
REVIEW
www.advancedscience.com

From Basic Science to Clinical Practice: A Review of Current
Periodontal/Mucogingival Regenerative Biomaterials

Angela De Lauretis, Øystein Øvrebø, Mario Romandini, Ståle Petter Lyngstadaas,
Filippo Rossi, and Håvard Jostein Haugen*

Periodontitis is a dysbiosis-driven inflammatory disease affecting the
tooth-supporting tissues, characterized by their progressive resorption, which
can ultimately lead to tooth loss. A step-wise therapeutic approach is
employed for periodontitis. After an initial behavioral and non-surgical phase,
intra-bony or furcation defects may be amenable to regenerative procedures.
This review discusses the regenerative technologies employed for periodontal
regeneration, highlighting the current limitations and future research areas.
The search, performed on the MEDLINE database, has identified the available
biomaterials, including biologicals (autologous platelet concentrates,
hydrogels), bone grafts (pure or putty), and membranes. Biologicals and bone
grafts have been critically analyzed in terms of composition, mechanism of
action, and clinical applications. Although a certain degree of periodontal
regeneration is predictable in intra-bony and class II furcation defects,
complete defect closure is hardly achieved. Moreover, treating class III
furcation defects remains challenging. The key properties required for
functional regeneration are discussed, and none of the commercially available
biomaterials possess all the ideal characteristics. Therefore, research is
needed to promote the advancement of more effective and targeted
regenerative therapies for periodontitis. Lastly, improving the design and
reporting of clinical studies is suggested by strictly adhering to the
Consolidated Standards of Reporting Trials (CONSORT) 2010 statement.
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1. Introduction

Periodontitis is a chronic multifactorial in-
flammatory disease associated with dys-
biotic dental biofilms and characterized
by progressive destruction of the tooth-
supporting apparatus.[1] It occurs when un-
treated gingivitis progresses to the loss of
the gingiva, bone, and periodontal liga-
ment, which creates the deep periodon-
tal “pockets” that are a hallmark of the
disease.[2]

If untreated, periodontitis may result in
extensive tooth loss, leading to masticatory
dysfunction and nutritional compromise,
aesthetic impairment, altered speech, low
self-esteem, and a poorer overall quality of
life.[3–5] In 2016, severe periodontitis ranked
as the 11th most prevalent condition world-
wide according to the Global Burden of
Disease Study.[6] The prevalence of peri-
odontal disease ranges from 20% to 50%
of the global population, with a notable in-
crease starting in the 30–40 age group.[7–9]

Furthermore, periodontitis has a signifi-
cant global impact, resulting in a cost of
54 billion USD of lost productivity and

3.5 million years lived with disability.[6,10] Risk factors for
periodontitis include smoking, diabetes, socio-economic de-
terminants, incorrect lifestyles, and genetic factors.[11–21] Apart
from its oral sequelae, periodontitis has been regarded as a
possible risk factor for several systemic diseases, including car-
diovascular diseases, diabetes, Alzheimer’s disease, respiratory
diseases, cancer, and even mortality.[7,22–30]

A step-wise therapeutic approach is employed for the treat-
ment of periodontitis.[31] After a behavioral and a non-surgical
phase, patients with Stage III-IV periodontitis may require surgi-
cal treatment, which may include interventions aimed at regener-
ating the original tissue and its functionality.[31–42] However, peri-
odontal regeneration is a complex process involving multiple tis-
sue types.[43] This requires differentiating several cell types in the
proper location and a highly coordinated spatiotemporal healing
response regulated by a biological signaling system.[3,5,43] Peri-
odontal regeneration is indicated for class II furcation defects and
intrabony defects> 3 mm (Figure 1) as it provides predictable and
clinically relevant results, even though complete defect resolu-
tion is hardly ever achieved.[43–46] Comparatively, the regeneration
of class III furcation defects currently remains challenging.[45–48]
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Figure 1. Representation of periodontal defects. A) Furcation defects: Class I (< 3 mm); Class II (≥ 3 mm, without encompassing the total furcation
width); Class III (total furcation width). B) Intrabony defects: 1-wall, 2-wall, and 3-wall according to the number of residual bony walls. C) Gingival
recession with root exposure.

Apart from treating periodontitis, regenerative strategies are also
employed for root coverage procedures to treat mid-buccal gingi-
val recessions, a highly prevalent condition associated with trau-
matic toothbrushing.[49–53]

This review aims to provide an overview of the current peri-
odontal regenerative technologies used in clinical practice, dis-
cussing their composition, mechanism of action, and applica-
tions to shed light on the limitations in the field and suggest areas
for future research.

2. Review of Regenerative Products in Periodontal
Regeneration

2.1. Platelet Concentrates

Platelet concentrates (PC) are autologous bioactive products
widely used in periodontal regeneration obtained from the cen-
trifugation of venous blood (Figure 2).[54] They are composed of
platelets, rich in growth factors, fibrin, which is the supporting
matrix, and in some cases, a cellular component is included,
mostly leukocytes.[55] To have beneficial effects, the concentra-
tion of platelets must be ≈106 per μL: lower concentrations are
not optimal, while higher concentrations have an inhibitory
effect.[56] Platelets contain different concentrations of growth
factors, namely primary fibroblast growth factor (FGF-2 or
bFGF), vascular endothelial growth factor (VEGF), insulin-like
growth factor-1 (IGF-1), transforming growth factor-𝛽 (TGF-
𝛽), and platelet-derived growth factor-BB (PDGF-BB).[55,57–59]

FGF-2 shows angiogenic action and promotes the prolifera-
tion of marrow-derived mesenchymal cells, with subsequent
differentiation into osteoblasts.[60] VEGF is pivotal in angio-
genesis, controlling endothelial cell proliferation, migration,
specialization, and survival.[55,61] IGF-1 positively regulates the
proliferation and differentiation of most cell types.[55,61] TGF-𝛽
stimulates fibroblast chemotaxis and the production of collagen

and fibronectin by cells, which improves fibrogenesis; moreover,
TGF-𝛽 promotes bone formation by stimulating osteoblast de-
position while inhibiting osteoclast formation.[55,61] PDGF-BB is
the first growth factor present in wound healing.[55,61] It regulates
angiogenesis, recruits mesenchymal stem cells, and favors the
proliferation of periodontal ligament fibroblasts.[56,62,63] Hence,
the main advantage of platelet concentrates is the delivery of mul-
tiple growth factors that work synergistically at the wound site.[55]

Furthermore, in vitro studies showed that human platelets are a
source of antimicrobial peptides, such as platelet factor 4 (PF-4),
connective tissue activating peptide 3 (CTAP-3), thymosin 𝛽−4
(T𝛽−4), platelet essential protein, fibrinopeptide A (FP-A) and B
(FP-B).[64] However, Yang et al. highlighted how PCs possess a
bacteriostatic action rather than a bactericidal one.[65]

2.1.1. First-Generation Platelet Concentrates

Platelet-rich plasma (PRP) is a first-generation PC with a high
platelet concentration but low natural fibrinogen.[66] It is ob-
tained through a two-step centrifugation procedure of venous
blood that requires the use of xenogenic thrombin and antico-
agulant: the first step is low-revolution spin (1300 rpm for 10
min) while the second is high-revolution spin (2000 rpm for 10
min).[54,59,66] PRP releases most growth factors in the first hours
and dissolves entirely after 3 days.[57,59] It has been demonstrated
in vitro to aid oral osteoblasts and gingival and periodontal lig-
ament fibroblasts, thus promoting periodontal regeneration.[55]

PRP can also be obtained in a leukocyte-rich form, referred to as
L-PRP: the presence of immune cells could further enhance the
antimicrobial properties, even though the major effect is believed
to be ascribable to platelets.[55,65] PRP has been used clinically
for periodontal regeneration, demonstrating improved clinical
outcomes.[67–70] Specifically, PRP combined with a 𝛽-tricalcium
phosphate graft (𝛽-TCP + PRP, Test group) showed significantly
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Figure 2. Preparation protocols of first-, second-, and third-generation platelet concentrates.

better performances than 𝛽-TCP alone (Control group) in intra-
bony defects after 36 weeks (Probing depth reduction – Con-
trol: 2.20 ± 0.21 mm, Test: 2.80 ± 0.25 mm; Clinical Attachment
Level Gain – Control: 1.10 ± 0.24 mm, Test: 1.80 ± 0.31 mm).[68]

The adjunctive benefit can be ascribed to both the release of
growth factors and PRP’s ability to stabilize the graft with its
sticky consistency.[68]

Nonetheless, the manufacturing process of PRP is costly
and involves biochemical modification, leading to various
drawbacks.[71] These include potential immune reactions from
xenogenic thrombin and interference of anticoagulants with
angiogenic and regenerative responses.[58,72] Additionally, PRP
should be prepared and used within a 4-hour timeframe, and it
offers only a short-term effect.[73] Consequently, PRP has been
less frequently employed in recent times.

2.1.2. Second-Generation Platelet Concentrates

To overcome the limitations of PRP, a second-generation PC,
platelet-rich fibrin (PRF), was introduced. Unlike PRP, PRF is
obtained with a single high-revolution spin centrifugation step
(3000 rpm for 10 min) of venous blood in a glass tube with-
out biochemical modification.[66,74] The main biological differ-
ence between PRP and PRF is polymerization. While in PRP
this is artificial, and there is extrinsic growth factor enmeshment,
in PRF the polymerization is natural with intrinsic growth fac-
tor enmeshment.[55] In PRF, this is possible thanks to the fib-
rinogen it contains, which is converted into fibrin under the in-
fluence of the physiologically available thrombin.[57] Moreover,
PRF releases growth factors over a more extended period (10
days) than PRP and has immunological benefits, which explains

why fewer post-operative infections have been reported after us-
ing PRF compared to PRP.[57,59] Similarly to PRP, PRF can be
found in a leukocyte-rich form (L-PRF), obtained by centrifuga-
tion of venous blood at 2700 rpm for 12 min.[66,71,75] Clinically,
PRF and L-PRF have been extensively applied to periodontal re-
generation, alone or in combination with other regenerative ma-
terials, with PRF particularly favoring soft tissue over hard tissue
regeneration.[70,72,76–107] In a randomized clinical trial on 3-wall
intra-bony defects, Sharma et al. found that PRF combined with
open flap debridement (OFD) yields significantly better results
than OFD alone for probing pocket depth reduction (PRF+OFD:
4.55 ± 1.87 mm; OFD: 3.21 ± 1.64 mm), clinical attachment
level gain (PRF + OFD: 3.31 ± 1.76 mm; OFD: 2.77 ± 1.44 mm)
and percentage bone fill (PRF + OFD: 48.26% ± 5.72%; OFD:
1.80% ± 1.56%).[101] The morphology of the defects involved has
also aided the benefits of PRF because the walls provide space
maintenance. Further histological data are needed to confirm the
ability of PRF to promote bone regeneration.[59,72]

2.1.3. Third-Generation Platelet Concentrates

It has been noted that the centrifugal force directly influ-
ences the PC composition: as the centrifugation speed de-
creases, growth factors and leukocyte release from the PRF clot
increases.[59,75,108,109] This led to the recently developed third-
generation platelet concentrates, namely concentrated growth
factor (CGF), injectable platelet-rich fibrin (I-PRF), advanced
platelet-rich fibrin (A-PRF), and titanium platelet-rich fibrin
(T-PRF).

CGF is manufactured in a glass-coated plastic tube through
a centrifugation program involving 30 seconds of acceleration
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followed by 2700 rpm for 2 min, 2400 rpm for 4 min, 2700 rpm for
4 min, 3000 rpm for 3 min, and 36 s of deceleration.[59,110,111] Con-
cerning PRF, CGF has a denser and richer fibrin matrix, which
permits a slower release of growth factors.[59,110] Additionally,
CGF can release chemokines responsible for cell recruitment.[110]

I-PRF is obtained from the centrifugation of venous blood in
plastic tubes at 700 rpm for three minutes.[108] With this prepa-
ration protocol, there are more regenerative cells with a greater
concentration of growth factors, but the main component is fi-
bronectin, which promotes cellular growth when applied to root
surfaces.[57,71,108] The great advantage of I-PRF is its injectability,
which is given by the presence of fibrin-generating small clots
with dynamic gel properties.[57] I-PRF promotes an increased
rate of migration of fibroblasts and the expression of TGF-𝛽 and
PDGF-BB.[59,108] It affects the osteoblastic behavior and enhances
periodontal regeneration in the treatment of gingival recessions,
intra-bony defects, and furcation defects.[58,71,108]

A-PRF requires centrifugation of venous blood in a glass tube
at 1500 rpm for 14 min and has a more porous-like structure with
bigger interfibrous space than PRF.[108] Additionally, A-PRF in-
creases the expression of VEGF, which is advantageous for the
angiogenesis of the gingiva.[71,108]

T-PRF is obtained by centrifuging venous blood in medical-
grade titanium tubes at 2800 rpm for 12 min.[108] Titanium has
a higher hemocompatibility than glass, which leads to a firmer,
thicker, and more densely woven fibrin matrix than PRF.[108] A
strong fibrin structure is essential to delay the resorption time of
fibrin during wound healing, thus increasing the delivery time of
growth factors.[71,108] Moreover, T-PRF releases a higher concen-
tration of VEGF, PDGF-BB, TGF-𝛽 and IGF-1.[108]

Clinically, CGF is mainly used for hard tissue regeneration.[59]

Clinical trials indicate its superior efficacy to surgical pro-
cedures alone for alveolar ridge preservation and intra-bony
defects.[112,113] CGF has also been coupled with bone grafts, al-
though the combination did not yield further improvement con-
cerning the bone graft alone.[113,114] However, the benefits of this
combination are related to the number of residual bony walls: the
higher the number, the easier it is for CGF to promote cell prolif-
eration and differentiation required during wound healing.[113]

Yet few clinical studies on I-PRF, A-PRF, and T-PRF in peri-
odontal regeneration are available, and they failed to demonstrate
superiority over the control groups.[115–117] Therefore, further re-
search and long-term studies are needed to verify their beneficial
effect.

2.2. Bone Grafts

Bone grafts are widely used in periodontal regeneration as
structural frameworks for space maintenance with osteoconduc-
tive features that promote bone healing.[118] To achieve bone
regeneration, bone grafts must be integrated into the defect
site, including inflammation, revascularization, osteoinduction,
osteoconduction, and remodeling.[119] For this purpose, bone
grafts must mechanically support cells’ adhesion, growth, and
proliferation.[119] This is achieved with correct pore morphology,
interconnectivity, surface structure, and surface area to volume
ratio together with mechanical and chemical properties.[120] Ex-
amples of commercial bone grafts clinically used for periodontal

regeneration are listed in Table 1. Depending on the origin, bone
grafts can be classified as autografts, allografts, xenografts, and
alloplasts (synthetic).[118–120]

2.2.1. Autogenous Bone Grafts

Autogenous bone grafts (ABG) are obtained from the patients
themselves and are considered the gold standard for bone de-
fect repair because they are not immunogenic and show os-
teogenic, osteoconductive, and osteoinductive properties.[118–121]

However, autografting requires additional surgery, and there
can be issues with patient morbidity and a limited amount
of material available.[118–121] Furthermore, its fast resorption,
leading to a subsequent loss of the space-maintaining effect,
and concerns related to the possibility of external root resorp-
tion have been described.[122] Yet autografts have found clinical
applications.[82,104,123,124] A comparative clinical trial using either
PRF or ABG to treat 3-wall intra-bony defects demonstrated sta-
tistically significant improvements in probing depth (PRF: 3.20±
0.919 mm, ABG: 2.60± 0.843 mm) and radiographic defect depth
(PRF: 4.6 ± 0.7 mm, ABG: 4.1 ± 0.4 mm) after nine months.[82]

It should be noted that only the radiographic bone fill was sig-
nificantly different in the two groups, with better results for the
ABG group, probably due to the volume-filling capability of the
ABG.[82]

2.2.2. Allografts

Allografts, sourced from another human, prevent secondary
surgery in the patient.[118–121] Nonetheless, it should be consid-
ered that the tissue is not standardized because of the differences
in age, gender, and medical history of the donors; moreover, the
availability of the material is not ensured.[118–121] It is fundamen-
tal to adequately reduce the risk of rejection and disease trans-
mission of allografts.[125] Indeed, recently, using an allograft in
the USA led to disseminated tuberculosis to recipients, who ex-
perienced substantial morbidity and mortality.[125] Consequently,
proper freeze-drying and/or demineralization processes become
of paramount importance.[119] According to the treatment, allo-
grafts are referred to as freeze-dried bone allografts (FDBA), dem-
ineralized freeze-dried bone allografts (DFDBA), or demineral-
ized bone matrices (DBM).[121] The freeze-drying process reduces
the antigenicity, while the demineralization exposes the collagen
and the bone morphogenetic proteins (BMP), and provides an
osteoinductive potential.[121]

2.2.3. Xenografts

Xenografts are animal-derived bone grafts subjected to ther-
mal and chemical treatments to limit immunogenicity.[118–121]

Xenografts are primarily available, low-cost, and have os-
teoconductive properties; they also give predictable clinical
outcomes.[119–121] Yet xenografts face issues such as lack of viable
cells, immunogenicity, disease transmission, and variable resorp-
tion rate.[119–121] Bovine bone is the most common as it is consid-
ered the closest to the human bone after autografts, but there
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Table 1. Commercial bone grafts used clinically for periodontal regeneration.

Product Manufacturer Description Category Clinical studies

Bio-Oss Geistlich, Switzerland Deproteinized bovine heterologous bone, only mineral
component with Ca/P ratio equal to 2.03

Bovine xenograft [67, 77, 84, 91, 102,
113, 129–139]

Bio-Oss Collagen Geistlich, Switzerland 90% Geistlich Bio-Oss micro granules and 10% highly purified
porcine collagen

Bovine xenograft [140]

Tutodent Chips Tutogen Medical GmbH, Germany Particulate graft from cancellous bovine bone Bovine xenograft [83, 141]

Cerabone Botiss Biomaterials GmbH,
Germany

Pure bone mineral of bovine origin composed of hydroxyapatite Bovine xenograft [142–145]

ABM/PepGen P-15 Dentsply Sirona, USA Anorganic bovine-derived bone matrix combined with the
synthetic cell-binding peptide P-15

Bovine xenograft [146]

Bio-Gen graft Bioteck, Italy Mixture of cancellous and cortical bone granules of equine origin Equine xenograft [147]

THE Graft Purgo Biologics, Korea Porous inorganic bone material of porcine origin Porcine xenograft [136, 148, 149]

OraGRAFT LifeNet Health, USA Demineralized freeze-dried bone allograft combining 70%
mineralized ground cortical with 30% demineralized ground

cortical

Allograft [90, 150]

AlloGro AlloSource, USA Decalcified freeze-dried bone allograft with particle size
125–710 μm, made of human cortical powder

Allograft [151]

NovaBone Dental
Morsels

NovaBone Products, USA Calcium phosphosilicate synthetic material composed of SiO2,
Ca, Na2O, H and P

Synthetic graft [79]

Perioglas NovaBone Products, USA Granulated form of Bioglass 45S5 consisting of 45.0%w SiO2,
6.0%w P2O5, and 24.5%w CaO and Na2O, respectively

Synthetic graft [152–154]

Bone Ceramic Straumann AG, Switzerland Hydroxyapatite (60%) and 𝛽-tricalcium phosphate (40%) Synthetic graft [155, 156]

ProRoot MTA Dentsply Maillefer, Switzerland Oxide-based cement (60–90%) and bismuth trioxide (10–40%) Synthetic graft [69]

OsteoGen Federico Maggi S.r.l. Unipersonale,
Italy

Synthetic, granular, osteoconductive, and non-ceramic
crystalline forms of hydroxyapatite

Synthetic graft [157]

SyboGraf Eucare Pharmaceuticals, India Synthetic nanocrystalline hydroxyapatite in powder/granule form Synthetic graft [93, 98, 158, 159]

Ceros TCP granules Mathys European Orthopaedics,
Switzerland

Synthetic, osteoconductive bone substitute consisting of
𝛽-tricalcium phosphate

Synthetic graft [160]

Gem 21S Osteohealth, USA 𝛽-tricalcium phosphate and recombinant human platelet-derived
growth factor (rhPDGF-BB)

Synthetic graft [161]

MD05 Scil Technology and Ceraver Osteal,
France

Particulate porous 𝛽-tricalcium phosphate and recombinant
human growth/differentiation factor-5 (rhGDF-5)

Synthetic graft [162]

Frios Algipore Friadent GmbH, Germany Biological hydroxyapatite derived from porous-apatite of
lime-encrusted ocean algae

Synthetic graft [163]

Cytrans Granules GC Corporation, Japan Carbonated apatite granules Synthetic graft [164]

Fisiograft Ghimsa S.p.A., Italy Copolymer of polylactic and polyglycolic acids in a 50:50 ratio Synthetic graft [165]

are also bone grafts of porcine and equine origin.[119,120] Equine-
derived xenografts are remarkable for their ability to induce os-
teoblastic differentiation and angiogenesis while being remod-
eled by osteoclasts; porcine-derived xenografts possess a struc-
ture similar to human bone.[119]

Bio-Oss (Geistlich, Switzerland) is a bovine xenograft consid-
ered a leading product within the dental field, with extensive sup-
porting clinical evidence (Table 1). In a randomized split-mouth
clinical trial, Lekovic and colleagues showed that Bio-Oss can en-
hance the outcomes of periodontal regeneration in 2-wall and 3-
wall intra-bony defects when combined with PRF.[91] This combi-
nation resulted in a better radiographic bone fill than PRF alone
(Bio-Oss + PRF: 4.06 ± 0.87 mm; PRF: 2.21 ± 0.68 mm) but also
a more significant clinical attachment level gain (Bio-Oss + PRF:
3.82 ± 0.78 mm; PRF: 2.24 ± 0.73 mm) at 6 months, which was
statistically significant for both parameters.[91] This suggested
that Bio-Oss guarantees space for tissue regeneration promoted
by PRF, beyond osteoconductivity in 2- and 3-wall intra-bony de-

fects. Whether this is also sufficient for 1-wall intra-bony defects
is yet to be demonstrated.

2.2.4. Alloplasts

Synthetic bone grafts are synthetic substitutes that can be based
on polymeric or ceramic materials.[119–121,126,127] The great advan-
tage lies in the possibility of tuning the physicochemical proper-
ties of these materials.[121]

In periodontal regeneration, the commercial ceramic grafts are
typically composed of bioactive glass or calcium phosphate, such
as 𝛽-tricalcium phosphate (𝛽-TCP), hydroxyapatite (HA), bipha-
sic calcium phosphate (BCP).[119,121,127] However, oxide-based ma-
terials are also possible.[120]

Bioactive glasses consist of silica (SiO2), sodium oxide (Na2O),
calcium oxide (CaO), and phosphorus pentoxide (P2O5), with par-
ticle size ranging from 90 to 710 μm to 300–355 μm.[119,121,127]
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Table 2. Commercial hydrogels used clinically for periodontal regeneration.

Product Manufacturer Description Clinical studies

Emdogain Straumann AG, Switzerland 90% amelogenin plus other proteins such as ameloblastin, enamelin,
and tuftelin in an aqueous solution of propylene glycol alginate

[85, 86, 123, 130, 131, 137, 142,
143, 148, 155, 156, 194–196,

222, 243–248]

REGROTH Dental Kit Kaken Pharmaceutical CO., Ltd,
Japan

Recombinant human fibroblast growth factor (rhFGF-2) in a
hydroxypropyl cellulose carrier (3%)

[129, 139, 164, 201, 205, 206]

HyaDENT BG Bioscience GmbH, Germany Cross-linked HA—HA gel composed of a mixture of cross-linked (1.6%)
and natural (0.2%) hyaluronic acid

[149, 222]

Gengigel Ricerfarma, Italy Water, 7.5% xylitol and excipients, 0.8% Sodium hyaluronate with pH of
6.5 ± 0.5 (20 °C)

[158, 227, 232–234]

Ossigel Orquest, Inc., USA 4 mg mL−1 of Recombinant Human Fibroblast Growth Factor type 2
(rhFGF-2) in a sodium hyaluronate (MW 1.39 MDa) carrier

[235]

Aminogam Errekappa Euroterapici SpA, Italy Glycine, leucine, proline, and lysine within a sodium hyaluronate carrier [238, 241, 242]

Being bioactive, this material can form a strong bond between
the glass and the host bone through hydroxyapatite crystals.[119]

Moreover, bioactive glasses display exceptional biocompatibility,
adaptability to clinical features, and antibacterial properties.[128]

Within this category, Perioglas (NovaBone Products, USA) is a
well-established product (Table 1).

Calcium phosphates are interesting materials as they affect
the adsorption of extracellular matrix proteins on their surface,
thus promoting cell adhesion and tissue formation.[126] Specifi-
cally, calcium ions stimulate osteoblasts to promote bone regen-
eration while regulating bone resorption by osteoclasts.[126] In ad-
dition, phosphate ions affect the differentiation and growth of os-
teoblasts and inhibit osteoclasts’ differentiation. 𝛽-TCP resorbs
quickly and exhibits low immunogenicity, but the mechanical
properties are scarce.[126] Comparatively, HA possesses a compo-
sition and structure similar to native bone minerals and resorbs
more slowly.[121,126] To optimize the resorption rate, 𝛽-TCP and
HA can be mixed to obtain BCP, with a typical ratio of 40% 𝛽-
TCP and 60% HA.[119,126] This is the case for the commercial graft
Bone Ceramic (Straumann AG, Switzerland) (Table 1).

Nonetheless, ceramic-based materials tend to be brittle and do
not have predictable absorption.[120]

Although less common due to scarce cellular adhesion, al-
teration of mechanical properties, and release of acidic degra-
dation products, polymers can be used as bone grafts be-
cause of their biodegradability, biocompatibility, and tunable
properties.[120,121,126] This is the case for Fisiograft (Ghimsa
S.p.A., Italy), a copolymer of polylactic and polyglycolic acids in a
50:50 ratio (Table 1).

2.3. Hydrogels

Several hydrogels for periodontal regeneration are available on
the market (Table 2). Hydrogels are water and blood-absorbing
polymer networks that can function as a temporary extracellu-
lar matrix (ECM) to facilitate tissue regeneration.[166] The great
advantage of hydrogels is their biocompatibility, fluidity, and in-
jectability, as well as their ability to mimic the natural ECM with
the correct tuning of their properties.[167–169] Mainly, injectability
is a highly desirable feature in periodontal regeneration, given
the small size of the defects involved and the possibility of a

minimally invasive clinical intervention.[170] This can be achieved
with physically crosslinked, shear-thinning or thermosensitive
hydrogels.[171] To have functional periodontal regeneration, the
gel’s mechanical properties must remain consistent as bone re-
generation can occur only if there is stable spacing for the bone
to form.[172]

2.3.1. EMD

Enamel matrix derivative (EMD) is a purified acidic extract of
enamel matrix proteins derived from unerupted porcine tooth
buds, comprising 90% amelogenins and other proteins such as
ameloblastin, tuftelin, enamelin, and amelotin.[173] EMD mim-
ics biological processes during periodontal tissue growth, where
Hertwig’s epithelial root sheath cells deposit enamel matrix pro-
teins on the root surface, initiating cementogenesis.[174,175] In-
deed, EMD precipitates and adsorbs on denuded and condi-
tioned root surfaces and alveolar bony defects, forming a long-
lasting molecular scaffold complex that promotes periodontal
regeneration.[176,177] EMD has been commonly used in periodon-
tal regeneration for more than 25 years and is available com-
mercially under the name Emdogain (Straumann AG, Switzer-
land), which is supplied in a sterile propylene glycol alginate
(PGA) aqueous acidic solution.[170,173,178,179] PGA enhances EMD
precipitation, exposing periodontal ligament cells to the re-
established protein aggregate, and allowing matrix-cell interac-
tions to occur.[173,180]

Histological evidence supports EMD’s ability to regenerate
the various periodontal tissues.[181–184] However, its mecha-
nism of action requires further clarification.[178,185] It has been
shown that EMD significantly influences several cell types,
mediating cell attachment, spreading, proliferation, differentia-
tion, and survival.[178] In vitro and in vivo studies demonstrate
that EMD stimulates mesenchymal cell growth.[173] Specif-
ically, EMD favors mesenchymal cell growth over epithelial
cells.[174,186–189] Restricting epithelial cells is essential for re-
generating all periodontal tissues since periodontal ligament
cells, cementoblasts, and osteoblasts have a slower turnover
rate.[45] EMD also possesses angiogenic activity and favors
wound healing.[178] Overall, this can be associated with the direct
matrix-cell contact and with EMD stimulating the expression of
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transcription factors (Runx2 and Osterix), growth factors (TGF-𝛽,
BMP, VEGF, FGF-2, PDGF), cytokines (osteoprotegerin, IL-6),
and extracellular matrix constituents such as hyaluronan and
proteoglycans.[170,173,174,176,179,189–193] These biological agents are
involved in new alveolar bone, root cementum, and functional
periodontal ligament formation.[176,178,191]

Clinical trials have confirmed the efficacy of Emdogain in im-
proving the outcomes of periodontal regeneration.[85,86,156,194,195]

In a split-mouth randomized study, Bhutda and Deo demon-
strated the benefits of Emdogain combined with the conditioning
agent Prefgel (neutral formulation of 24% ethylenediaminete-
traacetic acid) and open flap debridement (OFD) when compared
to Prefgel and OFD for the treatment of 2-wall and 3-wall intra-
bony defects.[194] The clinical outcomes at five years and the ra-
diographic outcomes at one year were significantly better when
Emdogain was applied (probing pocket depth reduction: 3.84 ±
1.05 mm versus 1.92 ± 0.35 mm; clinical attachment level gain:
3.18 ± 0.87 mm versus 1.60 ± 0.54 mm; percentage radiographic
bone fill: 66.66 ± 7.8% versus 31.71 ± 4.1%).[194]

Despite the supportive clinical evidence, some clinical
trials indicate that Emdogain does not further improve
the mean clinical and radiographic outcomes in periodon-
tal regeneration.[123,137,142,143,148,155,196,197] Additionally, its
fluid nature causes fast degradation and loss of mechanical
properties.[86,198] This can lead to flap collapse and inhibit bone
regeneration, especially in deep defects with fewer supportive
bony walls.[86,178] Therefore, the combination of Emdogain with
different space-maintaining biomaterials has been proposed
to address this issue.[199] According to the systematic review
conducted by Matarasso and colleagues, one combination that
has displayed promising results is EMD combined with bone
grafts.[199] Compared to EMD alone, this combination has been
found beneficial for both soft and hard tissue metrics.[199]

2.3.2. REGROTH Dental Kit

REGROTH Dental Kit (Kaken Pharmaceutical Co., Ltd, Japan)
is a hydrogel formulation consisting of 0.3% recombinant hu-
man FGF-2 (rhFGF-2) in a 3% hydroxypropyl cellulose (HPC)
carrier.[164,200] It is supplied in two separate cartridges, with
lyophilized rhFGF-2 being mixed with the HPC carrier before
use.[164,200] The active ingredient, rhFGF-2, has a potent angio-
genic action and promotes the proliferation of undifferentiated
mesenchymal cells while keeping their pluripotency.[60,164,200,201]

In addition, it stimulates human periodontal ligament cells to
produce a wide range of extracellular matrix molecules and
VEGF.[200] Hydroxypropyl cellulose is a water-soluble polymer
that acts as a hydrogel scaffold.[202] Histological studies on ani-
mals have shown functional periodontal ligament formation with
new cementum deposition and bone formation after applying
rhFGF-2.[203,204] Clinical trials have extensively proven the effi-
cacy of REGROTH Dental Kit, improving both clinical and ra-
diographic outcomes.[129,139,164,201,205,206] Interestingly, the efficacy
of rhFGF-2 was not affected by patients’ age, sex, type of tooth,
and classification of bone defects.[206] Moreover, in a randomized
controlled clinical study on 2- and 3-wall intra-bony defects, RE-
GROTH Dental Kit (Group 1) was found to be superior to Emdo-
gain (Group 2) and OFD (Group 3) in radiographic bone fill after

36 weeks (Group 1: 34.37 ± 24.42%, Group 2: 23.29 ± 25.11%,
Group 3: 13.30 ± 20.60%).[206] Nevertheless, while the clinical at-
tachment level gain was higher when applying REGORTH Den-
tal Kit or Emdogain than OFD alone, there was no statistically
significant difference between Group 1 and Group 2 (Group 1:
2.70 ± 1.29 mm, Group 2: 2.30 ± 1.51 mm, Group 3: 1.70 ±
1.39 mm).[206]

REGROTH Dental Kit’s regenerative potential might be lim-
ited for severe intra-bony defects.[164,200] In these cases, the com-
bination with bone grafts has been investigated in clinical tri-
als, showing promising clinical and radiographic results.[129,164]

Particularly, in a randomized clinical trial Saito et al. tested RE-
GROTH Dental Kit combined with a xenogenic bone graft (Bio-
Oss, Geistlich, Switzerland) against REGROTH Dental Kit alone
for the treatment of intra-bony defects, revealing a significant
improvement in clinical attachment level gain from baseline
for both treatments (REGROTH Dental Kit + Bio-Oss: 3.16 ±
1.45 mm; REGROTH Dental Kit: 2.77 ± 1.15 mm) and a statis-
tically significant greater percentage bone fill in the bone graft
group (REGROTH Dent al Kit + Bio-Oss: 47.2%; REGROTH
Dental Kit: 29.3%) after 6 months (Figure 3).[129] It is notewor-
thy that, for both therapies, there was a significant improve-
ment between baseline and 3 months, but not between 3 and 6
months, except for the percentage of bone fill. This can suggest
that the benefit from rhFGF-2 can primarily be observed in the
short term through accelerated tissue regeneration. After 4 years,
the improvements in clinical and radiographic outcomes were
maintained.[139] Specifically, there were no statistically significant
differences in clinical attachment level between the groups, but
the bone graft group showed significantly improved radiographic
bone fill, plausibly because of its volume-filling capabilities.[139]

However, the graft material has not been subtracted in the anal-
ysis.

The available clinical trials have all demonstrated the safety
of REGROTH Dental Kit.[129,139,164,201,205,206] However, care must
be taken by clinicians since there is the possibility that apply-
ing the drug to a site containing tumour cells may promote their
proliferation.[200]

2.3.3. Hyaluronan-Based Hydrogels

Many of the gels available on the market are based on hyaluro-
nan, which can be either hyaluronic acid or a salt, such as sodium
hyaluronate.[207] The properties of hyaluronan can vary depend-
ing on the molecular weight and degree of crosslinking.[208,209]

However, hyaluronan is generally known for its hydrophilic, non-
adhesive, biodegradable, resorbable, anti-inflammatory, and im-
munosuppressive characteristics.[208] Moreover, hyaluronan has
been found to promote bone regeneration and play a role in an-
giogenesis and wound healing.[208–210] Additionally, periodontal
ligament (PDL) cells express the transmembrane glycoprotein
CD44, which is present during tooth development and serves
as the principal receptor for hyaluronic acid.[211–213] CD44 up-
regulates PDL cells’ proliferation and mineralization, and stud-
ies indicate that CD44 is involved in their contractility and mi-
gration in response to hyaluronic acid.[213,214] Also, hyaluronic
acid is present in the ECM of periodontal tissues, with a higher
concentration in the soft tissues than in the hard tissues.[210,215]
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Figure 3. Surgical procedures and outcomes. a–g) Test group (REGROTH Dental Kit + Bio-Oss). a) Preoperative radiograph. b) Baseline clinical view.
c) Intra-operative view. d) REGROTH Dental Kit + Bio-Oss application. e) Suturing. f) 6-month follow-up view. g) 6-month follow-up radiograph. h–n)
Control group (REGROTH Dental Kit). h) Preoperative radiograph. i) Baseline clinical view. (j) Intra-operative view. k) REGROTH Dental Kit application.
l) Suturing. m) 6-month follow-up view. n) 6-month follow-up radiograph. Reproduced with permission.[129] Copyright 2019, John Wiley & Sons Ltd.

These qualities make hyaluronan-based gels highly similar to the
ECM.[216] Scientific evidence supports the topical application of
these gels for treating gingivitis, and for non-surgical and surgi-
cal periodontitis treatment.[207,210,217–219]

HyaDENT BG: HyaDENT BG (Bioscience GmbH, Ger-
many) is a hydrogel formulation containing biotechnologi-
cally produced synthetic hyaluronic acid (MW = 1000 kDa)
cross-linked with butanediol diglycidyl ether (BDDE) and non-
crosslinked hyaluronic acid (MW = 2500 kDa) in a ratio 8:1 to
a total concentration of 18 mg mL−1.[149,220,221] The adjunct of
cross-linked hyaluronic acid slows down the resorption rate of
the gel, making it suitable for clinical use.[220] In vitro studies
have demonstrated the ability of hyaDENT BG to expand os-
teoprogenitor cells while keeping their stemness and enhanc-
ing the proliferative, migratory, and wound-healing properties
of gingival fibroblasts.[220,221] This makes it a beneficial ap-
proach to regenerative periodontal surgery. Clinical trials involv-
ing hyaDENT BG have been conducted.[149,222] In a randomized
clinical trial comparing hyaDENT BG to Emdogain in treating
intra-bony defects, Pilloni et al. observed statistically significant
improvements in clinical parameters at 24 months with respect
to baseline for both treatments (Figure 4).[222] However, Em-
dogain yielded superior results in probing pocket depth reduc-
tion (Emdogain: 4.5 ± 1.0 mm; hyaDENT BG: 3.3 ± 0.7 mm)
and clinical attachment level gain (Emdogain: 2.94 ± 1.12 mm;
hyaDENT BG:2.19 ± 1.11 mm), despite statistical significance
was only present for the former.[222] Yet the adsorption of EMD
onto the root surfaces might be negatively affected by the sur-
rounding blood contamination.[223] As such, hyaluronic acid

combined with surgical procedures may still represent a valu-
able alternative to Emdogain. In another trial on intra-bony de-
fects, Božíc and colleagues demonstrated that the combination
of hyaDENT BG with a porcine xenograft (THE Graft, Purgo Bi-
ologics Inc., Korea) resulted in significant clinical attachment
level gain and probing depth reduction.[149] Moreover, Guldener
and Lanzrein utilized hyaDENT BG combined with a subepithe-
lial connective tissue graft to treat gingival recession, achieving
positive results in terms of root coverage.[224,225] However, the
absence of control groups in the studies conducted by Božíc,
Guldener, and Lanzrein limits the comprehensive analysis of
their findings.[149,224,225]

Gengigel: Gengigel (Ricerfarma S.r.l., Milan, Italy) is a hy-
drogel available in two different formulations, namely Gengigel
oral gel (0.2% sodium hyaluronate, 7.5% xylitol, excipients) and
Gengigel Prof syringes (0.8% sodium hyaluronate, 7.5% xylitol,
excipients).[226,227] Hyaluronan is derived from S. equi and has
a molecular weight ranging from 1000 kDa to 1890 kDa.[215]

Adding xylitol to the formulation might contribute to the gel’s ef-
ficacy. Indeed, xylitol cannot be metabolized by the bacteria in the
oral cavity, which limits their growth.[228] Moreover, xylitol pos-
sesses an antiplaque effect, favors enamel remineralization, and
reduces gingival inflammation.[228]

Gengigel oral gel is primarily adopted for gingivitis and
non-surgical periodontal therapy combined with sub-gingival
instrumentation and has shown benefits for soft tissue
metrics.[226,229,230]

Gengigel Prof syringes, while have also been used in non-
surgical periodontal therapy, are mainly applied during surgical
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Figure 4. a–f) Control group (Emdogain). (a) Baseline radiograph view. (b) Baseline clinical view. (c) Intraoperative view. (d) Emdogain application.
(e) 24-month follow-up clinical view. (f) 24-month follow-up radiographic view. g–l) Test group (HyaDENT BG). (g) Baseline radiographic view. (h)
Baseline clinical view. (i) Intraoperative view. (j) HyaDENT BG application. (k) 24-month follow-up clinical view. (l) 24-month follow-up radiographic
view. Reproduced under terms of the CC-BY 4.0 license.[222] Copyright 2021, The Authors, published by Springer Nature.

periodontal therapy.[231] Clinical trials support their efficacy in
improving both clinical and radiographic outcomes.[158,227,232–234]

Gupta et al. showed that Gengigel Prof syringes used within an
OFD promote hard tissue metrics in treating class II furcation
defects compared to OFD alone.[234] However, it is difficult to
ascertain the individual contributions of xylitol and hyaluronan
to the regeneration process. Similarly, in a randomized clini-
cal trial, Mamajiwala and colleagues investigated the treatment
of 2-wall and 3-wall intra-bony defects in chronic periodonti-
tis patients using OFD with either Gengigel Prof syringes or a
placebo gel containing carboxymethylcellulose, xylitol, sodium
chloride, and water.[227] After 12 months, the authors found sta-
tistically significant improvements in clinical attachment level
gain (5.1 ± 0.7 mm vs 3.9 ± 0.9 mm), probing pocket depth
reduction (5.4 ± 1.1 mm vs 4.2 ± 0.6 mm), and radiographic
bone fill (5.67 ± 2.01 mm vs 4.49 ± 1.78 mm) when Gengigel
Prof syringes were applied.[227] The difference was even higher
if 3-wall intra-bony defects only were considered, which can be
simply attributed to the defect morphology. The placebo gel also
contains xylitol, so these effects can be attributed to hyaluronan.
These findings also align with those reported by Fawzy El-Sayed
and colleagues.[232] Additionally, the clinical studies conducted
by Selvaprakash and Bhowmik revealed that adding Gengigel
Prof syringes to bone graft materials further enhances the clini-
cal and radiographic outcomes, possibly because of better space-
maintaining properties.[158,233]

Ossigel: Ossigel (Orquest, Inc., Mountain View, CA, USA) is
a hydrogel containing 4 mg/ml of recombinant human fibrob-
last growth factor (rhFGF-2) in a sodium hyaluronate (MW =
1390 kDa) carrier.[235] Previous clinical trials by Kitamura have

demonstrated the effectiveness of rhFGF-2 in periodontal regen-
eration using REGROTH dental kit, which has a hydroxypropyl
cellulose carrier.[201,205] In contrast, Ossigel utilizes a hyaluronan
carrier due to the significant biological interactions and poten-
tial synergistic effects between hyaluronan and FGF-2.[235] Stud-
ies have shown that FGF-2 can stimulate hyaluronan produc-
tion in periodontal ligament cells.[236] Moreover, research on ba-
boons has revealed that this gel formulation promotes bone for-
mation during fracture healing.[237] To evaluate the efficacy of Os-
sigel in periodontal regeneration, a randomized clinical trial com-
pared its use in combination with open debridement and papilla
preservation flaps against the surgical procedure alone for treat-
ing intra-bony defects.[235] The group receiving Ossigel, exhibited
significantly better regenerative outcomes at 12 months, includ-
ing a higher gain in clinical attachment level (4.8 ± 0.2 mm vs
2.2 ± 0.5 mm) and reduction in probing pocket depth (5.5 ±
1.4 mm vs 2.9 ± 0.9 mm).[235] However, whether the observed
effect was to be primarily attributed to hyaluronan or rhFGF-2
cannot be definitively determined. Considering that FGF-2 has a
strong pharmacological action and is effective in periodontal re-
generation, it is plausible that its presence in Ossigel mainly con-
tributed to the clinical outcomes.[60,201,205] Further research could
provide additional insights into the regenerative capabilities of
this formulation in periodontology.

Aminogam: Aminogam Gingival Gel (Errekappa Euroter-
apici SpA, Milan, Italy) is a hydrogel formulation that contains
amino acids, specifically glycine, leucine, proline, and lysine,
within a sodium hyaluronate carrier.[238,239] Aminogam has been
found to have multiple beneficial effects on wound healing, ac-
celerating the healing process, promoting the proliferation of
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 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202308848 by U

niversity O
f O

slo, W
iley O

nline L
ibrary on [21/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Table 3. Commercial bone putties used clinically in periodontal regeneration.

Product Manufacturer Description Clinical studies

NovaBone Putty NovaBone Products, USA Bioactive Glass (calcium phosphosilicate synthetic material composed of SiO2,
Ca, Na2O, H, and P) plus polyethylene glycol and glycerine as additives

[81, 106, 107, 154, 159,
163, 251]

C-Blast Putty Citagenix Inc, Canada Osteoinductive Demineralized Bone Matrix with osteoconductive cancellous
bone particles in a carboxymethyl cellulose carrier

[253]

MaxResorb Inject Botiss Biomaterials GmbH,
Germany

Water-based paste containing 16.5% of nano-hydroxyapatite particles and
biphasic granules (HA/𝛽-TCP in a 60:40 ratio)

[138, 145]

DBX Putty MTF Biologics, USA Granulated allogenic cortical bone (31% wt.) in a 4% sodium hyaluronate
carrier with a pH of 7.2

[255]

Ostim Heraeus Kulzer, Germany 35% nanocrystalline hydroxyapatite particles in aqueous dispersion [243, 262, 265, 266]

MinerOss Putty Biohorizons Implant Systems
Inc., USA

Freeze-dried allogenic mineralized cortical and cancellous chips along with
demineralized cortical fibers in a 50:50 ratio, encapsulated within a natural

allograft collagen carrier.

–a)

RegenerOss Allograft
Putty Plus

ZimVie, USA Cortical demineralized bone matrix (28%) and cancellous mineralized bone
chips (20%) within a lecithin carrier

–a)

a)
Lack of clinical studies.

fibroblasts, stimulating angiogenesis and the release of VEGF
by fibroblasts, and enhancing the expression of TGF-𝛽 and IL-
6.[239–241] Amino acids play a significant role in wound healing
by contributing to collagenogenesis and forming the extracellular
matrix.[239] Additionally, hyaluronan and its degradation products
are known for their anti-inflammatory effects and their support
of angiogenesis.[239,240] A controlled clinical study by Cosola et
al. demonstrated that Aminogam can reduce swelling and pain
in the soft tissues after tooth extraction.[242] In a randomized
split-mouth clinical trial conducted by Bevilacqua et al., eleven
patients with chronic periodontitis were treated with ultrasonic
mechanical instrumentation either alone (Control group) or in
combination with the subgingival application of Aminogam (Test
group).[238] After 90 days, the probing pocket depth reduction was
significantly greater in the test group (6.14 ± 0.44 mm to 4.64 ±
0.54 mm) than in the control group (from 6.36 ± 0.50 mm to
5.36 ± 0.57 mm), suggesting that Aminogam is effective in soft
tissue regeneration.[238] Nonetheless, it should be considered that
the clinical literature about Aminogam is scarce.

2.4. Bone Putties

Hydrogels typically have scarce space-maintaining properties,
which can limit the bone regeneration of periodontal defects.[172]

Therefore, they are often coupled with bone grafts in the
clinics.[249] An alternative approach would be to have regenera-
tive products in putty form, namely particulate bone grafts in an
absorbable binder.[106,107,250] Indeed, the particle phase augments
the graft solidity and the physical properties, thus facilitating the
placement of the product into the defect and allowing it to re-
main firm.[81,163,250] Furthermore, the voids between the particles
permit fast vascularization and bone ingrowth.[163] Commercial
putties used for periodontal regeneration are listed in Table 3.

2.4.1. NovaBone Putty

NovaBone Putty (NovaBone Products, USA) is a regenerative
product composed of bioactive glass with additives such as

polyethylene glycol and glycerine exhibiting osteostimulatory
and osteoconductive properties.[81,106,107,154,159,163,251] The bioac-
tive glass is present in two different dimensional phases, namely
90–710 μm and 32–125 μm, and is composed only of ele-
ments that are present naturally in native bone, i.e., calcium,
phosphorous, sodium, silicon, and oxygen.[81,106,163] Bioactive
glass can release biologically active soluble Si4+ and Ca2+ ions,
which stimulate bone growth and can enhance the secretion of
VEGF while retarding the growth of epithelial tissue.[107,163,252]

The additives improve the handling and efficacy in clinical
applications.[81,107,154,251]

Clinical trials involving NovaBone Putty have demon-
strated its regenerative capabilities in soft and hard
tissue.[81,106,107,154,159,163,251] However, one study conducted by
Asmita and colleagues suggests that NovaBone Putty produces
statistically similar results for the particulate form Perioglas
(NovaBone Products, USA) when used for class II furcation
defects.[154] Specifically, the mean resolution in vertical defects
at 6 months was 50.48 ± 16.47% for Perioglas and 43.48 ±
9.33% for NovaBone Putty.[154] On the other hand, Bembi et al.
found that NovaBone putty outperforms the hydroxyapatite bone
graft Frios Algipore (Friadent, Germany) in treating intra-bony
defects.[163] In contrast, Koduru et al. reported that the nanohy-
droxyapatite bone graft Sybograf (Eucare Pharmaceuticals,
India) was slightly superior to NovaBone Putty.[159] Despite the
heterogeneity of these clinical trials, they all showed significant
improvements when NovaBone Putty was used compared to
the baseline. On the whole, NovaBone putty is deemed an
established regenerative technology in periodontitis treatment,
but further investigations and long-term studies are necessary
to understand its potential benefits and limitations fully.

2.4.2. C-Blast Putty

C-Blast Putty (Citagenix Inc, Canada) comprises a demineralized
bone matrix in a carboxymethyl cellulose carrier.[253] DBM is an
allograft sourced from approved tissue banks with osteoconduc-
tive and osteoinductive properties.[253] To prepare the DBM, an
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Figure 5. Bone biopsy at six months after augmentation. BM = biomaterial; NB = newly formed bone; ST = soft tissue; No filling triangles = osteocytes;
Black filling triangles = osteoblasts; black filling arrows = residual particles of BM. A) MaxResorb Inject. The BM is in direct contact with NB and ST.
NB formation begins at the boundary between the BM and the defect. Osteoblasts were detected at the boundary between BM and NB. The remaining
granules are integrated into the NB. B) Cerabone. The NB is rich in osteocytes. Osteoblasts were detected at the interface between BM and NB. NB
surrounds residual particles of BM. The ST mainly contains fibroblast. Reproduced under terms of the CC-BY 4.0 license.[145] Copyright 2022, The
Authors, published by MDPI.

acidic solution is used to remove the mineral components while
retaining collagen, non-collagen proteins, osteoinductive growth
factors (such as bone morphogenetic proteins), and 1%−6%
residual calcium phosphate mineral, along with traces of cell
debris.[250] Additionally, the acidic treatment eliminates the orig-
inal cells and eventual bacteria in the allogenic bone, reducing
the risk of an immune response.[250] The carboxymethyl cellulose
carrier is added to achieve putty consistency, enabling easy mold-
ing and optimal adaptation of the material to the defect site while
maintaining its compactness.[250] A randomized clinical trial con-
ducted by Temraz and colleagues investigated the effectiveness
of combining OFD with either C-Blast Putty or an amnion chori-
onic membrane (ACM) for treating intra-bony defects.[253] At 6
months, the clinical and radiographic outcomes improved sig-
nificantly for both groups, including bone defect area change
(ACM: 5.17 ± 3.29 mm2; C-Blast Putty: 4.45 ± 3.57 mm2), clini-
cal attachment level gain (ACM: 2.25 ± 0.75 mm; C-Blast Putty:
2.73 ± 0.85 mm) and probing pocket depth reduction (ACM:
3.18 ± 0.85 mm; C-Blast Putty: 3.45 ± 1.08 mm).[253] No statisti-
cal differences were observed between the groups in any of these
parameters, indicating the comparable clinical efficacy of these
materials.[253] However, most of the defects in the studies in-
cluded 2-wall and 3-wall intra-bony defects: their morphology can
help to prevent membrane collapse, thus ensuring stable spacing
and promoting bone regeneration. Therefore, the putty still ap-
pears to be an attractive option, especially if the destruction of
periodontal tissues is more extensive. Nonetheless, further clin-
ical data on C-Blast Putty are needed to evaluate its efficacy in
periodontal regeneration properly.

2.4.3. MaxResorb Inject

MaxResorb Inject (Botiss Biomaterials, Germany) is an in-
jectable paste obtained from a water-based gel containing nano-
hydroxyapatite particles and biphasic granules.[138,145] The gran-
ules contain hydroxyapatite and 𝛽-tricalcium phosphate in a

60:40 ratio, accounting for 16.5% of the paste.[138,145] 𝛽-TCP is
quickly resorbed, allowing for its substitution and formation of
new bone by releasing calcium and phosphate ions, while HA
resorbs slowly and provides graft stability.[138,254] In a random-
ized clinical trial, MaxResorb Inject was tested against a bovine
xenograft (Cerabone, Botiss Biomaterials, Germany) in alveo-
lar ridge preservation after tooth extraction.[145] The histomor-
phometric analysis showed that, in both groups, bone growth
started at the boundaries between the biomaterial and the pris-
tine bone and there was no inflammatory reaction after 6 months
(Figure 5).[145] There were similar results for new bone formation
(MaxResorb Inject: 26.47 ± 14.71%, Cerabone: 30.47 ± 16.39%)
and residual biomaterial (MaxResorb Inject: 13.1 ± 14.07%, Cer-
abone: 17.89 ± 11.81%).[145] Moreover, statistically significant im-
provements were found for the soft tissue percentage (MaxRe-
sorb Inject: 60.43 ± 12.73%, Cerabone: 51.64 ± 14.63%).[145]

In a similar trial, Tomas et al. found that MaxResorb In-
ject (Test group) and the bovine xenograft Bio-Oss (Geistlich,
Germany – Control group) yield comparable results, not only
for newly formed bone (Test: 39.91 ± 8.49%, Control: 41.73 ±
13.99%) and residual biomaterial (Test: 28.61% ± 11.38%, Con-
trol: 31.72% ± 15.52%) but also for the soft tissue percentage
(Test: 31.49% ± 11.09%, Control: 26.54% ± 7.25%).[138] These
results indicate that MaxResorb Inject is a valid alternative to
xenografts like Bio-Oss and Cerabone, which are widely em-
ployed in periodontology with performances close to autogenous
bone.

2.4.4. DBX Putty

Demineralized bone matrix – DBX Putty (MTF Biologics, USA)
comprises granulated allogenic cortical bone (31% by weight) in
a 4% sodium hyaluronate carrier with a pH of 7.2.[255,256] Sodium
hyaluronate plays a pivotal role in cellular proliferation, mi-
gration, and adhesion and angiogenesis.[257,258] In vitro studies
have proved the enhancement of osteogenic differentiation and

Adv. Sci. 2024, 2308848 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2308848 (11 of 22)

 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202308848 by U

niversity O
f O

slo, W
iley O

nline L
ibrary on [21/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

alkaline phosphatase activity with DBX Putty application.[259]

However, in vitro and animal models highlighted that while DBX
Putty is osteoconductive, it shows variable osteoinductivity.[260,261]

This can be ascribed to the donors’ variability, translating into
less predictable clinical outcomes.[260] Nonetheless, a random-
ized clinical trial on periodontal intraosseous defects showed
that DBX Putty can improve both hard and soft tissue parame-
ters and compared the results with those obtained with DFDBA
(Control group) and DBX paste (26% bone content paste in
2% sodium hyaluronate – MTF Biologics, USA).[255] After six
months, probing pocket depth reduction (DFDBA: 2.8 ± 1.8 mm,
DBX Paste: 3.6 ± 1.5 mm, DBX Putty: 2.3 ± 1.3 mm), clinical
attachment level gain (DFDBA: 2.4 ± 1.8 mm, DBX paste: 2.9 ±
1.9 mm, DBX Putty: 1.6 ± 1.1 mm) and bone fill (DFDBA: 2.2 ±
1.8 mm, DBX paste: 2.0 ± 1.6 mm, and DBX putty: 2.4 ± 1.0 mm)
improved significantly with respect to baseline, even though
there were no significant differences among the groups.[255] Due
to the lack of histological data, it is impossible to draw a definite
conclusion about the regenerative capabilities of DBX Putty and
DBX Paste, even though it is plausible that they would have
histological outcomes similar to the DFDBA.

2.4.5. Ostim

Ostim (Heraeus Kulzer, Germany) is a nanocrystalline hydrox-
yapatite paste including 35% nanoscopic apatite particles in an
aqueous dispersion.[243,262] An in vitro study on human periodon-
tal ligament cells demonstrated that Ostim stimulates cell pro-
liferation, with the mitogenic effect being activated by the epi-
dermal growth factor receptor (EGRF) and its downstream tar-
gets ERK1/2 and Akt.[263] Although significant, the proliferation
with Ostim was lower when compared with Emdogain.[263] This
is due to the different molecular features of Ostim and Emdo-
gain, which mediate cell proliferation and adhesion through dif-
ferent routes.[264] An experimental study in humans showed that
Ostim increases the synthesis of bone morphogenetic proteins
(BMP-4 and BMP-7), alkaline phosphatase, and osteocalcin, thus
improving bone regeneration.[262] Moreover, Ostim enhances an-
giogenesis and epithelialization by increasing the vascular en-
dothelial growth factor (VEGF).[262] In a randomized split-mouth
clinical trial, 2-wall intra-bony defects were treated with papilla
preservation flap surgery alone (Control group) or in combina-
tion with Ostim (Test group).[265] After six months, there were sta-
tistically significant higher probing pocket depth reduction (Test:
4.3± 1.6 mm; Control: 2.9± 1.1 mm) and probing bone level gain
(Test: 4.3 ± 1.4 mm; Control: 2.6 ± 1.4 mm) in the group treated
with Ostim.[265] In a similar study, Ostim combined with OFD
was tested against OFD alone for treating intra-bony defects.[266]

At six months, there was a significant improvement in prob-
ing pocket depth reduction (Test: 3.9 ± 1.2 mm; Control: 2.6 ±
1.3 mm) and clinical attachment level gain (Test: 3.6 ± 1.6 mm;
Control: 1.8 ± 1.2 mm) in the Ostim group.[266] In another ran-
domized clinical trial using a parallel group design, Ostim was
compared to Emdogain for treating intra-bony defects at 6 and 12
months.[243] At 12 months, both treatments provided significant
improvements in bone levels (Ostim: 1.6 ± 1.2 mm; Emdogain:
1.6 ± 1.3 mm) and probing pocket depth reduction (Ostim: 2.6 ±
1.8 mm; Emdogain: 3.2 ± 1.8 mm) compared to baseline, with no

statistically significant differences between the two groups.[243]

However, the extent to which the enhancement of clinical pa-
rameters resulting from applying the nanocrystalline hydroxyap-
atite paste indicates regeneration of periodontal tissues remains
uncertain.[267]

2.4.6. MinerOss Putty

MinerOss Putty (Biohorizons Implant Systems Inc., USA) con-
sists of a blend of freeze-dried allogenic mineralized cortical and
cancellous chips along with demineralized cortical fibers.[268,269]

These components are in a 50:50 ratio and encapsulated within
a natural allograft collagen carrier.[269] A randomized clinical
trial aimed to evaluate the efficacy of a combination of miner-
alized and demineralized allograft compared to a mineralized
allograft for alveolar ridge preservation.[270] The results showed
that the group treated with a combination of mineralized and
demineralized allograft (Test group) exhibited a significantly
higher rate of new bone formation (36.16% ± 11.91%) compared
to the group treated with solely mineralized freeze-dried bone
allograft (Control group), which had a lower rate of new bone
formation (24.69% ± 15.92%).[270] Additionally, the Test group
demonstrated a significantly lower percentage of residual graft
material (18.24% ± 12.47%) than the Control group (27.04% ±
13.26%).[270] Although MinerOss graft demonstrates osteo-
conductive properties, previous studies have indicated limited
stability and space-maintaining capabilities.[268] Consequently,
combining it with a carrier to achieve a putty-like consistency
could offer advantages for its clinical application, but no clinical
data are currently available for MinerOss Putty in periodontal
regeneration.

2.4.7. RegenerOss Allograft Putty Plus

RegenerOss Allograft Putty Plus (ZimVie, USA) combines cor-
tical demineralized bone matrix (28%) and cancellous mineral-
ized bone chips (20%) within a lecithin carrier.[271] The deminer-
alized bone matrix (DBM) used in the product is manufactured
and supplied by LifeLink Tissue Bank, which holds certification
from the American Association of Tissue Banks.[271] DBM is a
biomaterial well-known for its osteoconductive and osteoinduc-
tive properties.[250] The putty consistency of RegenerOss Allograft
Putty Plus enhances its handling characteristics, and the inclu-
sion of the carrier has the potential to improve its osteoinductivity
further.[272] At present, ZimVie has chosen not to publish clinical
studies associated with RegenerOss Allograft Putty Plus, so the
information remains limited.

3. Discussion

With the growing demand for effective treatment options in
periodontitis, regenerative products have emerged as promis-
ing tools, showcasing their potential to promote periodontal re-
generation. An ideal regenerative product for periodontal re-
generation should, in principle, possess volume-filling proper-
ties, restrict epithelial cells, and possibly hinder new biofilm
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formation.[2,45,172] This would help prevent periodontitis progres-
sion and achieve regeneration of all periodontal tissues.

Among the regenerative products, Emdogain is commonly
used due to extensive supporting clinical evidence.[85,86,156,194,195]

Despite this, some clinical trials have highlighted how Em-
dogain does not further improve clinical and radiographic
outcomes.[123,137,142,143,148,155,196,197] Additionally, Emdogain does
not meet all the requirements of an ideal periodontal regen-
erative material, as it might degrade fast and lead to flap col-
lapse, thus hindering bone regeneration.[86,198] Moreover, its ad-
sorption on root surfaces might be negatively influenced by the
surrounding blood, which has to be minimized during surgical
procedures.[223]

A potential alternative to Emdogain is the REGROTH dental
kit, which has shown superior efficacy in clinical trials conducted
by Kitamura.[206] However, the same research group carried out
all the clinical trials on REGROTH dental kit.[201,205,206] Therefore,
further studies involving multiple centres and long-term obser-
vations are necessary. Moreover, REGROTH dental kit is a medic-
inal product that has only been approved by the Japanese Health
Authority, i.e., the Pharmaceuticals and Medical Devices Agency,
and it is not available worldwide.[273] In comparison, Emdogain
is a medical device associated with a significantly lower devel-
opment cost.[274,275] Hence Emdogain might still provide greater
health value (health benefit divided by product cost) than RE-
GROTH dental kit.

Hyaluronic acid-based products are now emerging as a clini-
cally relevant treatment alternative due to the material’s intrinsic
regenerative potential.[210] However, the clinical trial by Pilloni
et al. demonstrated that the performance of hyaDENT BG falls
short of that of Emdogain.[222] Furthermore, there is currently no
study comparing the efficacy of Gengigel to Emdogain. The clin-
ical literature on hyaluronan hydrogels, particularly Ossigel and
Aminogam, remains limited, making it difficult to evaluate their
potential for periodontal regeneration thoroughly.

Platelet concentrates have gained popularity in periodontal re-
generation due to their autologous nature and high growth fac-
tor content.[59] However, being autologous, PCs’ composition and
biological properties may vary from patient to patient, leading
to less predictable clinical outcomes. PRP has been used more
rarely in recent years due to its expensive production procedure
and biochemical modification.[71] On the other hand, PRF’s use
has been extensively documented in the literature. A clinical
trial by Gupta showed that both PRF and Emdogain are effec-
tive in treating 3-wall intra-bony defects, but Emdogain yielded
significantly better results in terms of defect resolution (Emdo-
gain: 43.07% ± 12.21; PRF: 32.41% ± 14.61) after six months.[85]

Nonetheless, complete defect closure was not achieved.[85] It can
be theorized that PRF combined with other treatments can pro-
vide a synergetic effect, however, it appears that combining PRF
with Emdogain does not change the clinical outcomes compared
to using Emdogain alone.[86] Since neither PRF nor Emdogain
are rigid, they cannot ensure space maintenance: this might
explain why their combination did not improve the outcomes
further. Lastly, CGF, I-PRF, A-PRF, and T-PRF have been pro-
posed as new alternatives to PRF due to enhanced growth factor
release.[75] Nevertheless, clinical studies are currently scarce and
not conclusive.

Besides hydrogels and platelet concentrates, bone grafts also
play a pivotal role in periodontal regeneration as they can guar-
antee better space-maintaining properties, which translates into
improved hard tissue metrics. Among these, the xenograft Bio-
Oss is considered a leading product in the field, alongside Em-
dogain, and has been widely used in the clinics.[276] Xenografts
stand out for their affordability, availability and predictable clin-
ical results, although they can show variable resorption rate and
immunogenicity.[119–121] However, the most suitable graft type
depends on several factors, such as resorption rates, tissue in-
tegration, and specific clinical case requirements. For example,
autografts offer excellent biocompatibility, but there can be is-
sues with patient morbidity and material availability.[118–121] Al-
lografts provide an alternative even though they may raise con-
cerns related to immune compatibility.[118–121] On the other hand,
synthetic bone grafts appear interesting as their physiochemical
properties can be tuned.[121] Therefore, it is crucial to carefully
assess the patient’s needs.

Another possibility is that of bone putties as they possess
space-maintaining properties typical of bone grafts, which hy-
drogels generally lack, while being moldable and more easily
adaptable to the defect site.[154,250] Among the well-documented
bone putties, there are NovaBone Putty, which is considered an
established regenerative product, Ostim and MaxResorb Inject.
Notably, Ostim has shown non-inferiority to Emdogain, demon-
strating its potential as a comparable alternative, even though
histological evidence is missing.[243,267] In addition, MaxResorb
Inject has yielded promising results comparable to those of Bio-
Oss.[138] Comparatively, information on the clinical performance
of C-Blast Putty, DBX Putty, MinerOss Putty, and RegenerOss Al-
lograft Putty Plus remains scarce, limiting the discussion of these
solutions.

Overall, although applying the current regenerative options
provides relevant clinical and radiographic results, it should be
noted that complete defect closure is hardly achieved, even for
the indicated class II furcation and intra-bony defects.[46]

Lastly, selecting the clinical study design is equally important
as it ensures the production of robust, replicable results that
guide evidence-based decisions. Additionally, clinical trials are
the most expensive and time-consuming phase during the tech-
nical transfer of a new product from concept to market.[274,275]

The randomized clinical trials found in periodontal regenera-
tion use either a split-mouth design or parallel groups (Table S1,
Supporting Information). While the split-mouth design has the
advantage of a smaller sample size and the absence of inter-
subject variability, it is unsuitable for all interventions because
potential carryover effects can lead to bias.[277–279] It is notewor-
thy that parallel groups can be identified based on the num-
ber of patients or defects. The latter can be adopted when
some of the patients in the study exhibit more than one de-
fect. Two possible scenarios arise in such cases: multiple sites
in the same patient undergoing the same treatment or different
ones.[67,70,85,93,101,113,116,124,129,132,139,154] Some clinical trials do not
specify further how this randomization is performed.[81,94,147,233]

This approach might introduce further complexities when inter-
preting the results, and it has been found that most trials in peri-
odontology could benefit from better methodological and report-
ing quality.[278,279] Furthermore, the studies should be designed
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to be long-term, with the endpoint measurements being ideally
taken at least 1 year postoperatively.[280] This was only found in
39.3% of the included trials (Table S1, Supporting Information).
The most reliable technique to assess the regeneration capability
of a product is histology.[280,281] However, animal models are gen-
erally used instead due to the associated morbidity.[280,281] This
can raise problems of interpretation when translating the results
to humans. Therefore, other variables must be used, typically
direct bone measurements, clinical attachment level gain, and
probing pocket depth reduction.

3.1. Future of Periodontal Regeneration

Biofilm removal is crucial in the early and advanced stages of peri-
odontitis to ensure good periodontal regeneration and prevent its
reoccurrence.[282] In recent years, researchers found that medica-
tions, and especially host modulators, show great potential in re-
solving or inhibiting the periodontal inflammatory process, par-
ticularly in the early phases of periodontitis combined with non-
surgical periodontal treatment.[283–289] These host modulators
include statins like atorvastatin, rosuvastatin, and simvastatin,
as well as alendronate and metformin.[80,89,92,95,96,98,99,105,290–296]

Statins exhibit anti-inflammatory and immunomodulatory prop-
erties while inhibiting osteoclasts and stimulating bone morpho-
genetic proteins.[297] Metformin, commonly prescribed for type 2
diabetes patients, reduces the inflammatory response and oxida-
tive stress and stimulates osteoblastic activity.[298] Alendronate,
a bisphosphonate often used to treat osteoporosis, effectively
suppresses bone resorption and possesses anti-inflammatory
properties.[299] In clinical trials, they have been administered as
hydrogels, with a concentration of 1.2% for statins and 1% for al-
endronate and metformin, demonstrating improvements in clin-
ical and radiographic parameters.[283] However, these gels are cur-
rently not available on the market.

Regarding the imperative for space maintenance, this becomes
vital for the proliferation of bone-forming cells.[172] Indeed, mes-
enchymal cells have a slower migration rate than epithelial and
connective cells.[45] Hence, the latter have to be restricted to en-
sure functional regeneration of all periodontal tissues.[276] When
a regenerative product cannot guarantee stable spacing in clini-
cal applications, volume-filling is typically achieved by combining
different products.[249] Another strategy involves pairing the re-
generative materials with membranes to favor mesenchymal cell
growth over epithelial cells, according to the principles of guided
tissue regeneration.[300,301] A variety of membranes are employed
in clinical practice, encompassing both non-resorbable options
like Gore-Tex (W.L. Gore & Associates, USA) and resorbable ones,
such as the collagen-based Bio-Gide (Geistlich, Switzerland) and
BioMend Extend (ZimVie, USA).[276] Their analysis was, however
beyond the scope of this review.

The majority of the biomaterials for periodontal regenera-
tion only partially mimic the composition of periodontal tissues,
particularly periodontal ligament fibers.[302,303] To achieve func-
tional regeneration, novel bio-inspired biomaterials replicating
the hierarchical structures of periodontal tissues at the micro
and nanoscale levels are necessary.[302] Emerging technologies in-
clude bioactive nanomaterials, multilayered scaffolds, stem cells,
bone anabolic agents, and genetic therapies.[276,302,304–306] Never-

theless, these technologies are still complex and in their early
stage. Indeed, further evidence is required to fulfil the regulatory
requirements for implementation in a clinical context.

Eventually, it is essential to have a proper clinical study design
for evaluating the efficacy of the treatment approaches. First, the
quality of the clinical trials can be improved by adhering strictly
to the Consolidated Standards of Reporting Trials (CONSORT)
2010 statement, beyond the Declaration of Helsinki.[307,308] Then,
it is crucial to define a primary outcome beforehand, as the study
should be built accordingly to avoid wasting resources.[279] Lastly,
attention should be paid to the fact that periodontal regeneration
responds differently to different kinds of defects, with class II
furcation defects, 2-wall and 3-wall defects yielding the best and
most predictable results.[43,281] The clinical trials usually differen-
tiate between furcation and intra-bony defects, but further clas-
sification of these is not always ensured. However, while design-
ing separate and specific clinical trials can provide more reliable
results, this also leads to higher costs and limits the generaliz-
ability of the outcomes to a broader population. Therefore, it is
necessary to carefully consider the research objectives, available
resources, and clinical relevance of the findings.

4. Conclusion

Periodontitis is a widespread dental disease that has a signifi-
cant impact worldwide. Its high incidence emphasizes the ur-
gent need for effective treatments. In this regard, regenerative
products have emerged as promising tools. Among these, Emdo-
gain (Straumann AG, Switzerland) is a common practice, with
extensive clinical evidence supporting its use for periodontal re-
generation, alone or in combination with the xenograft Bio-Oss
(Geistlich, Switzerland). However, alternative products such as
platelet concentrates, REGROTH dental kit (Kaken Pharmaceu-
tical Co., Ltd, Japan), hyaluronan-based hydrogels, and putties
have shown great potential but require further studies and clin-
ical data to establish their effectiveness and superiority concern-
ing the conventional regenerative options. Host modulator hy-
drogels are also considered remarkable, particularly in the early
phases of periodontitis, although they are still under investiga-
tion and, as such, not yet available on the market

Overall, despite the positive results that it is possible to achieve,
complete defect closure is often not obtained, even for indicated
defects such as class II furcation defects and intra-bony defects,
while class III furcation defects remain challenging to regen-
erate. To date, none of the available regenerative biomaterials
for periodontal regeneration possess all the ideal characteristics,
and research is oriented towards novel bio-inspired biomaterials
replicating the hierarchical structures of periodontal tissues. Be-
sides the biomaterials perspective, our review suggests that there
is room for improvement in the methodological and reporting
quality of the clinical trials, which should also optimize time and
costs. To do so, following the CONSORT 2010 statement is highly
advisable.

In conclusion, while the current regenerative products are
valuable options for periodontal regeneration, ongoing research
and development are needed to refine their efficacy, expand their
availability, and overcome the existing limitations in the field to
achieve optimal clinical and radiographic outcomes.
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Figure 6. Graphical representation of clinical trials found on MEDLINE with the search terms (Periodontal[Title/Abstract]) AND (Regenera-
tion[Title/Abstract]) for the period 2011–2023.

5. Experimental Section
MEDLINE was searched through the PubMed interface to identify the

regenerative technologies clinically adopted for periodontal regeneration.
The Boolean operator “AND” was used to merge keywords, resulting in
the formation of the following search string: (Periodontal[Title/Abstract])
AND (Regeneration[Title/Abstract]). The search was restricted to clinical
trials, the English language, and the year of publication, 2011–2023. The
additional regenerative products were searched on the leading dental
companies’ websites. Once the products were identified, their brand
name was searched on MEDLINE to get a comprehensive overview of
the available literature. The full text of the clinical trials was assessed,
and the exclusion criteria were: 1) Absence of testing on humans; 2)
Absence of regenerative products; 3) Treatments including membranes
only; 4) Article not available; 5) Insufficient information, e.g., num-
ber of patients, treatment method, quantitative results, incomplete
results (i.e., mean value without standard deviation); 6) Number of
patients < 8.

A flowchart describing the selection process is reported in Figure 6.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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[138] M. Tomas, M. Karl, M. Čandrlíc, M. Matijevíc, M. Juzbašíc, O. C.
Peloza, A. T. Radetíc, D. Kuiš, B. Vidakovíc, Z. Ivaniševíc, Ž. P.
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[190] M. Wyganowska-Świątkowska, P. Urbaniak, M. M. Nohawica, M.
Kotwicka, J. Jankun, Exp. Ther. Med. 2015, 9, 2025.

[191] O. Villa, S. J. Brookes, B. Thiede, L. Heijl, S. P. Lyngstadaas, J. E.
Reseland, J. Tissue Eng. 2015, 6, 204173141557585.

[192] J. He, J. Jiang, K. E. Safavi, L. S. W. Spångberg, Q. Zhu, Oral Surgery,
Oral Medicine, Oral Pathology, Oral Radiology, and Endodontology
2004, 97, 239.

[193] A. Z. Lee, J. Jiang, J. He, K. E. Safavi, L. S. W. Spangberg, Q. Zhu,
Oral Surg., Oral Med., Oral Pathol., Oral Radiol., Endod. 2008, 106,
133.

[194] G. Bhutda, V. Deo, Acta Odontol. Scand. 2013, 71, 764.
[195] R. Cimões, L. M. Santiago, A. de França Caldas Júnior, B. de Carvalho

Farias Vajgel, J. Perussolo, N. Donos, Clin. Oral Invest. 2022, 26,
2479.

[196] F. V. Ribeiro, R. C. V. Casarin, F. H. N. Júnior, E. A. Sallum, M. Z.
Casati, J. Periodontol. 2011, 82, 522.

[197] S. Anoixiadou, A. Parashis, I. Vouros, J. Clin. Periodontol. 2022, 49,
134.

[198] Ø. Øvrebø, G. Perale, J. P. Wojciechowski, C. Echalier, J. N. T. Jeffers,
M. N. Stevens, Haugen H. J., F. Rossi, Bioeng. Transl. Med. 2022, 7,
e10295.

[199] M. Matarasso, V. Iorio-Siciliano, A. Blasi, L. Ramaglia, G. E. Salvi, A.
Sculean, Clin. Oral Invest. 2015, 19, 1581.

[200] S. Murakami, Contemporary Concepts in Periodontology and Implant
Denistry (Chapter 1: A new era of regenerative therapy: REGROTH (a

Adv. Sci. 2024, 2308848 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2308848 (18 of 22)

 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202308848 by U

niversity O
f O

slo, W
iley O

nline L
ibrary on [21/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

new FGF-2 medicine) changes regenerative therapy in dentistry), Asian
Pacific Society of Periodontology, Adelaide, Australia, 2017.

[201] M. Kitamura, K. Nakashima, Y. Kowashi, T. Fujii, H. Shimauchi,
T. Sasano, Furuuchi, M. F, T. Noguchi, T. Shibutani, Y. Iwayama,
S. Takashiba, H. Kurihara, M. Ninomiya, J. I. Kido, T. Nagata,
T. Hamachi, K. Maeda, Y. Hara, Y. Izumi, T. Hirofuji, E. Imai,
M. Omae, M. Watanuki, S. Murakami, PLoS One 2008, 3,
e2611.

[202] G. Cremer, S. Danthine, V. Van Hoed, A. Dombree, A. S. Laveaux, C.
Damblon, R. Karoui, C. Blecker, Heliyon 2023, 9, e13604.

[203] S. Takayama, S. Murakami, Y. Shimabukuro, M. Kitamura, H. Okada,
J. Dent. Res. 2001, 80, 2075.

[204] S. Murakami, S. Takayama, M. Kitamura, Y. Shimabukuro, K. Yanagi,
K. Ikezawa, T. Saho, T. Nozaki, H. Okada, J. Periodontal Res. 2003, 38,
97.

[205] M. Kitamura, M. Akamatsu, M. Machigashira, Y. Hara, R. Sakagami,
T. Hirofuji, T. Hamachi, K. Maeda, M. Yokoto, J. Kido, T. Nagata,
H. Kurihara, S. Takashiba, T. Sibutani, M. Fukuda, T. Noguchi, K.
Yamazaki, H. Yoshie, K. Ioroi, T. Arai, T. Nakagawa, K. Ito, S. Oda,
Y. Izumi, Y. Ogata, S. Yamada, H. Shimauchi, K. Kunimatsu, M.
Kawanami, T. Fujii, et al., J. Dent. Res. 2011, 90, 35.

[206] M. Kitamura, M. Akamatsu, M. Kawanami, Y. Furuichi, T. Fuijii,
M. Mori, K. Kunimatsu, H. Shimauchi, Y. Ogata, M. Yamamoto,
T. Nakagawa, S. Sato, K. Ito, T. Ogasawara, Y. Izumi, K. Gomi,
K. Yamazaki, H. Yoshie, M. Fukuda, T. Noguchi, S. Takashiba, H.
Kurihara, T. Nagata, T. Hamachi, K. Maeda, M. Yokoto, R. Sakagami,
Y. Hara, K. Noguchi, T. Furuuchi, et al., J. Bone Miner. Res. 2016, 31,
806.

[207] M. Eliezer, J. C. Imber, A. Sculean, N. Pandis, S. Teich, Clin. Oral
Invest. 2019, 23, 3423.

[208] M. C. Catoira, L. Fusaro, D. Di Francesco, M. Ramella, F.
Boccafoschi, J. Mater. Sci.: Mater. Med. 2019, 30, 115.

[209] J. Bansal, S. D. Kedige, S. Anand, Indian J. Dent. Res. 2010, 21, 575.
[210] A. Bhati, H. Fageeh, W. Ibraheem, H. Fageeh, H. Chopra, S. Panda,

Biomed Rep. 2022, 17, 91.
[211] F. Hirano, H. Hirano, E. Hino, S. Takayama, K. Saito, Y. Kusumoto,

Y. Shimabukuro, S. Murakami, H. Okada, J. Periodontal. Res. 1997,
32, 634.

[212] S. Felszeghy, L. Módis, M. Tammi, R. Tammi, Arch. Oral Biol. 2001,
46, 939.

[213] Z. Al-Rekabi, A. M. Fura, I. Juhlin, A. Yassin, T. E. Popowics, N. J.
Sniadecki, Cell Adhes. Migr. 2019, 13, 139.

[214] Y. Yeh, Y. Yang, K. Yuan, J. Periodontal Res. 2014, 49, 827.
[215] K. Bertl, C. Bruckmann, P. E. Isberg, B. Klinge, K. Gotfredsen, A.

Stavropoulos, J. Clin. Periodontol. 2015, 42, 236.
[216] C. Chircov, A. M. Grumezescu, L. E. Bejenaru, Rom. J. Morphol. Em-

bryol. 2018, 59, 71.
[217] M. Casale, A. Moffa, P. Vella, L. Sabatino, F. Capuano, B. Salvinelli,

M. A. Lopez, F. Carinci, F. Salvinelli, Int. J. Immunopathol Pharmacol.
2016, 29, 572.

[218] B. I. Ostos-Aguilar, C. Pinheiro Furquim, F. W. M. G. Muniz, M.
Faveri, J. Meza-Mauricio, Clin. Oral Invest. 2023, 27, 1923.

[219] F. Onisor, S. Bran, A. Mester, A. Voina-Tonea, Medicina (Kaunas)
2022, 58, 580.

[220] M. B. Asparuhova, D. Kiryak, M. Eliezer, D. Mihov, A. Sculean, J.
Periodontal Res. 2019, 54, 33.

[221] M. B. Asparuhova, V. Chappuis, A. Stähli, D. Buser, A. Sculean, Clin.
Oral Investig. 2020, 24, 3923.

[222] A. Pilloni, M. A. Rojas, L. Marini, P. Russo, Y. Shirakata, A. Sculean,
R. Iacono, Clin. Oral Invest. 2021, 25, 5095.

[223] R. J. Miron, D. D. Bosshardt, O. Laugisch, C. Katsaros, D. Buser, A.
Sculean, J. Periodontol. 2012, 83, 885.

[224] K. Guldener, C. Lanzrein, M. Eliezer, C. Katsaros, A. Stähli, A.
Sculean, Quintessence Int. 2020, 51, 456.

[225] C. Lanzrein, K. Guldener, J. C. Imber, C. Katsaros, A. Stähli, A.
Sculean, Quintessence Int. 2020, 51, 710.

[226] N. Sapna, K. L. Vandana, J. Investig. Clin. Dent. 2011, 2, 162.
[227] A. S. Mamajiwala, K. S. Sethi, C. P. Raut, P. A. Karde, B. S.

Mamajiwala, Clin. Oral Investig. 2021, 25, 5257.
[228] A. Gasmi Benahmed, A. Gasmi, M. Arshad, M. Shanaida, R. Lysiuk,

M. Peana, I. Pshyk-Titko, S. Adamiv, Y. Shanaida, G. Bjørklund, Appl.
Microbiol. Biotechnol. 2020, 104, 7225.

[229] S. Eick, A. Renatus, M. Heinicke, W. Pfister, S. I. Stratul, H. Jentsch,
J. Periodontol. 2013, 84, 941.

[230] G. Gontiya, S. R. Galgali, J. Indian Soc. Periodontol 2012, 16, 84.
[231] J. C. R. F. Lobato, M. A. dos Santos Vilhena, C. Izidoro, R. C. Alves,

L. Proença, J. Indian Soc. Periodontol. 2019, 23, 545.
[232] K. M. Fawzy El-Sayed, M. A. Dahaba, S. Aboul-Ela, M. S. Darhous,

Clin. Oral Invest. 2012, 16, 1229.
[233] K. Selvaprakash, L. Ramachandran, H. Parthasarathy, A. Tadepalli,

D. Ponnaiyan, J. Karthikeyan, JCDR 2021, 15, ZC34.
[234] S. Gupta, JCDR 2017, 11, ZC27.
[235] R. B. de Santana, C. M. M. de Santana, J. Clin. Periodontol. 2015, 42,

658.
[236] Y. Shimabukuro, T. Ichikawa, S. Takayama, S. Yamada, M. Takedachi,

M. Terakura, T. Hashikawa, S. Murakami, J. Cell. Physiol. 2005, 203,
557.

[237] M. L. Radomsky, T. B. Aufdemorte, L. D. Swain, W. C. Fox, R. C. Spiro,
J. W. Poser, J. Orthop. Res. 1999, 17, 607.

[238] L. Bevilacqua, J. Eriani, I. Serroni, G. Liani, V. Borelli, G. Castronovo,
R. Di Lenarda, Annali di Stomatologia 2012, 3, 75.

[239] G. Favia, M. A. Mariggiò, E. Maiorano, A. Cassano, S. Capodiferro,
D. Ribatti, J. Biol. Regul. Homeost. Agents 2008, 22, 109.

[240] M. A. Mariggiò, A. Cassano, A. Vinella, A. Vincenti, R. Fumarulo,
L. L. Muzio, E. Maiorano, D. Ribatti, G. Favia, Int. J. Immunopathol
Pharmacol. 2009, 22, 485.

[241] U. Romeo, F. Libotte, G. Palaia, A. Galanakis, G. Gaimari, G. Tenore,
A. Del Vecchio, A. Polimeni, Photomed., Laser Surg. 2014, 32, 10.

[242] S. Cosola, G. Oldoini, M. Boccuzzi, E. Giammarinaro, A. Genovesi,
U. Covani, S. Marconcini, Int. J. Environ. Res. Public Health 2022, 19,
3302.

[243] E. Al Machot, T. Hoffmann, K. Lorenz, I. Khalili, B. Noack, Biomed
Res. Int. 2014, 2014, 1.

[244] M. Aimetti, F. Ferrarotti, G. M. Mariani, F. Romano, Clin. Oral Invest.
2017, 21, 327.

[245] M. Abu-Ta’a, J. Contemp. Dent. Pract. 2016, 17, 3.
[246] E. A. Alkan, A. Parlar, J. Periodontal Res. 2011, 46, 637.
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