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ABSTRACT
Dental implants have significantly advanced the scope of oral health care and practices, providing a sta-
ble and durable solution for replacing missing teeth. Essential maintenance practices, including regular 
oral hygiene and professional monitoring, are imperative to prevent complications such as peri-implant 
diseases, which can compromise implant integrity. Supplementary agents, including hyaluronic acid (HA), 
have been shown to enhance healing and integration. HA is recognised for its moisture-retaining proper-
ties, its promotion of wound healing, its reduction of inflammation, and its facilitation of tissue integration. 
The extensive therapeutic applications of HA in dental implant therapy are due to its biocompatibility and 
regulatory influences on cellular behaviour, which render HA a valuable adjunct to implant success, partic-
ularly concerning soft and hard tissue integration around the implants. 
The present study aims to explore the potential applications of HA in dental implantology, including the 
modification of implant surfaces, the promotion of soft tissue healing around the implants, and the man-
agement of peri-implant diseases, such as mucositis and peri-implantitis. In addition, this study explores 
the role of HA in alveolar bone regeneration, particularly through alveolar ridge augmentation and preser-
vation processes, as well as more advanced techniques such as tissue engineering, as the primary require-
ment for successful implant placement is sufficient bone width and depth. HA promotes osseointegration, 
increases osteogenesis, and helps treat peri-implant conditions such as mucositis and peri-implantitis. 
Implant biocompatibility, hydrophilicity, and bacterial adhesion resistance are all enhanced by HA coat-
ings, which facilitate improved peri-implant bone and soft tissue healing. Stability and healing properties 
of HA can be increased by combining it with other biomaterials. Future studies should focus on enhanc-
ing HA’s mechanical properties, improving long-term bioactivity, and investigating synergistic biomaterial 
combinations; clinical trials are required to fully understand its potential in implant dentistry.
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Introduction

Dental implants have revolutionised modern dentistry by 
providing a predictable and durable solution for tooth loss that 
restores function, aesthetics, and quality of life [1, 2]. The 
procedure involves surgically placing the implant in the 
jawbone, and in straightforward cases, the surgery is relatively 
simple with a high success rate [3]. However, some cases require 
additional bone or soft tissue augmentation to ensure optimal 
conditions for implant integration and long-term stability [4]. 
Grafting is performed when there’s insufficient bone density or 
volume by using mineralised material, such as bone or 
hydroxyapatite, bioactive glasses, calcium carbonates, tricalcium 
phosphates, among others. At the same time, soft tissue 
augmentation improves the soft tissue at the implant site. 
These augmentations are essential for successful implant inte-
gration and aesthetic outcomes [5]. Supportive materials such 
as hyaluronic acid (HA), platelet-rich plasma, and bone morpho-
genetic proteins enhance healing and integration in bone 
grafting and implant procedures [6, 7]. PRF accelerates heal-
ing, promoting blood vessels and bone formation [7], while 
BMPs guide stem cells to form bone [8]. However, HA, a highly 
versatile macromolecule, offers distinct advantages over 
other biomolecules due to its unique and highly promising 
properties. Its high biocompatibility, biodegradability, and 
non-immunogenicity, coupled with the ability to retain mois-
ture and mediate various cellular responses in the body, cre-
ate a moisture-rich environment that supports both hard and 
soft tissue healing while minimising inflammation [9]. 
Furthermore, HA’s natural presence in the human body 
enhances its biocompatibility and reduces the risk of adverse 
reactions, making it a versatile and vital option for therapeu-
tic applications [10, 11]. 

Owing to these properties, HA also performs a critical role in 
enhancing the outcomes of dental implant procedures [11]. In 
dental implantology, HA promotes wound healing [12], reduces 
inflammation [13], and supports both hard and soft tissue 
integration around the implant [14]. Its administration produces 
a moisture-rich environment that enhances soft tissue repair 
and healing, alleviates postoperative discomfort, and minimises 
the risk of complications such as infection [15]. Furthermore, 
HA’s role extends to improving the quality and volume of 
preimplant bone tissues, which is critical for achieving both 
functional and aesthetic outcomes in implant placement. By 
maintaining hydration and promoting cell migration, HA 
improves soft tissue integration, making it an essential adjunct 
in cases requiring soft tissue augmentation around implants. 
Therefore, HA is utilised at various stages of dental implant 
treatment due to its effects on both soft and hard tissue healing. 
To date, numerous clinical trials have also been conducted to 
explore the application of HA in dental implant treatment. 
Currently, no detailed narrative review has been published that 
examines all possible effects and applications of HA in dental 
implant therapy to improve clinical success and longevity.

Therefore, the purpose of this narrative review was to explore 
HA in the context of dental implant therapy, and the main 
objectives of our study are to:

1.	 Discuss all the potential applications of HA in dental 
implantology, including alveolar bone preservation, aug-
mentation, management of peri-implant diseases, implant 
surface modification, soft tissue healing around implants, 
and tissue engineering for alveolar bone regeneration.

2.	 Discuss potential complications associated with HA 
applications alongside the proposed strategies for 
effectively managing these issues.

For this narrative review, three electronic databases – Google 
Scholar, Science Direct, and PubMed – were used to search the 
articles by using the following keywords: ‘hyaluronic acid’, ‘den-
tal implant therapy’. The search was limited to studies in English. 
Those articles that investigated the potential application of HA 
in wound repair, tissue engineering, alveolar bone preservation 
(ARP) and augmentation, and implant procedures were selected 
for this study. Thus, the data for this review article have been 
retrieved from original research studies, systematic analysis, and 
review papers.

Discussion

History of hyaluronic acid

The first study documenting HA dates back to 1880, when 
Portes, a French scientist, observed that the vitreous body mucin 
differed from the other mucoids present in the cornea and carti-
lage and named it ‘hyalomucine’ [16]. However, it was in 1934, 
two German biochemists, Karl Meyer and John Palmer, extracted 
a new polysaccharide from the vitreous humor of the cow and 
called it ‘hyaluronic acid’, derived from the words ‘hyaloid’ (clear 
and glass-like appearance) and uronic acid [17]. During the 
1930s – 1950s, researchers explored HA’s physicomechanical 
properties [18, 19] as well as its isolation from various sources, 
and the primary sources of extraction were rooster comb, strep-
tococci, and human umbilical cord [20]. In 1954, Meyer and 
Weissmann solved and described the chemical structure of HA 
for the first time: it is a straight-chain polymer comprising two 
alternating sugars D-glucuronic acid and N-acetyl-D-
glucosamine (Figure 1) [21]. The initial studies on HA synthe-
sis  through bacterial fermentation and chemical production 
were also conducted during this period [16]. The first biomedical 

Figure 1.  Chemical structure of hyaluronic acid [22].
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application of HA occurred in the late 1950s when it was utilised 
as a lubricant during eye procedures [22]. However, Balazs pio-
neered the effective extraction and purification of pharmaceuti-
cal-grade HA from rooster combs and human umbilical cords in 
1979, laying the foundation for industrial production [23]. From 
the early 1980s, HA was explored and utilised as a significant 
product in ophthalmology, including vitreous replacement dur-
ing eye surgery, corneal hydration, dry eye treatment, among 
others [24, 25]. It was also found to be especially useful in cata-
ract surgery, where it helped maintain the eye’s viscosity and 
moisture stability during the procedure [24]. Furthermore, HA 
was then also discovered to be effective for the treatment of 
joint diseases [26] and dermatological issues [27], wound repair 
[28], and soft tissue augmentation [29]. During the late 1980s 
and 1990s, HA was employed to develop drug delivery systems, 
and efforts continue to produce HA-based carriers to improve 
therapeutic efficacy [30, 31]. HA was also first introduced in 
dentistry for treating periodontal diseases, as a clinical trial con-
ducted in 1977 demonstrated that HA exhibited anti-inflamma-
tory, anti-oedematous, and anti-bacterial effects for managing 
periodontal conditions [32]. Since then, from 2010 to 2020, HA 
has been utilised for various dental applications, including 
HA-based gel to improve healing outcomes after dental proce-
dures, HA in combination with bone grafts for bone regenera-
tion in ARP and augmentation procedures, and implant surface 
modification for improved osseointegration [33–35]. In the 
2000s, special focus was also given to identifying and 

characterising the enzymes involved in HA metabolism, as well 
as developing bacterial fermentation strategies to manufacture 
HA with controlled size and polydispersity [16]. Also, the 
HA-based scaffolds were introduced in tissue engineering which 
offer a bioactive scaffold, effective in both its full and degraded 
length forms, and the cell receptor interactions with the scaffold 
can also be tailored to promote tissue growth and repair [36]. 
The work on HA in tissue engineering is ongoing, with a special 
focus on using 3D bio-printing for scaffold fabrication [37]. HA is 
currently a critical chemical for biomedical applications, there-
fore research continues to focus on better understanding its bio-
synthesis and molecular biology, improving biotechnological 
production, developing derivatives with superior characteris-
tics, and refining its medicinal applications. Figure 2 shows the 
progressive development of HA over the years. 

Various HA formulations, as shown in Table 1, are utilised in 
dentistry, including powder gel, spray, gel, and mouthwash, 
which enhance healing by promoting bone growth, reducing 
inflammation, managing swelling, and improving postoperative 
comfort and wound healing.

Potential applications of HA in dental implantology

HA in alveolar bone preservation and augmentation

Implant insertion in the alveolar bone requires sufficient bone 
depth and width to accommodate the supportive implant 

Figure 2.  The progressive development of hyaluronic acid (HA) over the years. 

Table 1.  Available HA formulations for dental applications.
Hyaluronic acid formulations Description References

HA-based Powder Gel A formulation (200 micrograms) combining porous spherical particles of recombinant human bone 
morphogenetic protein-2 (rhBMP-2) with β-tricalcium phosphate microspheres. Facilitates the delivery of 
rhBMP-2 at bone defect sites, promotes new bone growth, and enhances osseointegration.

[38]

Spray Effective for immediate postoperative use after dental extractions. Helps manage swelling and trismus with 
higher patient satisfaction compared to gel (0.2%) due to ease of application. Improves healing and 
postoperative comfort following impacted third molar surgery.

[39–41]

Gel Facilitates tissue repair and healing. Reduces inflammation and IL-1 β levels in peri-implant pockets, and 
promotes faster healing after laser surgery.

[41]

Mouthwash Convenient for post-surgical healing when applying topical treatments is painful. Reduces post-
surgical edema, plaque, and bleeding. Promotes wound healing in surgical sites when combined with 
chlorhexidine (CHX).

[42]
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crown, which replaces the missing tooth and provides anchor-
age and optimal functionality while minimising movement and 
the potential for failure [43]. ARP and augmentation are critical 
dental procedures aimed at maintaining and rebuilding the jaw-
bone. The primary objective of the ARP procedure is to reduce 
bone loss after extraction and to preserve the original bone vol-
ume and contour for future implant placement. This procedure 
employs a variety of materials, including bone grafts, bone sub-
stitutes, membranes, and haemostatic agents (such as gelatine 
sponge, collagen membranes, and platelet-rich plasma), to fill 
the extraction sockets immediately after the tooth extraction 
[44]. In contrast, alveolar bone augmentation is a surgical proce-
dure designed to increase bone volume in the jaw prior to 
implant placement [45]. This procedure is typically performed 
when the existing bone is insufficient to support dental implants 
due to significant ridge resorption. Ridge augmentation can be 
achieved through guided bone regeneration, sinus lift proce-
dures, bone grafting, and ridge-splitting techniques [46, 47]. 
While the primary goal of both procedures is to maintain bone 
mass, preservation is considered a preventive approach that 
halts bone loss. In contrast, augmentation is a curative approach 
that seeks to replace missing bone.

Due to their osteoconductive and osteoinductive properties, 
autogenous grafts are considered the gold standard for 

managing ARP and augmentation [2]. Currently, the use of grafts 
with bioactive components that can modulate intra- and 
extracellular responses to accelerate osteogenesis is receiving 
tremendous attention [48]. Among these, HA, as a bioactive 
molecule, has also been utilised to promote bone regeneration. 
In vitro experiments have demonstrated that HA enhances bone 
formation and remineralisation by stimulating mesenchymal 
cell differentiation, proliferation, migration into the osteoblastic 
lineage, angiogenesis, and the release of growth factors. In 
addition, data indicate that HA-based microparticles can 
covalently bond to the metal surfaces of implants and release 
biologically active constituents, thereby improving osteogenic 
processes and bone-to-implant integration [49]. However, the 
structure of HA disintegrates rapidly in the biological 
environment through hydrolysis. Consequently, composites of 
HA with other bone-grafting biomaterials (e.g. bovine bone, 
sticky bone) are typically used to extend the presence of HA 
over a longer period to enhance bone healing. Therefore, HA-
based composites have also demonstrated successful results in 
bone remineralisation and osteogenesis [50].

A randomised clinical trial employed HA-incorporated 
demineralised bovine bone and evaluated both linear and 
volumetric bone resorption using cone beam computed 
tomography (CBCT) 4 months post-operatively, before 
implant placement. The findings showed that the HA 
reinforced group significantly (P = 0.018) limited post-
extraction resorption to a greater extent than the control 
group [51]. Another study assessed bone density after using a 
combination of HA and bone grafts, yielding similar results 
using cone beam computed tomography (CBCT) (Figure 3) 
[52]. One clinical trial compared the effects of osteon II 
collagen (alloplastic material composed of 30% betatricalcium 
phosphate and 70% hydroxyapatite) mixed with HA against a 
sticky bone graft for the preservation of the alveolar socket 
through histological evaluation. Microscopic histological 
examination revealed that the HA group exhibited the highest 
amount of mature compact and spongy bone, with a well-
developed Haversian system. In contrast, the other group 
displayed delayed ossification and a greater amount of fibrous 
tissue (Figure 4) [53].

Figure 3.  Bone density found for the study group (HA incorporated graft) 
and the control group (without HA incorporated graft) [52]

Figure 4.  (A) Histological presentation of alveolar bone socket after placement of Osteon II collagen (30% beta tricalcium phosphate and 70% hydroxyapa-
tite) mixed with HA at 6-months, showing (a) well-developed trabecular bone and (b) a small segment of fibrous tissues. (B) Histological presentation of the 
alveolar bone socket after placement of sticky bone graft at 6 months showing (a) newly formed bone, (b) thick and compact fibrous tissues, and arrow (c) 
residual grafting material. This indicates that the alveolar bone socket preserved with a combination of Osteon and hyaluronic acid showed a higher amount 
of mature bone (A), while the alveolar bone socket preserved with only sticky bone graft showed the highest amount of fibrous tissue and lower mature 
bone. (100 X magnification was utilised) [53].
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A systematic review conducted by Ronsivalle in 2025 [54] 
investigates the regenerative abilities of HA in alveolar ridge 
preservation, analysing its role in reducing bone resorption and 
supporting bone regeneration when used in combination with 
xenografts following tooth extraction. From 2012 to 2024, 
studies were searched and analysed, resulting in the inclusion of 
four studies in this review. All studies indicate that HA when 
combined with xenografts, has the potential to reduce bone 
resorption, increase bone volume and density (promoting 
greater bone formation), and improve graft stability compared 

to controls. Only one study shows no difference in wound repair 
and patient-reported outcomes between the control and HA-
modified groups [54]. In 2025, Helal et al. [55] conducted a split-
mouth randomised clinical trial in which 10 patients with 
bilateral posterior atrophic mandible (20 sides) were randomised 
to one of two groups using a 1:1 allocation ratio. Group I used a 
prefabricated computer-aided design (CAD)-computer-aided 
manufacturing (CAM) allogeneic bone block that had been 
hydrated with HA to increase the ridge, while Group II used 
saline. Group I had the highest bone gain and growth, according 

Table 2.  Studies which have utilised HA for alveolar bone preservation and augmentation.
Study design Objective of the studies Material used Results References

Randomised 
controlled clinical 
trial

Evaluation of the effectiveness of 
HA-reinforced osteon II collagen 
and sticky bone for alveolar bone 
preservation.

HA-reinforced 
osteon II 
collagen and 
sticky bone.

Osteon II with the HA group showed higher bone density on 
CBCT and greater mature bone formation on 
histomorphometric analysis.

[53]

Retrospective 
study

Evaluation of the effectiveness of 
granular allografts for alveolar ridge 
preservation with and without the 
addition of HA. 

Allogeneic bone 
grafts with HA.

HA-added allograft showed less vertical bone loss, graft 
shrinkage, and greater bone density.

[11]

Pilot study
(Double blinded 
randomised 
clinical trial)

Evaluation of the efficacy of cross 
linked HA in DBBM (demineralised 
bovine bone material) for alveolar 
ridge preservation.

Cross-linked HA 
and DBBM.

Radiological finding: HA-reinforced DBBM presented less linear 
and volumetric bone resorption compared to control sites.
Histological finding: HA-reinforced group resulted in greater 
osteogenic activity(new bone formation) and higher 
incorporation of the graft material in the newly formed bone.

[51]

Randomised 
controlled clinical 
trial

Comparison of the efficacy of HA 
against I-PRF (injectable platelet-
rich fibrin) in combination with 
xenografts for alveolar ridge 
preservation.

HA and I-PRF in 
combination 
with xenografts.

Radiological finding: CBCT showed that the HA group 
presented the highest bone gain and lowest crestal bone loss.
Histological finding: The HA group showed greater bone 
formation and less residual graft material on 
histomorphometric analysis.

[56]

Randomised 
controlled clinical 
trial

Evaluating the efficiency of a 
combination of HA and xenografts 
for post-extraction alveolar socket 
bone preservation. 

HA with 
xenografts.

Radiological finding: HA group showed higher bone density 
and less bone resorption.

[52]

In vivo 
experimental 
study

Assessment of HA-dipped 
collagen-containing deproteinised 
bovine bone DBBM-C for preserving 
alveolar bone in compromised 
sockets.

HA with 
DBBM-C.

Radiological finding: Micro CT analysis revealed higher bone 
volume density in DBBM-C + HA group. 
Histological finding: HA-reinforced group showed higher 
osteoid formation and trabecular pattern.
Clinical findings: No signs of complication were noted in HA 
reinforced groups.

[57]

Experimental 
study (in vitro and 
in vivo)

Development of novel HA/gelatine 
hydrogel-based scaffold/plug to 
provide haemostasis and bone 
regeneration in one-step alveolar 
socket preservation.

HG/TCP/BCP 
scaffold 
(HA-gelatine 
hydrogel (HG), 
β-tricalcium 
phosphate and 
biphasic calcium 
phosphate).

In vitro experiments findings: The HA-based plug was found to 
be biocompatible and could increase the expression of genes 
that promote osteogenesis (RUNX2, COL1, ALP, and OPN).
In vivo experiments findings: The HA-based plug encouraged 
haemostasis and osteogenesis at the site of a bone defect in a 
rabbit model.

[58]

Clinical case 
report

A novel hyaluronate incorporated 
xenegenic bone graft (cerabone) 
coupled with maxgraft (allogeneic 
bone particle), for treating an 
alveolar ridge deficiency.

HA with 
allogeneic bone 
granules.

Radiological finding: The radiograph demonstrated complete 
osseointegration of implants 3 years postoperatively.
Clinical finding: The patient was followed up for 3 years, and 
excellent soft and hard tissue healing was observed without 
complications. 

[59]

Randomised 
controlled clinical 
trial

Assessment of the combined effects 
of melatonin and hydroxyapatite 
(HA) for bone regeneration in 
maxillary sinus augmentation. 

HA and 
melatonin.

An increase in bone density and vertical bone height was 
observed in the HA-melatonin group.

[60]

In vivo 
experimental 
study

Evaluation of the effectiveness of 
DBBM coupled with high-molecular-
weight HA for bone regeneration.

HA combined 
with DBBM.

Radiological finding: Micro CT analysis showed higher 
trabecular bone formation in HA reinforced group. 
Histological finding: The HA group presented with angiogenesis 
and higher mature bone formation. 

[61]

HA: hyaluronic acid; CBCT: .
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to CBCT analysis, and histological data likewise demonstrated 
better osseointegration, bone regeneration, and elevated 
expression of Cox-2, Osteopontin (OPN), and Vascular Endothelial 
Growth Factor (VEGF) [55].

Table 2 provides a detailed description of various studies and 
clinical trials that have employed HA either alone or in 
conjunction with bone grafts for preservation and augmentation 
of the alveolar ridge.

HA in the management of peri-implant diseases 

HA in the management of peri-implant mucositis

Localised plaque accumulation around dental implants is recog-
nised as the primary predisposing risk factor for implant-site 
infection, peri-implant mucositis (PiM), and peri-implantitis [62]. 
PiM is characterised by peri-implant soft tissue inflammation 
with no accompanying loss of bony tissues, resulting from the 
gradual and progressive build-up of plaque in the peri-implant 
sulcus [63, 64]. According to the Consensus Report from the 
workshop on the Classification of Periodontal and Peri-implant 
Diseases in 2017, PiM is diagnosed and characterised clinically 
by symptoms including redness, oedema, presence of exudate, 
and the BOP (bleeding on probing), without an increase in prob-
ing depth (PD) [65]. Scientific evidence indicates that PiM should 
be managed in its initial stages, as untreated mucositis can pro-
gress to peri-implantitis, leading to the progressive deteriora-
tion and loss of alveolar bone around the implant [66]. The 
European Federation of Periodontology [67] has established 
guidelines for reducing the risk of peri-implant-related infec-
tion, which recommend that the health status of the patients’ 
soft tissues around the implants be evaluated at each visit by 
measuring PD and BOP [68]. Intraoral radiography should be 
performed only when increased bleeding and PD are observed 
alongside suppuration [69]. Upon diagnosing PiM, appropriate 
treatment is necessary to prevent its progression to implantitis. 
Common treatment strategies for mucositis include plaque 
removal through scaling and root planing, followed by meas-
ures to control plaque [69, 70]. Latest research experiments have 
explored the application of topical and nebulised HA for manag-
ing PiM, owing to its antibacterial effects on periodontal bacte-
rial pathogens [71], its ability to mediate the body’s innate 
response to microbes, and its significant role in wound healing 
by enhancing neo-angiogenesis and the attachment differenti-
ation, and growth of cells involved in tissue repair [72, 73]. 
Moreover, HA has already been utilised in various clinical studies 
to treat or manage periodontal bony pockets, furcation defects, 
and gingival recession [74, 75]. These attributes support its 
application for the therapeutic management of PiM.

A recently published double-blind, randomised clinical trial 
conducted by Siciliano et  al. [74] in 2024 assessed the clinical 
outcomes of patients with PiM following treatment with a 
topical HA gel 3 months post-operatively. Both the test and 
control groups received non-surgical debridement; however, 
only the test groups received a local topical gel consisting of 
sodium hyaluronate, spermidine, and sodium alginate. Bleeding 

during probing was evaluated as the main output of the study, 
alongside the other clinical parameters, including PD, full mouth 
plaque and bleeding score (FMPS and FMBS). The findings 
indicated significant improvements across all parameters after 3 
months, with 85% of test implants demonstrating disease 
resolution compared to 70% in the control group [76]. 

Another clinical pilot study by Lopez et al. [75] evaluated the 
possible efficacy of nebulised HA in the management of 
mucositis after 15 days of application. The findings revealed that 
the difference in pocket depth between 0 and 15 days was not 
statistically significant. However, probing showed a noticeable 
decrease in bleeding at both the test and control sites, with 
greater improvement observed at the HA-treated sites [75]. 

These investigations suggest that topical HA application has 
potential for the non-surgical management of mucositis, 
particularly for limiting and addressing the condition in its early 
stages.

HA in treating peri-implantitis

Dental implants are considered the primary choice for replacing 
missing teeth. However, 5–11% of cases may experience implant 
loss due to secondary failure [61]. Peri-implantitis is one of the 
leading  causes of implant failure, with an estimated incidence 
rate of approximately 22%, which is estimated to increase in the 
coming years [77]. It is a deteriorative inflammatory pathology 
affecting both the soft and hard tissues encircling an already inte-
grated implant. The condition is characterised by the advancing 
inflammation of the soft connective tissues and progressive loss 
of supporting bone [78]. Clinical indicators of peri-implantitis 
include radiographic bone loss, increased PD, and visible signs of 
inflammation, all of which can be observed at affected sites [79]. 

The treatment and management of peri-implantitis continue 
to be a significant dilemma for dental practitioners due to the 
disease’s complexity and severity. Various approaches and 
materials have been employed to address this condition through 
both surgical and nonsurgical interventions; among these, HA 
has demonstrated favourable outcomes in both treatment 
modalities [80]. HA, a non-sulfated glycosaminoglycan, exhibits 
hygroscopic properties, allowing it to increase its weight by 
more than 50 times through water absorption. This characteristic 
contributes to the ECM’s viscoelasticity. It enhances tissue 
hydration, facilitating the exchange of gases and small 
molecules, while simultaneously acting as a barrier against 
viruses, bacteria, and macromolecules [80]. Furthermore, HA 
possesses bacteriostatic, anti-inflammatory, non-antigenic, and 
antioxidant properties [81, 82]. Collectively, these attributes 
confer an antibacterial effect that inhibits both bacterial 
adhesion and biofilm formation, even under prolonged 
application. The antibacterial efficacy of HA is also influenced by 
its molecular weight. Low-molecular-weight (LMW)-HA (<300 
kD) encourages cell differentiation and proliferation while 
exhibiting inflammation-suppressing effects. Conversely, there 
is growing evidence that high-molecular-weight (HMW)-HA 
(1,000 kD) may exert an immunosuppressive influence, 
potentially mitigating excessive inflammation [83].
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 A clinical trial (randomised control) was conducted to as-
sess the influence of HMA-HA gel on the subgingival microbi-
omes associated with implants exhibiting peri-implantitis af-
ter a minimum period of 1 year of loading. The 16S rRNA 
sequencing technique was utilised to analyse the impact of 
HA gel on the subgingival microbiomes. The data revealed 
that the application of HA gel in the test group significantly 
decreased microbial abundance compared to the control 
group, in which microbial proliferation increased. Further-
more, the results demonstrated that HA application pro-
duced a greater reduction in the presence of microorganisms 
associated with the early colonisation of peri-implantitis 
(specifically Streptococcus, Veillonella, and Rothia), in addition 
to a moderate effect against middle colonisers (Prevotella and 
Campylobacter). However, HA was found to be ineffective 
against later colonisers, suggesting that the action of HA is 
insufficient once peri-implantitis has progressed to include 
late colonisers. Notably, HA gel did not influence the non-oral 
bacterial species (Ralstonia and Sphingomonas). This study in-
dicates the HMW-HA’s potential protective effect against 
peri-implant complications by limiting bacterial colonisation 
and growth [84]. 

In a related randomised controlled trial (RCT), Fernández 
et al. [41] also assessed the progress of peri-implantitis and peri-
implant pocket after treating it with the topically applied HMW-
HA by evaluating the crevicular concentration level of pro-
inflammatory mediators (interleukin [IL] 1β and tumour necrosis 
factor [TNF]) along with other clinical variables (BOP, PD, CAL 
[clinical attachment loss], and peri-implant bone loss) at three 
timelines, which are: baseline (0), 45, and 90 days. The findings 
demonstrated that the test group, in which peri-implant areas 
were treated with topical HA, exhibited the most significant 
reduction in bleeding at both the 45- and 90-day time points. 
PD, attachment levels, and bone loss were markedly decreased 
in the test group compared with the control group, with the 
differences particularly pronounced at the 90-day evaluation, as 
detailed in Table 3. Enzyme-linked immunosorbent assay (ELISA) 
analysis, which evaluated the crevicular concentrations of 
cytokines IL-1β and TNF, indicated that the test group had lower 
concentrations of inflammatory cytokines than the control. 
However, these differences were primarily observed in cases 
where PD exceeded 5 mm, suggesting that HA application had 
a more pronounced effect against progressing and advancing 
lesions. This study corroborates the therapeutic efficacy of 

Figure 5.  The stepwise successful application of bovine bone combined with HA at peri-implantitis sites involves the following sequential procedures: (a) 
mechanical debridement of the defective site, (b) assessment of the defect after mechanical debridement, (c) disinfection of the surfaces of the implant 
utilising photodynamic therapy, (d) application of bovine bone with HA, and (e) coverage of the bony graft with a porcine dermal collagen matrix [86].

Table 3.  Result of clinical variables evaluated after topical application of HMW-HA [41].
Variable Baseline 45 days 90 days 

BOP (%) 100 (vs. 100, 100) 15.6 (vs. 28.1, 33.3) 15.6 (vs. 28.1, 38.9)
Peri-implant pocket depth (mm) 3.62 ± 0.83 (vs. 4.21 ± 1.14, 3.67 ± 0.72) 3.08 ± 0.85 (vs. 3.79 ± 1.00, 3.35 ± 0.72) 2.97 ± 0.64 (vs. 3.63 ± 1.01, 3.25 ± 0.78)
CAL (mm) 4.06 ± 1.40 (vs. 4.37 ± 1.32, 3.74 ± 0.76) 3.52 ± 1.45 (vs. 3.95 ± 1.17, 3.41 ± 0.74) 3.45 ± 1.49 (vs. 3.79 ± 1.24, 3.29 ± 0.75)
Peri-implant bone loss (mm) 3.41 ± 1.66 (vs. 3.56 ± 2.01, 3.40 ± 0.91) 3.40 ± 1.63 (vs. 3.65 ± 1.99, 3.41 ± 0.87) 3.39 ± 1.70 (vs. 3.66 ± 2.04, 3.43 ± 0.89)

BOP: bleeding on probing; CAL: .
Note: Values in parentheses indicate results for Control 1 and Control 2, respectively.
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topical HMW-HA as a non-surgical management strategy for 
peri-implantitis [41]. 

Zhoe et  al. [85] conducted an in vitro and in vivo study, 
developing a novel hybrid gel composed of HA and chitosan, 
loaded with the anti-inflammatory drug dexamethasone 
(HA-CT-DE) for the repair of peri-implantitis. In vitro 
characterisation of this hydrogel demonstrated its enhanced 
biocompatibility. In vivo analysis evaluated the degradation of 
the hydrogel and repair of peri-implantitis in mice, and the 
results showed that the HA-CT-DE hydrogel demonstrated 
sustained release, an equilibrium swelling of 18, and the ability 
to stimulate growth against NIH-3T3 fibroblast cells. The 
expression levels of TNF-α, IL-6, and IL-1β, three inflammatory 
factors, were down-regulated in peri-implantitis. HA-CT-DE 
hydrogels have been demonstrated in vitro to inhibit methicillin-
resistant Escherichia coli and Staphylococcus aureus [85].

Recent research has also employed HA in the surgical 
treatment of bony defects resulting from the destruction caused 
by progressive peri-implantitis. A pilot study carried out by 
Rakaševi et al. [86] evaluated the effectiveness of a combination 
of a bovine bone substitute and HA in addressing bony defects 
associated with peri-implantitis. The study explored its 
effectiveness through radiographic analysis and various clinical 
parameters. The HA-combined bovine bone was successfully 
placed at the peri-implantitis-induced bony defect site (Figure 5). 
The radiographical findings, as shown in Figure 6 indicated that 
the HA-treated test groups exhibited greater vertical marginal 
bone gain and improved implant stability quotient after 6 
months in comparison to the control group, which only received 
the bovine bone substitute. Clinically, an improved clinical 

outcome, as shown in Figure 7, with no BOP was observed, and 
the pocket depth also decreased to less than 5 mm, suggesting 
the potential of HA as a promising agent in the surgical 
reconstructive treatment of peri-implantitis [86]. 

Valverde et al. [87] conducted a systematic review and meta-
analysis to evaluate the effectiveness of HA in treating peri-
implantitis. The results of the study concluded that HA alone or in 
combination with other materials was effective for the treatment 
of peri-implantitis, as the meta-analysis demonstrated a highly 
significant difference favouring the HA-treated group over the 
control group (p = 0.00001). However, considerable heterogeneity 
was found between studies (I2 = 93%) due to differences in their 
study design, surgical and non-surgical treatment modalities, 
dosage, and outcome assessment. Therefore, the researcher 
recommended carefully planned RCTs with extended follow-up 
times that demonstrate the advantages of HA in the management 
of peri-implantitis are required and justified [87]. 

Table 4 summarises studies that have used HA for the 
therapeutic management of peri-implantitis and its associated 
defects.

HA in implant surface modification

Implant coatings should be used to improve osseointegration, a 
crucial component of dental implant success [91]. The surface 
characteristics of implant coatings play a significant role in osse-
ointegration and bone healing [91]. Currently, the coating of 
implants has been enhanced using various natural polymers 
and organic materials. One method also involves modifying the 
implant surface with extracellular organic matrix [92]. HA ren-
ders the coating surface hydrophilic, thereby attracting various 
growth factors and proteins that facilitate bone healing mecha-
nisms and osteointegration during implantation [93]. As a coat-
ing material, HA can adhere covalently to the metallic surfaces 
of implants [94]. 

HA has the potential to accelerate bone regeneration through 
mechanisms including proliferation, chemotaxis, and mesenchy-
mal cell differentiation. It is also associated with osteopontin and 
bone morphogenetic protein-2 [95]. A study has revealed a syn-
ergistic effect on bone density, both in quality and quantity, ex-
hibited by HA, which contributes to the stability of the implant 

Figure 6.  Shows the (a) bone level at baseline before the surgical manage-
ment of peri-implantitis and (b) after 6 months of surgical intervention dis-
playing significant bone gain [86].

Figure 7.  Shows (a) increased probing depth before the surgical management of peri-implantitis with HA and (b) significantly improved probing depth after 
6 months of surgery with bovine bone merged with HA [86].
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during placement in the posterior maxilla. This stability is contin-
gent upon the duration of placement and the healing process 
[14]. Hamdy et al. conducted a randomised clinical trial [96] to 
evaluate and compare the implant stability of HA-coated dental 
implants with SLA dental implants (Sandblasted Large Thread 
Acid Etched) at 7 and 14 days after implant insertion in the pos-
terior maxilla. Resonance Frequency Analysis (RFA) was utilised 
to evaluate implant stability, while the Landry index assessed 
soft tissue healing (surgical wound healing). The statistical analy-
sis showed that the two groups’ patterns of implant stability dif-
fered. Across all time points, implant stability in the SAE implant 
group declined considerably from insertion to the 12th week 
(P ≤ 0.001). On the other hand, from insertion to 12 weeks, the 
stability of the HA-coated implant group improved significantly 
overall (P = 0.011). Between weeks 6 and 12, stability increased 
significantly (P ≤ 0.001) despite a non-significant decrease be-
tween insertion and 6 weeks (P = 0.244). HA-coated dental im-
plants also demonstrated significantly higher soft tissue healing 
(p = 0.005) than SLA dental implants at all time points [96]. 

Another in vitro study [97] evaluated the potential functionality 
of HA-coated polyether ether ketone (PEEK) implants by 
assessing the viability, differentiation, growth, and osteogenic 
activity of MG-63 human osteoblastic cells. The results indicated 
that HA-coated PEEK enhanced cell viability, proliferation, ALP 
activity, and mineralisation potential, indicating the ability of HA 
to improve the biofunctionality of dental implants [97].

In addition, HA can provide a bacterial-resistant coating for 
implant surfaces [98]. HA biopolymer has emerged as a 
promising material for the creation of biocompatible, 
antibacterial coatings on dental implants. However, the sole 
bacterial-repelling mechanism provided by conventional HA-
based coatings might not be sufficient for long-term protection 
[99]. Recent studies have focused on developing multifunctional 
or bifunctional antibacterial coatings that integrate synergistic 
mechanisms to enhance efficacy [78]. Hydrogel-based HA 
coatings could improve the antibacterial properties of Ti6Al4V 
implants by preventing microbial penetration and biofouling, 
owing to their crosslinked three-dimensional hydrophilic 
network with high hydration capacity [100]. Moreover, although 
HA alone lacks intrinsic bactericidal activity [101], HA-based 
hydrogel coatings can be engineered to provide sustained 
release of antimicrobial agents [102].

An in vitro experimental study done in 2023 [103] evaluated 
the sustained drug release ability and antibacterial activity against 
two most commonly involved pathogens of HA-based hydrogel 
coating on Ti6Al4V implants involved in implant-associated 
infections: Staphylococcus aureus (S. aureus) and Escherichia coli 
(E. Coli). Compared with uncoated Ti6Al4V surfaces, HA-based 
hydrogel coatings exhibited a considerable decrease in SYTO-9 
fluorescence intensity for both S. aureus and E. coli, suggesting 
effective bacterial-repelling capabilities. Surprisingly, these 
coatings also demonstrated a novel bacterial-killing mechanism 

Table 4.  Studies utilising HA for the non-surgical and surgical intervention of peri-implantitis.
Study design Objective of the studies Material used Results References

Experimental 
study (in vitro 
and in vivo).

Synthesis of HA and chitosan 
composite loaded with 
dexamethasone. 
Evaluation of physicomechanical 
characteristics and 
biocompatibility of the hydrogel 
through in vitro testing.
Hydrogel disintegration and 
peri-implantitis healing were 
investigated in vivo.

HA and chitosan 
composite 
loaded with 
dexamethasone.

In vitro:
The hydrogel had adequate gelling time and viscosity with a 
swelling equilibrium of 18. 
It also reduced the expression of pro-inflammatory cytokines and 
showed and displayed marked antibacterial effect against 
methicillin-resistant species of S. Aureus and E. Coli. 
In vivo:
Controlled degradation of hydrogel was observed and it was 
resorbed entirely between 4 and 6 weeks.
Reduction of inflammation and new tissue regeneration were 
noted at the implant site.

[85]

Prospective case 
series.

Evaluation of the effectiveness of 
ribose cross-linked collagen 
matrices with functionalised 
cross-linked HA for treating the 
defects associated with advancing 
peri-implantitis through clinical 
and radiographic parameter.

Ribose 
cross-linked 
collagen matrices 
with 
functionalised 
cross-linked HA.

Clinical findings:
Bleeding on probing frequency dropped from 63% to 10%, and 
an average 3.9 ± 1.85 decrease in probing depth was noted after 
12 months. 
Radiographic findings:
1.02 mm gain in marginal bone level was achieved around the 
treated implants.

[88]

In vitro study. Evaluation of the influence of HA, 
chlorhexidine, and azithromycin 
on the expressions of the genes 
(fimA, mfa1, hagA, rgpA, rgpB, and 
kgp), associated with the P. 
gingivalis adhesion and virulence, 
the most common cause of 
peri-implant tissue damage.

HA, azithromycin, 
and 
chlorhexidine.

HA had a significant effect on all the genes except rgpB, and it 
reduced the expressions of all the genes by almost half-fold, with 
fimA, mfa1, hagA, rgpA, and rgpB, and kgp genes showing 0.35 
0.20, 0.47 0.35, 0.44 0.25, 0.67 0.46, 0.48 0.33, and 0.35 0.22 values. 
HA with lower concentrations presented higher gene down-
regulation, and 1 mg/mL was found to be highly effective. HA had 
a lower overall effect than AZM but a higher impact than CHX.

[89]

Pilot study –
Non-randomised 
clinical trial.

Evaluation of the effectiveness of 
the nebulised HA for managing 
peri-implantitis.

Nebulised HA. A slight improvement in probing depth was noted after 15 days 
at HA-treated sites; however, the difference between control and 
test sites was not statistically significant. Bleeding on probing 
was equally improved in the test and control sites.

[90]

HA: hyaluronic acid.
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that killed both bacterial strains, a property never observed in HA-
based materials. This antibacterial activity is believed to result 
from the hydrogel’s high swelling capacity, which makes it easier 
for bacteria to absorb and become trapped within its microporous 
network, thereby restricting their survival. HA-based hydrogel 
coatings thus exhibit a more potent bactericidal mechanism 
against E. coli and a greater resistance to S. aureus [103]. 

Another experimental study used a selenium and HA coating 
(Se/HA) on CP-Ti (commercially pure titanium) dental implants 
and assessed its antimicrobial potential against S. aureus and E. 
coli by measuring zones of inhibition. Dip coating was used to 
apply a Se/HA coating to the implant. The Se/HA coating showed 
significantly higher antibacterial activity against both patho-
gens, particularly against S. aureus, compared to the control 
[98]. Table 5 lists studies that have used HA-based coatings to 
modify implant surfaces.

HA in soft tissue healing around implants (peri-implant 
seal)

The success of implant therapy is contingent not only upon 
the efficient osseointegration of the implant with the alveo-
lar bone but also on the attachment of adjacent soft tissue 

(epithelial and connective tissue) to the implant [111]. This 
soft tissue-implant interface functions as a biological seal 
that separates the underlying bone and implant from the 
external environment of the oral cavity through the implant 
adhesion with the epithelial and connective tissues, thereby 
inhibiting the build-up of bacterial plaque in the implant sul-
cus (which is formed between the implant and associated 
soft tissues); thus inhibits the onset of peri-implant inflam-
matory diseases [111]. Consequently, the proper healing of 
soft tissue around the implants serves an essential part in the 
functionality and durability of dental implants by creating a 
biological peri-implant seal.

The biological process of soft tissue healing is dynamic 
and intricate, encompassing key stages such as fibroblast 
differentiation and growth, ECM deposition, re-epithelialisation, 
and angiogenesis (new blood vessels formation) [112–114]. 
Therefore, the repair and healing of soft tissues rely heavily on 
the extent of collagen matrix deposition, vascularisation, and 
the availability of amino acids required to support increased 
metabolic activity at the healing site. In clinical practice, shorter 
healing times are essential, as they enhance patient outcomes 
by reducing post-operative pain and swelling, ensuring 
adequate haemostasis, and lowering the risk of infection 

Table 5.  The role of HA and its impact on dental implants.
Coating Results Reference

VEGF on Ti surface functionalised through a grafted layer 
of a combination of carboxy-methyl chitosan (CMCS) with 
hyaluronic acid-catechol (HAC).

•	 HA inhibited bacterial growth and promoted osteoblast functions.
•	 Calcium deposition and mineralisation improved on the titanium surface.

[104]

Dental implants made up of Ti and coated by an ECM that 
was artificially formed, consisting of collagen type I and low 
sulfated hyaluronan (sHA) derivatives 

•	 Peri-implant area formation of bone was increased in the maxillary bone 
around the implant.

•	 No signs of inflammation was observed.
•	 sHA1 increased the activity of osteoblast.

[92]

HA formed hydrogel coatings on Ti6Al4V implants. •	 Excellent biocompatibility response was observed along with antibacterial 
functions such as repelling and killing bacteria. 

•	 This coating also stimulated cellular-based activities such as proliferation 
activity, differentiation and mineralisation. 

[103]

HA/CS multilayers on Ti6Al4V implants. •	 Reported antibacterial activity against S. aureus. 
•	 This study reported the smooth pattern of multi-layer coatings act as 

reservoir that serve the function of bactericidal activity around the implant.

[105]

Ti Surface with PTL to form multilayer coating composed of 
Ag/CS/HA. 

•	 AgNP destroyed the bacteria until healing is achieved.
•	 However, showed some cytotoxicity that can be controlled by Ag concentration.

[106]

HA gel around the implants. •	 New bone and osteoid tissues formed at the implant site. 
•	 Healing of bone also occurred.

[12]

The surface of Ti implants treated with sandblast, machine, 
sandblast plus acid-etched, HA, (HAp).

•	 HA-coated surface showed better osseointegration than other treated surfaces. [107]

Biphasic calcium phosphate (BCP) with HA. •	 New bone formation and healing of bone occurred.
•	 Osteoinductive properties also improved.

[108]

HA Gel with Simvastatin around the dental implants. •	 Osseointegration was improved.
•	 Stability of implant achieved along with an increase in density of bone.

[109]

Coating of HA bisphosphonates on PEO-based metal implants. •	 Decreased the bacterial adhesion and coating used was also non-toxic. [76]
HA and flowable L-PRF coatings. •	 HA provided more stability than flowable L-PRF.

•	 Improved osseointegration.
[110]

Coating of HA and selenium on the implant surface. •	 Enhanced resistance to corrosion.
•	 Good activity of antimicrobial found against S. aureus. 

[98]

Polyether ether ketone coated with HA. •	 Survival of proliferation and differentiation of cells was enhanced. 
Improvement was found in mineralisation. 

[97]

PRF (Platelet-rich fibrin); BMP (bone morphogenetic proteins); ECM (extracellular matrix); LXR (liver X receptors); SAE (sandblasted acid etch); CBCT (Cone 
Beam Computed Tomography); CAL (Clinical attachment loss); ECM (extracellular matrix); PTL (phase-transited lysozyme).
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[115–117]. Therefore, new topical medications containing 
chemicals or compounds that facilitate repair have been 
developed to enhance healing and repair of soft tissues around 
the implants. One such advancement is the availability of 
commercial topical gels (HAplus gel and Aminogam gel) 
consisting of a combination of HA (LMW) and collagen-
producing amino acid precursors (proline, leucine, lysine, and 
glycine), aimed at improving the healing of the mucosal 
epithelium and connective tissue [118–120]. HA is widely used 
for its ability to form transient structures that facilitate the 
assembly and deposition of extracellular matrix proteins, 
promote cell attachment, migration, and proliferation, and 
modulate vascular endothelial cell activity [121–123]. 
Furthermore, HA supports tissue hydration and ECM resilience 
[122]. Previous studies have also indicated that HA-based gels 
promote faster healing of oral soft tissue post-surgery and 
reduce postoperative complications. Aminogam gel, a HA-
based gel, contains not only HA but also four essential amino 
acids (glycine, leucine, proline, and lysine), which are required 
for wound healing. Glycine stimulates fibroblast proliferation 
and collagen deposition, lysine mediates the inflammatory 
response by modulating cytokine expression, and leucine 
promotes angiogenesis and proline to fasten wound healing by 
increasing the proliferation and migration of keratocytes. All 
these components give aminogam the ability to heal wounds 
and soft tissues, reduce pain, and exhibit anti-inflammatory and 
anti-odematous properties [120, 124].

Canciani et al. [125], in their experimental research (in vitro 
and in vivo studies), evaluated the influence of an amino acid-
enriched HA gel, with and without the incorporation of 
vitamins C and E, on the healing of the oral mucosa. The findings 
indicated that the application of the gel to the treated site 
resulted in increased neo-vascularisation, as depicted in 
(Figure 8), and improved organisation of collagen fibres. 
However, the difference in collagen concentration between the 
HA-treated and non-treated sites was not statistically significant 
(Figure 8). Nonetheless, the HA gel reinforced with vitamins C 
and E demonstrated a greater potential to enhance collagen 
production during the healing process, as evidenced by its 
positive stimulatory effect on fibroblast cells in culture. A 
retrospective study conducted in 2020 [126], evaluated the 
healing time of soft tissue after endosseous implant placement 
following the application of aminogam gel on the peri-implant 
soft tissues. The results indicated that the healing time in the 

experimental groups (treated with topical application of 
aminogam gel) was reduced by 28% (6 days less than the control 
group), with complete healing of the mucosa and no surgical 
complications. Histological examination also revealed that the 
aminogam gel led to the development of well-differentiated 
and developed connective tissue with lower concentrations of 
inflammatory infiltrate and vascular density [126]. These studies 
indicate that amino acid-enriched HA gel can significantly 
improve the peri-implant seal by positively influencing soft 
tissue healing around the implant, thereby optimising clinical 
and patient outcomes.

Bawankar et  al. [127] conducted a RCT in 2024 to evaluate 
the effectiveness of injectable HA with microneedling (MN) 
against microneedling alone for enhancing peri-implant soft 
tissue volume. RCT consisted of two groups: Group 2 received 
HA on the peri-implant mucosa after MN, while Group 1 received 
only MN. At baseline, 3, and 6 months, clinical measures, 
including the Plaque Index, Gingival Index, PD, attachment 
levels, bleeding index, mucosal thickness, keratinised tissue 
width, interproximal width, and papillary recession height, were 
measured. HA combined with MN led to increased mucosal 
thickness and keratinised tissue width, along with a reduction in 
peri-implant inflammation and greater soft tissue regeneration, 
indicating an overall gain in soft tissue volume. This shows that 
HA can be a promising material for enhancing soft tissue around 
implants [127].

HA as a scaffold in regenerative tissue engineering

A sufficient amount of alveolar bone is necessary for dental 
implant placement. If the bone quantity is insufficient, bone 
replacement can be achieved through grafting or regeneration 
procedures. Conventional grafting methods, such as autografts, 
allografts, and xenografts, which have been widely used for 
alveolar bone regeneration, also have notable limitations. 
Autografts require a second surgical site and have limited avail-
ability. In contrast, allografts and xenografts do not require har-
vesting but pose risks of immune reactions, inconsistent 
integration, delayed remodelling, and potential disease trans-
mission [128]. Modern dentistry is now shifting towards bone 
regeneration through tissue engineering, an advanced approach 
that combines scaffolds, cells, and [129] signalling molecules to 
replicate the natural bone environment for targeted bone for-
mation [130].

Figure 8.  Shows that (A) the HA plus (amino acids –enriched HA gel) treated group resulted in higher neo-vascularisation than the non-HA treated group 
and (B) a non-significant difference was observed between the collagen content of the treated and non-HA treated group [125].
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For bone tissue engineering (bone regeneration through 
tissue engineering), three essential elements are necessary for 
effective bone formation: (1) osteoprogenitor cells that can 
differentiate into functional bone cells, such as mesenchymal 
stem cells (MSCs), induced pluripotent stem cells (iPSCs), or 
embryonic stem cells (ESCs); (2) specific growth factors that 
promote cell migration, proliferation, differentiation, and 
formation of blood vessels; and (3) a scaffold that serves as a 
3-dimensional structured framework for osteogenic cells to 
adhere and grow. Among these three key elements, the scaffold 
plays a crucial role in creating a suitable environment for 
osteogenic stem cells to adhere and grow with the presence of 
growth factors necessary for new bone formation. A scaffold for 
bone regeneration should ideally possess several key 
characteristics. It must be biocompatible, osteoinductive, 
antimicrobial, and anti-inflammatory, while also promoting 
tissue growth and vascularisation. In addition, the scaffold 
should be biodegradable, with a degradation rate that supports 
new bone formation. It must provide adequate structural and 
mechanical support for the defective area and feature a porous 
structure to facilitate healing [129]. Thus, the selection and 
preference of scaffold material constitute a critical step in bone 
tissue engineering [131]. 

Various materials have been utilised for scaffold fabrication, 
among which HA has been used due to its promising properties 
[132, 133]. As a scaffold for bone regeneration, HA offers 
significant advantages. It is biocompatible, biodegradable, 
antioxidant, anti-inflammatory, and found naturally in 
connective tissues, where it promotes cell proliferation, 
differentiation, and lubrication – properties that can be 
transferred to engineered scaffolds. HA has functional groups 
that allow it to be chemically modified or cross-linked to create 
hydrogels, and it can create a highly hydrophilic environment 
that supports cell infiltration and growth. Furthermore, HA is 
bioactive in both its intact and degraded forms, maintaining its 
functionality throughout the regenerative procedure [134]. 
Hydrogel HA scaffolds, a three-dimensional network of HA 
molecules that are crosslinked to form a gel-like material with 
high water content, are mostly utilised for bone tissue 
regeneration as hydrogel-based HA scaffolds exhibit optimal 
mechanical properties, enhanced biocompatibility, increased 
flexibility, manageable network architecture, and the ability to 
resist dissolution in water [133, 135]. HA hydrogels have a high 
water content, which makes them highly permeable to nutrients, 
oxygen, and metabolites [136]. Sponge and meshed forms of 
HA scaffolds are also used in tissue engineering, as they can be 
modified chemically and structurally to meet the essential 
requirements of bone regeneration [137]. 

Several studies have used HA-based scaffolds to regenerate 
alveolar or maxillofacial bone, yielding promising results. A 
2022 critical review by D’Albis [133] analysed results from 
various studies that used HA as a scaffold for alveolar bone 
regeneration. This study reviewed eight studies, and the 
combined findings indicate that HA can be used as a scaffold 
in combination with other biomaterials to regenerate alveolar 
bone due to its promising osteogenic and osteoinductive 

properties [133]. A study conducted by Hamlet et al. in 2017 
[138] evaluated the potential of mPCL (medical grade 
polycaprolactone) containing osteoblasts embedded in an 
HA-based scaffold-rich in bone morphogenetic protein-7 
(BMP-7) for alveolar bone regeneration through in vitro and in 
vivo testing. The in vitro findings demonstrated that osteoblasts 
encapsulated in HA-hydrogels remained viable and generated 
a mineralised collagenous matrix over 6 weeks, thereby 
confirming effective differentiation. In vivo, mPCL–hydrogel 
constructs exhibited a significantly larger volume of 
vascularised bone-like tissue after 4 weeks, indicating 
improved osteogenic performance [138]. An in vivo study also 
investigated the potential of a collegena-encapsulated 
hydroxyapatite (HA) and calcium sulphate (CS) composite 
(HAP/CS/HA-Col) for alveolar bone regeneration in rats. The 
HAP/CS/HA-Col composite exhibited the highest new mature 
bone formation, with mechanical properties similar to those of 
natural trabecular bone and excellent biocompatibility [139]. 
Another study fabricated the novel dental plug composed of 
HA, tri-calcium phosphate, and biphasic calcium phosphate 
for single-step bone grafting in the extraction socket and 
evaluated its properties. The findings revealed that the 
designed HA-based dental plug was biocompatible and 
osteoconductive with excellent haemostatic properties. This 
HA-based scaffold, when tested in vitro, showed greater and 
improved bone formation in a rabbit femur model [58]. A 
hydrogel scaffold based on HA, chondroitin-6-sulfate, and 
deratan sulfate, and high-molecular-weight heparin, has 
demonstrated favourable osteogenic-promoting properties in 
vivo [140]. 

Azar et  al. [141] explored the latest developments in the 
tissue engineering triad for dental implant therapy using a HA 
scaffold in combination with oxysterol and human dental pulp 
stem cells (hDPSCs) in their study. Human dental pulp stem 
cells have vascular endothelial growth factors and fibroblast 
growth factors and produce osteoblast during the bone repair 
process. They also upregulate gene expression of osteopontin, 
alkaline phosphatase, and osteocalcin, thereby increasing 
vascularity and accelerating bone formation. Oxysterol, an 
oxidised form of cholesterol, which is found naturally in the 
human body, promotes osteoinduction by activating LXRs and 
the Hedgehog (Hh) signaling pathway

liver X receptors (LXRs) (Hh) signalling pathway through 
binding with Smo (smoothened receptor). Hence, it promotes 
bone development. The scaffold HA base is used to deliver 
various mediators or osteoinductive substances. The scaffold’s 
structure is maintained in a hydrated environment by HA 
distributed throughout it, made possible by its viscosity and 
the chelation between hyaluronate and Ca2+. The study 
concluded that the combination of oxysterol and hDPSCs 
grown on HA scaffolds may act as an osteoinductive substance 
to accelerate the bone repair and regeneration process during 
dental implant treatment [141]. 3-D printing technology is also 
increasingly being used to produce HA-based scaffolds with 
greater accuracy and customisation. An in vivo study evaluated 
the osteogenic potential of 3-D printed polylactic acid (PLA) 
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and HA-based scaffolds, compared with a control (no graft) 
and a 3-D printed PLA group, in a rabbit calvaria model. The 
results indicated that the 3-D printed scaffold made of PLA and 
HA displayed the highest bone-to-tissue volume ratio, showed 
no adverse reaction, and had improved integration with the 
margins of the bony defect [136]. Another study fabricated a 
composite scaffold via 3-D printing for bone regeneration. This 
composite was made by combining HA, gelatine, and 
hydroxyapatite. The study reported improved cellular 
proliferation and osteogenic differentiation potential [115]. 

However, HA scaffolds exhibit a significant limitation relating 
to biodegradation. During the degradation process, they 
modulate the inflammatory response, leading to the release and 
elimination of low-molecular-weight compounds. Consequently, 
this suppresses leukocyte migration and neutrophil adhesion 
[116]. The disadvantages of HA scaffolds, including degradation 
and occasional poor mechanical strength, can be mitigated 
through crosslinking, chemical modifications, alterations in pore 
size and volume, and the incorporation of rigid additives such as 
bioceramics and bio-glass [117, 142]. 

Figure 9 summarises the characteristics of scaffolds, while 
Table 6 provides an overview of recent studies on HA scaffolds 
for dental applications.

Complications of HA and their management

To enhance the regenerative properties and handling character-
istics of bone, HA with different molecular weights are utilised. 
Sieger et al. [152] investigated the tissue response and inflam-
matory biocompatibility of two molecular weights of HA in 
combination with biphasic bone grafts. Both in vitro and in vivo 
tests were performed in the study. L929 cells were used for the 
analysis of HMW and LMW HA cytotoxicity. The initiation of anti- 
and pro-inflammatory macrophages, as well as multinucleated 
giant cells (BMGCs), was assessed using histological, 

immunohistochemical, and histomorphometric methods across 
these three materials. The researchers found that all materials 
were nontoxic and did not cause biological damage to L929 
cells. For in vivo evaluation, calvarial defects were created in 20 
Wistar rats, which were subsequently filled with a biphasic bone 
substitute (BBS) or with BBS combined with two different HA 
dosages. A marked declination in pro-inflammatory mac-
rophages was observed in a group where a high dose of HA was 
incorporated into the BBS, as compared to the control. M2 mac-
rophages and BMGCs were not detected in any of the study 
groups, yielding statistically nonsignificant results. M2 mac-
rophages are activated by exposure to specific cytokines, such 
as IL-4, IL-10, and IL-13, and are responsible for wound healing 
and tissue repair by enhancing collagen synthesis, producing 
either polyamines or proline [153]. Empty defects were used as 
the study’s control group. The authors indicated that the inflam-
matory response to BBSs was not affected by the addition of HA. 

To address the issue of missing interdental papillae, Bertl 
et  al. [154] utilised mucosal HA (HY) gel injections around 
implant-supported crowns. They evaluated two patients 
with single non-neighbouring implants in the upper arch. 
The injections were administered using a three-step technique 
bilaterally, with a protocol that included a repeat injection 
session approximately 4 weeks later. The researchers noted that 
after the second injection, puffiness, marked pain, and a tingling 
sensation in the lip adjacent to the injection site were observed. 
In one patient, livedo reticularis, a lattice-like altered skin colour 
change was evident; however, it was documented that these 
symptoms resolved after 7 days without resulting in necrosis or 
permanent skin damage.

Product migration, delayed swelling, and inflammatory 
reactions were noted when resorbable tissue fillers containing 
HA were employed. The occurrence of these inflammatory 
reactions is hypothesised to be occurring because of the 
cross-linking of HA fillers. De Jong et al. [155] developed five 

Figure 9.  Representation of the wide applications and properties of HA-based scaffolds in tissue engineering.
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experimental HA fillers with progressing levels of cross-linking 
agents. In cytotoxicity evaluations, absent to minimal 
cytokine production was observed when human-derived 
macrophages (THP-1) were exposed to the HA fillers. In 
addition, gene expression analysis indicated changes in the 
control of cell cycle and immune functions. The most prevalent 
complications associated with HA include intravascular 
necrosis, skin necrosis, biofilm-related infections, and foreign 
body granuloma.

Intravascular necrosis

Intravascular necrosis leading to embolia cutis medicamentosa 
following the administration of HA is a common complication 
[156, 157]. Full-thickness necrosis, eschar, and scarring may 
occur within a timeframe ranging from 48 h to 7 days post-appli-
cation of HA [158]. Intravascular necrosis may result from the 
use of sharp needles, deep injections, and the administration of 
large boluses at a single site. Common complications include 
intense pain, ischemia, webbed-like skin pattern, and purple-red 
mottling attributable to blood-filled blisters. To mitigate the 

effects of HA-related complications, hyaluronidase should be 
administered as promptly as possible [158].

Skin necrosis

The most serious complication associated with HA is skin necro-
sis, which results in anaesthetic scar alterations. It has been pos-
ited that this phenomenon may be attributed to both 
extravascular and intravascular factors; however, the precise 
mechanism remains incompletely understood. Extravascular 
factors include reduced skin perfusion when excessive HA is 
introduced, which can lead to external vascular compression 
[159]. The prominent symptoms of skin necrosis include tissue 
reactions, such as oedema and inflammation. Allergic reactions 
and inflammation may occur when HA contains trace amounts 
of foreign proteins [160]. In terms of intravascular factors, 
high-molecular-weight HA can obstruct arteries and induce 
chemical damage to the endothelial lining [161]. For HA vascu-
lar complications, there is currently no standardised treatment 
protocol. Treatment options include hyaluronidase injection, 
prostaglandin E1, nitroglycerin paste, and warm compression 

Table 6.  Applications of HA scaffolds in dentistry.
S.NO. Scaffold Results Reference

1. Methacrylated HA microwell scaffold. •	 Inhibition of bacteria by HA and promotion of osteoblast functions.
•	 Calcium deposition and mineralisation improved on titanium surface.
•	 �Two cells were studied in this study ‘human adult low calcium high temperature (HaCaT) cells’ 

and ‘dental pulp stem cells (DPSCs)’.

[143]

2. Recombinant human bone 
morphogenetic protein with HA 
represented as (rhBMP-2 HA 
hydrogel).

•	 Formation of new bone. 
•	 Osseointegration improved.

[144] 

3. Click-crosslinking with HA hydrogel 
scaffold morphogenetic protein-2 
(BMP-2) mimetic peptide (BP).

•	 Good biocompatibility.
•	 Increased osteogenic differentiation.
•	 Better compressive strength. 
•	 Human dental pulp stem cells (hDPSCs) were studied in this study
•	 �Growth factors such as BP or BMP-2 (mimetic peptide) and (bone morphogenetic protein-2) 

respectively were used.

[145]

4. Coating of HA hydrogel on the 
surface of Ti6Al4V implants.

•	 Excellent biocompatibility.
•	 Improve bactericidal activity.
•	 “Human dental pulp stem cells (hDPSC)’ were studied in this study.

[103]

5. Hybrid based on CS-HA hydrogel 
scaffold (periodontal regeneration).

•	 Viability of cells was increased.
•	 An increase in cell migration was reported.
•	 Mouse fibroblast cell line (NIH-3T3) and human osteoblastic line (MG-63).

[146]

6. HA-based hydrogel (Restylane) as an 
injectable type scaffold (pulp 
regeneration).

•	 This injectable hydrogel effectively promoted the viability of cells and mineralisation.
•	 Also, the differentiation of odontoblast-like cells also promoted. 
•	 ‘Stem cells of the apical papilla (SCAP)’ were studied.

[147]

7. HA-based scaffold with a coating of 
bilayer cellulose (wound healing 
inside the oral cavity).

•	 Cytocompatible. 
•	 Improved recruitment of fibroblast cells as well as proliferation. 
•	 Increased healing observed.

[148]

8. HA with extract of Cissus 
quadrangularis-based scaffold for 
(periodontal regeneration).

•	 Tenogenesis potential enhanced.
•	 Tensile strength and orientation of collagen fibres increased.
•	 ‘Mesenchymal stem cells’ were studied in this study.

[149]

9. Sponge of collagen with HA-based 
scaffold (periodontitis).

•	 This scaffold showed no evidence of adverse reaction.
•	 Wound healing improved.

[150]

10. HA in salivary gland regeneration. •	 �High molecular weight HA increased the proliferation and organisation of c-Kit+ progenitor 
cells.

•	 The germ formation of salivary gland organs was enhanced.

[151]

HA: hyaluronic acid.
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and massage aimed at disrupting the filler embolus. However, it 
is important to note that there is still a scarcity of data that 
claims or proves that skin necrosis resulting from vascular com-
plications can be reduced with hyaluronidase, despite its effec-
tiveness in correcting unfavourable outcomes associated with 
HA within 24 h [162, 163]. 

Biofilm causing infection

The most prevalent human bacterial colonisers of skin and 
mucous membranes are members of the genus Staphylococcus, 
with Staphylococcus epidermidis being the most frequently iso-
lated species from human epithelial tissues [163]. Staphylococcus 
epidermidis is associated with a range of infectious processes, 
including urinary tract infections, ear infections, respiratory 
tract (upper) infections, dental plaque formation, gingivitis, 
and prosthesis-associated infections. In certain circumstances, 
the infection can progress to endocarditis [163, 164]. These 
bacteria exhibit a propensity to adhere to implant surfaces by 
secreting an adhesive and protective matrix of proteins that 
facilitate further accumulation and attachment of microor-
ganisms on the implant surface. Furthermore, infections can 
arise from biofilms on needles used to inject HA [163, 165]. 
Rarely, weeks after these injections, patients may present with 
persistent, erythematous, and tender nodules. Abscesses or 
sinus tracts may develop as a consequence of these infections. 
In most cases, these infections persist for extended periods, 
often being misdiagnosed and inadequately treated as aller-
gic reactions, as the bacteria are frequently culture-negative 
[165]. Broad-spectrum antibiotics can effectively address 
these infections; however, it is critical to avoid immunosup-
pressive steroids, as they may exacerbate the condition [166].

Foreign body granuloma

Following the administration of HA, granuloma formation 
occurs within 5 to 15 months, characterised by the presence of 
histiocytic and multinucleated giant cells, collagen deposition, 
and phagocytosis in the surrounding connective tissue. Foreign 
body granulomas present clinically as substantial facial swelling 
and erythema, accompanied by one or more nodules. While 
most of these granulomas are asymptomatic, they can be aes-
thetically distressing to patients. In more severe cases, slight irri-
tation, localised tenderness, swelling, vascular lesions, redness, 
and ulceration may be observed. Pathologies, including orofa-
cial granulomatosis, erysipelas, contact dermatitis, facial 
oedema, and sarcoidosis, must be considered as differential 
diagnoses during patient history and examination [167]. 
Treatment options for this condition include antihistamines, sys-
temic corticosteroids, topical tacrolimus, minocycline, retinoids, 
allopurinol, 5% imiquimod, and surgical excision [167, 168].

Limitations 

The limitations of this study arise from its reliance on a compre-
hensive narrative review approach, which synthesises findings 

from existing literature but may introduce variability due to dif-
ferences in study methodologies, populations, and outcomes. 
While HA demonstrates promising therapeutic potential, this 
review does not provide an exhaustive analysis of its long-term 
bioactivity or cost-effectiveness in clinical settings. Moreover, 
the diversity of HA formulations and the lack of standardised 
protocols for their application in dental implantology pose chal-
lenges for deriving uniform conclusions. Also, fewer studies 
investigate HA’s performance across diverse patient popula-
tions, for example, patients with systemic conditions (e.g. osteo-
porosis and diabetes). The study also does not delve into the 
comparative performance of various HA formulations (for exam-
ple, crosslinked vs. non-crosslinked, HA-based composites), 
which is critical for determining the most effective choices for 
clinical application. These limitations underscore the need for 
well-structured clinical trials in the future to substantiate the 
efficacy and safety of HA across diverse patient cohorts.

Conclusions and future perspectives 

HA plays a crucial role in regenerative tissue engineering owing 
to its biocompatibility, biodegradability, and bioactivity. It regu-
lates cellular functions such as migration, proliferation, and 
wound healing through interactions with CD44 and RHAMM 
receptors. HA’s multifunctionality, including its ability to man-
age inflammation, promote angiogenesis, and integrate with 
scaffolds, makes it valuable for bone regeneration, soft tissue 
healing, and implantology. Despite its rapid biodegradation and 
limited mechanical strength, HA’s performance as a scaffold can 
be enhanced through chemical modifications, such as crosslink-
ing and the integration of bioceramics. Advances in HA-based 
scaffolds have demonstrated significant promise for maxillofa-
cial and bone-related applications, particularly in ARP, augmen-
tation, and peri-implant disease (PID) management. HA supports 
osteogenesis, improves osseointegration, and aids in the man-
agement of PIDs (PiM and peri-implantitis). In addition, HA coat-
ings on implants improve biocompatibility, hydrophilicity, and 
bacterial resistance, enhancing both peri-implant bone and soft 
tissue healing. However, challenges remain, including HA’s rapid 
degradation and potential complications such as skin necrosis 
and foreign-body reactions. Combining HA with other materials 
and techniques helps extend its bioactivity and improve clinical 
outcomes.

Future research on HA in dental implantology should priori-
tise optimising HA-based scaffolds by enhancing their mechan-
ical properties and degradation rates through crosslinking and 
material hybridisation. This includes developing HA scaffolds for 
controlled delivery of drugs or growth factors, as well as explor-
ing their potential in stem cell-based regenerative therapies to 
expedite healing and tissue regeneration. In addition, longer-
term studies are required to further investigate the stability and 
bioactivity of HA composites, using novel crosslinking tech-
niques and integrating HA with advanced technologies such as 
3D printing. Clinical trials should compare HA-based materials 
with traditional biomaterials to investigate HA’s molecular 
mechanisms that enhance osseointegration and increase bone 
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density. In managing PIDs, sustained-release HA systems could 
offer prolonged antibacterial and anti-inflammatory benefits, 
and further research should examine HA’s synergistic effects 
with other biomaterials and growth factors. Finally, studies on 
HA’s molecular interactions with cells and proteins will be crucial 
to advancing its applications in both soft and hard tissue regen-
eration, and long-term clinical trials will be required to ensure 
safety and efficacy.
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Key messages:

1.	 HA, being a component of the extracellular matrix, can be 
utilised at various stages of dental implant therapy, includ-
ing alveolar bone regeneration, implant surface modifica-
tion, peri-implant disease management, and peri-implant 
soft tissue healing, with promising results. 

2.	 Advances in scaffolds based on HA have demonstrated 
significant promise for maxillofacial and bone-related 
applications, especially in alveolar bone regeneration, 
preservation, augmentation, and peri-implant disease 
management. 

3.	 Future research should focus on improving HA’s mechani-
cal properties, enhancing long-term bioactivity, and 
exploring synergistic combinations of biomaterials; clinical 
trials are also essential to fully understand HA’s potential in 
the realm of implant dentistry.
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