Promoting Pluripotent Induced Stem Cell-driven
Biomineralization and Periodontal Regeneration in Rats with
Maxillary-Molar Defects using Injectable BMP-6 Hydrogel, Sci Rep,
8 (2018) 1, doi:10.1038/s41598-017-18415-6

15 M. Hua, J. Xiang, J. Wu, W. Yang, Growth factors-encapsulated
triphasic scaffolds of electrospun polylactic acid–polycaprolactone
(PLA-PCL) nanofibrous mats combined with directionally
freeze-dried chitosan hydrogel for periodontal tissue regeneration,
Mater Adv, 4 (2023), 4798–4811, doi:10.1039/D3MA00465A

16 M. Yu, D. Luo, J. Qiao, J. Guo, D. He, S. Jin, L. Tang, Y. Wang, X.
Shi, J. Mao, S. Cui, Y. Fu, Z. Li, D. Liu, T. Zhang, C. Zhang, Z. Li,
Y. Zhou, Y. Liu, A hierarchical bilayer architecture for complex tis-
sue regeneration, Bioact Mater, 16 (2021) 10, 93–106,
doi:10.1016/j.bioactmat.2021.08.024, PMID: 34901532, PMCID,
PMC8636921

17 J. Anzai, T. Nagayasu-Tanaka, A. Terashima, T. Asano, S. Yamada,
T. Nozaki, M. Kitamura, S. Murakami, Long-term Observation of
Regenerated Periodontium Induced by FGF-2 in the Beagle Dog
2-Wall Periodontal Defect Model, PLoS One, 11 (2026) 7,
e0158485, doi:10.1371/journal.pone.0158485, PMID: 27391131,
PMCID: PMC4938520

18 T. Nagayasu-Tanaka, J. Anzai, S. Takaki, N. Shiraishi, A. Terashima,
T. Asano, T. Nozaki, M. Kitamura, S. Murakami, Action Mechanism
of Fibroblast Growth Factor-2 (FGF-2) in the Promotion of
Periodontal Regeneration in Beagle Dogs, PLoS One, 10 (2015) 6,
e0131870, doi:10.1371/journal.pone.0131870, PMID: 26120833,
PMCID: PMC4488280

19 R. Y. Huang, W. C. Tai, M. H. Ho, P. C. Chang, Combination of a
biomolecule-aided biphasic cryogel scaffold with a barrier mem-
brane adhering PDGF encapsulated nanofibers to promote
periodontal regeneration, J Periodontal Res, 55 (2020) 4, 529–538

20 M. Kiyota, T. Iwata, N. Hasegawa, S. Sasaki, Y. Taniguchi, Y.
Hamamoto, S. Matsuda, K. Ouhara, K. Takeda, T. Fujita, H.
Kurihara, H. Kawaguchi, N. Mizuno, Periodontal tissue regeneration
with cementogenesis after application of brain-derived neurotrophic
factor in 3-wall inflamed intra-bony defect, J Periodontal Res, 59
(2024) 3, 530–541, doi:10.1111/jre.13244, PMID: 38501357

21 F. Mukasheva, L. Adilova, A. Dyussenbinov, B. Yernaimanova, M.
Abilev, D. Akilbekova, Optimizing scaffold pore size for tissue engi-
neering: insights across various tissue types, Front Bioeng
Biotechnol, 12 (2024), 1444986, doi:10.3389/fbioe.2024.1444986,
PMID: 39600888, PMC11588461

22 Y. Ma, X. Wang, T. Su, F. Lu, Q. Chang, J. Gao, Recent Advances in
Macroporous Hydrogels for Cell Behavior and Tissue Engineering,
Gels, 8 (2022) 10, 606, doi:10.3390/gels8100606, PMID: 36286107,
PMCID: PMC9601978

23 E. Mijiritsky, H. D. Assaf, O. Peleg, M. Shacham, L. Cerroni, L.
Mangani, Use of PRP, PRF and CGF in Periodontal Regeneration
and Facial Rejuvenation—A Narrative Review, Biology (Basel), 10
(2021) 4, 317, doi:10.3390/biology10040317, PMID: 33920204,
PMCID: PMC8070566

U. ROMIH, R. SCHARA: GROWTH FACTOR LOADED BIOMATERIALS FOR PERIODONTAL TISSUE REGENERATION: ...

Materiali in tehnologije / Materials and technology 60 (2026) 2, 283–291 291


