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ABSTRACT
Background: Biocompatible materials with remineralising and regenerative properties are now being 
increasingly used in restorative dentistry as possible materials in place of conventional agents. This sys-
tematic review aimed to evaluate the laboratory remineralisation potential and available clinical evidence 
of emerging biocompatible, non-fluoridated materials used in restorative dentistry. Patient-reported out-
comes were explored where reported.
Materials and methods: A systematic review was performed on relevant databases as PubMed, Cochrane, 
EBSCOhost and Scopus.
Results: A total of 8 in vivo and 23 in vitro studies were included. Self-assembling peptide P11–4 (SAP 
P11–4) and chitosan-based materials demonstrated consistent remineralisation benefits, predominantly in 
laboratory studies, with limited supporting clinical evidence. Risk of bias was moderate for in vitro studies 
and low-to-some concerns for in vivo studies.
Conclusion: Self-assembling peptides and chitosan-based biomaterials show promising potential, though 
current evidence is largely laboratory-based and requires further clinical validation. Further well-designed 
clinical trials are warranted.
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Introduction

Dental caries is highly preventable, but remains one of the most 
prevalent chronic diseases in children and adults worldwide [1]. 
The WHO Global Oral Health Status Report estimated that glob-
ally 2 billion people suffer from caries of permanent teeth and 
514 million children suffer from caries of primary teeth [2]. Shafer 
defined dental caries as an ‘irreversible microbial disease of the 
calcified tissues of the teeth, characterized by demineralization 
of the inorganic portion and destruction of the organic sub-
stance of the tooth, which often leads to cavitation’ [3]. The 
enamel and dentinal mineral loss are due to the acid attacks pro-
duced by the bacterial metabolism of carbohydrates and sugars 
[4]. Fortunately, dental caries is reversible during the initial phase 

of the disease, and the stagnation of enamel and dentin demin-
eralisation can be prevented through the inhibition of biofilm 
formation and salivary protective factors [5]. Restoring a decayed 
tooth is essential for preventing further deterioration, preserving 
tooth structure, and maintaining oral function. Untreated decay 
can impair general health and quality of life by causing pain, 
infection, and tooth loss. According to the literature search [4, 6] 
numerous substances including fluorides, calcium glycerophos-
phate, and xylitol, have been employed to effectively allow dem-
ineralised dentin and enamel to remineralise.

Several researchers have used both traditional fluoridated 
and non-fluoridated dentifrices to examine the demineralisation 
and remineralisation of enamel lesions in permanent teeth. 

SYSTEMATIC REVIEW

KEY MESSAGES

- � Self-assembling peptide SAP P11–4 demonstrates strong clinical evidence for minimally invasive remineralisation of early 
carious lesions.

- � Chitosan-based restorative and preventive materials provide comparable outcomes to conventional materials with added 
biocompatibility benefits.

- � Although promising, most emerging biocompatible agents require further high-quality clinical trials to validate long-term 
effectiveness and patient outcomes.
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Though it has advantages, excessive levels of fluoride 
can  be  harmful leading to dental and skeletal fluorosis, 
hypersensitivity reactions, hypersalivation, dyspnoea, 
stomach irritation, muscular spasm, birth abnormalities, and 
so on [6, 7]. Therefore, alternative remineralising agents were 
explored, and consequently, a novel approach to managing 
enamel and dentin remineralisation has focused on identifying 
natural, effective, and non-fluoride-based treatment options. 
Biocompatible materials have been created to  overcome 
these obstacles and enhance patient outcomes and treatment 
effectiveness. Despite the stability and aesthetic appeal  of 
conventional restoratives like amalgam and composite resins, 
research into natural alternatives has been prompted 
by  concerns about biocompatibility and durability. This 
systematic  review was conducted to evaluate the laboratory 
remineralisation potential and available clinical evidence of 
emerging non-fluoridated biocompatible materials used in 
restorative dentistry.

Materials and methods

Research question: The research question was framed in PEO 
format.

In patients undergoing restorative dental procedures, how 
do emerging biocompatible materials perform in terms of 
clinical effectiveness, durability, and surrogate clinical outcomes, 
with patient-reported outcomes evaluated when reported?
P (Population): Patients receiving restorative dental 
treatments.
E (Exposure): Emerging biocompatible materials (e.g. herbal 
based materials like chitosan, cellulose, self-assembling pep-
tides, grapeseed, non-fluoride-based materials).
O (Outcome): Surrogate clinical outcomes (lesion regression, 
surface integrity, remineralisation indices), laboratory outcomes 
(surface microhardness, SEM/EDX, Ca/P ratio), and patient- 
reported outcomes when reported.
Protocol and registration: The protocol for systematic review 
is registered with PROSPERO (International Prospective  
Register of Systematic Review) with registration number 
(CRD420251011817) and follows PRISMA 2020 guidelines. 
Figure 1 shows the PRISMA flowchart of study selection.

Inclusion criteria

1.	 Studies involving patients undergoing restorative dental 
procedures.

Figure 1.  PRISMA 2020 flow diagram illustrating 
study selection and screening process.
Source: Authors’ analysis.
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2.	 Use of emerging biocompatible materials (herbal and 
non-fluoride based) such as plant-derived biomaterials, 
self-assembling peptides, chitosan, cellulose, Aloe vera, 
and grape seed extract in restorative dentistry.

3.	 Articles available in English.
4.	 Studies published from 2015 to 2025 to focus on emerging 

materials.
5.	 Original studies, including experimental, observational, and 

clinical trials, together with case–control studies, were 
selected for review.

Exclusion criteria

1.	 Studies evaluating interventions not related to restorative 
dentistry.

2.	 Articles published in languages other than English.
3.	 Studies that focus exclusively on fluoride-based materials.
4.	 Studies not addressing dental caries or remineralisation.

Search strategy

A broad search was conducted in databases like PUBMED, 
COCHRANE, EBSCOhost and SCOPUS using the keywords like 
plant derived materials, grapeseed, chitosan, Aloe vera, self-as-
sembling peptides, herbal, non-fluoridated materials, reminer-
alising agent, dental caries, remineralisation, and 
restorative-dentistry. BOOLEAN expression like AND and OR 
were used. Duplicates were removed. The search was last 
updated on 15 March 2025. Two reviewers independently 
extracted data from included studies; any disagreements were 
resolved by discussion.

Data synthesis

A quantitative meta-analysis was not feasible due to heteroge-
neity in study designs, interventions, and outcome measures 
among the included studies. Therefore, a narrative synthesis of 
the results was conducted in accordance with PRISMA 2020 
guidelines.

Risk of bias assessment (Methods section)

Risk of bias for included case series and cohort studies was eval-
uated using the Quality in Non- Randomised Studies (QUIN) 
tool. The overall risk judgments (Low, Moderate, or High) across 
seven bias domains are presented in Figure 2.

For in vivo research (clinical trials), methodological quality 
assessment was performed according to the Cochrane Risk of 
Bias 2.0 (RoB 2.0) tool, as shown in Figure 3. This assessment 
covered five domains: the randomising process, deviations from 
intended interventions, missing outcome data, outcome 
assessment, and selection of reported outcomes. Each study 
was categorised as having low risk, some concerns, or high risk 
of bias, depending on the transparency and rigour of its reported 
methods.

For in vitro studies, a structured and modified ROB-based 
assessment tool was used to evaluate seven criteria: 
sample size determination, randomisation, standardisation of 
procedures, blinding of outcome assessment, repetition of 
experiments, appropriate statistical analysis, and use of control 
groups. Each study was assessed and classified into  low, 
moderate, or high-risk categories as illustrated in Figure 4. The 
detailed search strategy is provided in Appendix A.

Results

Findings are presented descriptively, with relative improve-
ments reported where available. A total of 31 studies were 
included, consisting of 8 in vivo clinical studies and 23 in vitro 
studies. The majority of included studies reported favourable 
remineralisation outcomes with emerging biocompatible 
materials compared to controls. A total of 77 full-text articles 
were excluded for the following reasons: lack of focus on 
emerging biocompatible materials (n = 25), use of fluo-
ride-based biocompatible agents (n = 30), and absence of out-
comes related to dental caries or remineralisation (n = 22), as 
shown in the PRISMA flow diagram (Figure 1). Detailed charac-
teristics of the included studies are summarised in Table 1 (in 
vivo studies) and Table 2 (in vitro studies).

Figure 2.  Risk of bias assessment for in vitro 
studies using Quality in Non- Randomised 
Studies (QUIN) tool.
Source: Authors’ analysis.
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In vivo (clinical) evidence

Eight in vivo studies evaluated the clinical performance of 
emerging biocompatible materials, primarily self-assembling 
peptides (SAP P11–4), Aloe vera, chitosan-modified glass iono-
mer cement (GIC), and selected herbal-derived agents. The most 
frequently assessed clinical parameters included lesion regres-
sion, surface integrity, remineralisation potential, and pulpot-
omy success, evaluated using tools such as ICDAS scoring, 
DIAGNOdent, radiographic imaging, and USPHS criteria.

Self-assembling peptide SAP P11–4 demonstrated favourable 
remineralisation outcomes in seven out of eight clinical studies, 
particularly when used alone or in combination with fluoride 
or  calcium phosphate–based agents. Aloe vera exhibited 
comparable clinical success to formocresol when used as a 
pulpotomy medicament in primary teeth. Chitosan-modified 
GICs showed clinical performance similar to conventional GICs, 
with no significant differences in restoration integrity or short-
term outcomes.

However, most clinical studies were characterised by limited 
sample sizes and short follow-up durations. Importantly, none of 
the included in vivo studies reported validated patient-reported 
outcome measures, such as patient comfort, satisfaction, or oral 
health–related quality of life.

In vitro evidence

Twenty-three in vitro studies investigated the remineralisation 
potential of biocompatible materials, including SAP P11–4,  
chitosan-based formulations, bioactive glass, grape seed extract, 
and herbal derivatives such as ginger and rosemary. Laboratory 
assessments predominantly employed surface microhardness 
testing (Vickers or Knoop), scanning electron microscopy  
with energy-dispersive X-ray analysis (SEM/EDX), and calcium- 
to-phosphorus (Ca/P) ratio analysis.

Across the majority of laboratory studies, both SAP  
P11–4 and chitosan-based materials demonstrated greater 
remineralisation potential compared to control groups, reflected 
by increased surface hardness, improved enamel morphology, 
and enhanced mineral deposition. Several studies reported 
additive or synergistic effects when SAP P11–4 was combined 
with CPP-ACPF or when chitosan was combined with bioactive 
glass or nano-hydroxyapatite.

Most in vitro studies were assessed as having a moderate risk 
of bias, primarily due to the absence of sample size calculations, 
lack of randomisation, and absence of blinding during outcome 
assessment. In contrast, the majority of in vivo studies 
demonstrated low to moderate risk of bias, with no study 
classified as high risk. These laboratory findings represent 
surrogate indicators of remineralisation and should not be 
directly extrapolated to clinical effectiveness.

Discussion

This systematic review found that emerging biocompatible mate-
rials, particularly SAP P11–4 and chitosan-based formulations, 
consistently demonstrated remineralisation potential, with evi-
dence derived from both in vitro investigations and a limited 
number of clinical studies. While available clinical evidence sup-
ports the use of self-assembling peptides in the management of 
early, non-cavitated carious lesions, the majority of evidence for 
herbal-derived materials remains laboratory-based, underscoring 
the need for further well-designed clinical validation [8, 12, 14]

The growing interest in biocompatible materials within 
restorative dentistry, especially those promoting biomimetic 
remineralisation, is reflected in the findings of this review. 
Among the evaluated agents, SAP P11–4 is the most extensively 
studied, with both laboratory and clinical investigations 
indicating its ability to facilitate enamel repair by forming a 
biomimetic scaffold that supports hydroxyapatite deposition 

Figure 3.  Risk of bias assessment for in vivo stud-
ies using Cochrane Risk of Bias 2.0 (RoB 2.0) tool.
Source: Authors’ analysis.
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within early carious lesions [12, 14, 17]. This mechanism closely 
resembles natural remineralisation pathways and aligns with 
minimally invasive caries management principles [12, 13]. 
Clinical studies suggest that SAP P11–4 may contribute to lesion 
stabilisation and hardness improvement; however, these 
findings are based on relatively short follow-up periods and 
modest sample sizes.

Chitosan-based materials exhibited antimicrobial and 
remineralisation-supportive properties, particularly when 
combined with bioactive glass or hydroxyapatite [10, 23, 29]. 
Laboratory findings indicate that such combinations may 
enhance mineral deposition and enamel surface integrity. 
Nevertheless, clinical evidence evaluating chitosan-modified 
restorative materials remains limited, and conclusions regarding 
long-term clinical effectiveness should therefore be interpreted 
with caution [23, 29].

Herbal-derived agents, including grape seed extract, Aloe 
vera, and combined herbal formulations (such as ginger, 
rosemary, and honey), demonstrated potential remineralisation 
and antimicrobial effects primarily in in vitro models [32, 33]. 
Improvements in enamel hardness and mineral content were 
consistently reported under laboratory conditions; however, 
clinical data supporting their effectiveness in patient care are 
sparse [32, 33]. As a result, current evidence for herbal agents 
should be considered preliminary [9, 15].

The moderate risk of bias observed across most in vitro 
studies, primarily due to the absence of randomisation, blinding, 
and sample size calculation, may have inflated reported effect 
sizes. These methodological limitations reduce confidence in 
direct clinical translation and highlight the need for standardised 
in vitro protocols and well-designed confirmatory clinical trials 
(Figure 4).

Figure 4.  Risk of bias assessment for in vitro studies using a modified ROB-based assessment tool.
Source: Authors’ analysis.
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Emerging green and nano-enabled biomaterials

Recent advances in restorative dentistry have increasingly 
focused on green synthesis approaches and nano-enabled 
biomaterials to enhance antimicrobial activity, remineralisa-
tion efficacy, and mechanical performance while improving 
sustainability and biocompatibility. Plant-derived bioactive 
compounds synthesised via green routes have demonstrated 
improved antibacterial effects against cariogenic microorgan-
isms, along with enhanced mineral deposition when incorpo-
rated into restorative or remineralising systems. In addition, 
nanoparticle-mediated modifications, including bioactive 
glass, nano-hydroxyapatite, and metal or polymer-based nan-
oparticles, have been shown to improve surface hardness, 
interfacial bonding, and resistance to degradation of restora-
tive materials. Natural resin-based products such as propolis 
have also been explored as modifiers of GICs, demonstrating 
enhanced antimicrobial activity and acceptable physico-me-
chanical properties in laboratory and systematic review evi-
dence. These strategies offer the dual advantage of reducing 
reliance on chemically intensive manufacturing processes 
while improving functional performance. Although the major-
ity of evidence supporting these approaches remains labora-
tory-based, emerging findings suggest that green-synthesised 
and nano-enhanced biomaterials may represent promising 
adjuncts for future restorative applications, warranting further 
clinical investigation [39–44].

Although these materials are generally regarded as safe, 
biocompatible and cost-effective, their clinical applicability 
cannot yet be considered equivalent to established fluoride-
based therapies. Collectively, the findings suggest a shift 
towards more biologically compatible and minimally invasive 
strategies in restorative dentistry. In situations where fluoride 
use is limited or contraindicated, these agents may represent 
potential adjunctive or alternative approaches, pending 
confirmation through robust, long-term randomised clinical 
trials [12, 15].

Public health significance

Dental caries is a major global health issue that affects billions of 
people and has a big effect on their quality of life. Fluoride has 
been the most important part of preventive programmes for 
almost 50 years. Concerns about fluorosis and toxicity at high 
exposure levels have led us to look further for safer, more sus-
tainable alternatives. Biocompatible remineralising agents may 
provide such an opportunity. This is because their integration 
into community and clinical practice may reduce the global 
prevalence of untreated caries and improve access to safe and 
minimally invasive treatments [2, 6].

Clinical application

From a clinical point of view, all of the materials reviewed here 
(Tables 1 and 2) are promising in preventive as well as restora-
tive care. Self-assembling peptides, especially SAP P11–4, seem Ta
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to be good for treating early non-cavitated lesions and white 
spot lesions because they imitate natural mineralisation path-
way and offer a technique to repair enamel that is not too inva-
sive [8, 12, 13]. Using self-assembling peptide P11–4 alongside 
fluoride or calcium-phosphate–based agents may enhance 
treatment outcomes.

Chitosan has the potential to be used into restorative 
materials like GICs, varnishes, and even everyday dentifrices 
because of its dual antibacterial and remineralising qualities 
[10, 24, 29]. The use of herbal and plant-derived materials, such 
as grape seed extract, Aloe vera, and ginger-rosemary 
formulations, has also demonstrated promising results in pulp 
therapy and remineralisation [9, 15, 36]. This is particularly true 
in paediatric dentistry, where biocompatibility is of upmost 
importance.

These applications collectively underscore the adaptability 
of biocompatible agents in both preventive and restorative 
contexts, advocating for a transition towards more biologically 
compatible and patient-centric therapeutic methodologies.

Limitations

There was significant variability in the design of studies, formu-
lations of agents, treatment duration and duration of patient 
evaluation evidence. The predominant evidence was derived 
from in vitro studies with limited follow-up periods, restricting 
applicability to clinical settings. Patient-reported outcomes 
such as comfort, satisfaction, or quality of life were rarely 
assessed and therefore could not be meaningfully synthesised. 
Another limitation, that becomes apparent due to the method-
ological inconsistencies such as lack of randomisation, blinding, 
and standardised protocols results in moderate risk of bias. 
These constraints highlight the urgent need for well-structured, 
multicentre randomised controlled trials utilising standardised 
methods. Reporting bias was not assessed because a meta-anal-
ysis was not performed. The certainty of evidence was not for-
mally graded due to narrative synthesis.

Recommendations

We recommend conducting high-quality, long-term randomised 
trials with proper sample sizes and methods that validate the 
clinical effectiveness and durability of these biocompatible 
materials. The introduction of patient-centred outcomes, includ-
ing comfort, satisfaction and quality of life would also help to 
discern real-world benefits farther down the road. Studies of syn-
ergistic combinations – for example, peptides in combinations 
with calcium phosphate or chitosan and bioglass may uncover 
maximum remineralisation efficacy. Analysing accessibility, 
safety, and cost-effectiveness among diverse populations will be 
crucial for practical implementation. In order to ensure that these 
promising materials can be translated into broadly accessible, 
scalable, and sustainable solutions for everyday dental care, 
researchers must prioritise the bridging of the divide between 
laboratory discoveries and practical implementations.

Conclusion

This review shows that emerging biocompatible materials, 
particularly self-assembling peptides and chitosan-based 
formulations offer promising results in promoting enamel 
remineralisation and improving restorative outcomes. 
Findings from laboratory research consistently support 
their effectiveness, and early clinical evidence suggests 
they could serve as potential adjunctive or alternative 
approaches to fluoride-based materials. However, varia-
tions in study methods and the predominance of in vitro 
designs limit the strength of current evidence. Well-
designed, long-term clinical trials are needed to confirm 
their effectiveness, durability, and patient-centred advan-
tages in routine dental care.
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Appendices 

Appendix A – Search Strategy

PubMed

 ((”Dental Caries”[Mesh] OR dental caries OR enamel lesion* OR 
demineralization)

AND (remineralization OR remineralisation OR ”enamel 
repair” OR ”dentin repair”)

AND (”Biocompatible Materials”[Mesh] OR biocompatible OR 
biomaterial*

OR ”self assembling peptide” OR P11–4 OR chitosan
OR ”Aloe vera” OR ”grape seed” OR herbal OR ”non-

fluoridated”))
Filters applied: English language, 2015–2025

Cochrane Library

(dental caries OR enamel lesion* OR demineralization)
AND (remineralization OR remineralisation OR enamel repair)
AND (”self assembling peptide” OR P11–4 OR chitosan
OR ”Aloe vera” OR ”grape seed” OR herbal OR biocompatible)
Limits: Trials, Reviews; 2015–2025; English

Scopus

(TITLE-ABS-KEY (caries OR ”white spot lesion*” OR 
demineralization)

AND TITLE-ABS-KEY (remineralization OR remineralisation)
AND TITLE-ABS-KEY (”self assembling peptide” OR P11–4 OR 

chitosan
OR ”grape seed” OR ”Aloe vera” OR herbal OR biocompatible
OR ”natural material”))
AND (LIMIT-TO (LANGUAGE, ’English’))
AND (PUBYEAR > 2014)

EBSCOhost

(dental caries OR enamel lesion* OR demineralization)
AND (remineralization OR enamel repair)
AND (”self assembling peptide” OR P11–4 OR chitosan
OR ”Aloe vera” OR ”grape seed” OR herbal OR biocompatible)
Limiters applied: 2015–2025; English language; Academic 

Journals


