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INTRODUCTION
The introduction of adhesive dentistry in the mid-twentieth century 
marked a significant shift from mechanically maintained restorations 
to techniques that preserve natural tooth structure (1). The 
development of acid etching, a method of preparing dental hard tissues 
to allow resin-based restorative materials to attach, was critical to this 
transition. The technique was originally created to improve acrylic 
resin retention, but it has now become a universal prerequisite for 
many restorative and preventative operations. 

Acid etching is a process in which the inorganic matrix of enamel or 
dentin is selectively demineralized using acidic chemicals, most often 
phosphoric acid. This action roughens the surface, increasing surface 
energy and making hydrophilic monomers more likely to penetrate. 
These monomers polymerize to create resin tags that interlock with the 
tooth surface to provide long-lasting adherence (2).

Today, acid etching is used in practically every discipline of dentistry, 
including operative dentistry, prosthodontics, orthodontics, and 
pediatric treatment. Understanding acid etching principles is crucial 
for clinical success, whether it's applying pit-and-fissure sealants in 
youngsters or bonding porcelain veneers in adults (3). Furthermore, 
developments such as universal adhesives and self-etching primers 
continue to strengthen this fundamental approach. 

Historical Background
Michael G. Buonocore introduced the acid etching technique in 
1955(4). His revolutionary research involves putting 85% phosphoric 
acid to enamel for 30 seconds, which dramatically increased the 
adhesion of acrylic filler materials. Buonocore postulated that the acid 
treatment caused minute porosities in enamel, allowing the resin to 
flow in and mechanically interlock upon curing (4). 

This basic but profound idea laid the groundwork for adhesive repairs. 
Over the next two decades, acid etching became routine practice in pit-
and-fissure sealant implantation and Class III or IV composite 
restorations (5).

In 1980s, the researchers explored techniques to bind with dentin, 

which is biologically more complex because to its tubular form and 
higher organic content (6). Early attempts at dentin bonding 
encountered difficulties, including poor bond strengths and significant 
rates of microleakage. Dentin bonding was revolutionized with the 
discovery of the hybrid layer, a zone where resin infiltrates the 
demineralized collagen matrix (7). Nakabayashi et al. were among the 
first to characterize this interface in 1982 (8). 

Following these discoveries, the etch-and-rinse (total-etch) approach 
gained popularity in the 1990s. This process requires etching the 
enamel and dentin separately with phosphoric acid, then cleaning, 
drying, priming, and bonding. Although successful, it was technique-
sensitive and can cause postoperative sensitivity if treated incorrectly 
(9).

To solve these concerns, self-etch adhesives were developed in the 
early 2000s. These systems use acidic monomers to concurrently etch 
and prime the tooth surface, minimizing the need for rinsing and 
lowering procedure sensitivity (10). While self-etch adhesives were 
easier to use, they provided lower bond strengths to uncut enamel than 
total-etch systems. 

Universal adhesives are a recent breakthrough that combine the 
benefits of etch-and-rinse, self-etch, and selective-etch techniques into 
a single system (11). These adhesives contain functional monomers 
like 10-MDP, which produce strong chemical connections with 
hydroxyapatite while also providing micromechanical retention (12).

Today, acid etching remains an important component of restorative 
treatments, and its relevance is growing with the development of 
minimally invasive and biomimetic dentistry. 

Enamel Structure and Etching Response
Enamel is the most mineralized tissue in the human body, composed of 
approximately 96% inorganic material (primarily hydroxyapatite), 3% 
water, and 1% organic material (13). The hydroxyapatite crystals are 
organized into enamel rods or prisms, with the interprismatic enamel 
forming the boundary between each rod. When phosphoric acid is 
applied, it selectively dissolves the mineral content from the surface, 
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creating microporosities about 5–50 µm deep (14). These irregularities 
increase surface energy and allow low-viscosity resin to flow in and 
polymerize, forming resin tags that secure the restoration through 
micromechanical retention (15).

Three major etching patterns in enamel were described by Silverstone 
et al. (16):
Ÿ Type I: Removal of prism cores, with intact peripheries.
Ÿ Type II: Removal of prism peripheries, with cores intact.
Ÿ Type III: Irregular or mixed pattern, often less predictable.

Enamel etching is generally very predictable. Over-etching is rarely a 
concern unless excessive force is used during drying or contamination 
occurs (16). Figure 1 shows the etching patterns under SEM. 

Fig. 1. FE-SEM observation of enamel-surface etching pattern (5000X 
magnification). a) V5NE; b) V5E; c) ENE; d) EE. Figs 4b and 4d: 
surfaces etched with phosphoric acid and primed show 
microporosities, enamel crystals, and a honeycomb-like appearance. 
Figs 4a and 4c: without prior phosphoric-acid etching, both groups 
show the surface covered by a smear layer with no clear signs of 
demineralization. (40)

Dentin Structure and Etching Response
Dentin is biologically and structurally more complex. It consists of:
Ÿ 70% inorganic content (hydroxyapatite),
Ÿ 20% organic matrix (primarily Type I collagen),
Ÿ 10% water (17).

Dentin contains dentinal tubules that extend from the pulp to the DEJ. 
These tubules are filled with odontoblastic processes and fluid, making 
dentin a hydrophilic, biologically active tissue.

When etched with phosphoric acid, dentin undergoes:
Ÿ Removal of the smear layer
Ÿ Partial demineralization of intertubular dentin (~3–5 µm depth)
Ÿ Exposure of the collagen matrix

If this collagen matrix collapses due to overdrying, adhesive resin 
cannot penetrate properly, resulting in poor bonding and potential 
nanoleakage (18). Maintaining a moist dentin surface—a concept 
called “wet bonding”—is critical for effective infiltration and hybrid 
layer formation (19).

Mechanism of Acid Etching
The purpose of acid etching is to create a micromechanically retentive 
surface for adhesive resins by selectively demineralizing tooth 
structures.

Mechanism on Enamel
Ÿ Demineralization depth: 5–50 µm
Ÿ Effect: Dissolves hydroxyapatite, exposing a porous matrix
Ÿ Result: Increased surface energy, enabling better wettability and 

resin infiltration

Phosphoric acid application creates a frosty white appearance upon 
drying, which is considered a clinical indicator of successful etching 
(20).

Mechanism on Dentin
Ÿ Smear layer removal: Acids remove the thin layer of debris created 

by instrumentation.
Ÿ Collagen exposure: Acid dissolves hydroxyapatite, exposing a 

mesh of collagen fibrils.
Ÿ Resin infiltration: Adhesive monomers penetrate and polymerize 

to form the hybrid layer.

The success of dentin bonding depends on:
Ÿ Preserving collagen structure
Ÿ Ensuring complete infiltration
Ÿ Using compatible primers and adhesives (20)

Classification of Etching Agents
Etchants can be categorized based on their composition, pH, and 
application method.

Based on Composition

Based on Application Strategy

Total-Etch (Etch-and-Rinse) Technique
In total-etch systems, phosphoric acid is applied to both enamel and 
dentin, followed by rinsing and drying. Adhesive is then applied to 
infiltrate the demineralized surface.
Ÿ Etching time: 15–30 seconds for enamel; 10–15 seconds for dentin
Ÿ Advantages: Excellent enamel bond strength
Ÿ Disadvantages: Risk of collagen collapse if overdried; sensitive to 

technique

Clinicians must ensure moist dentin for optimal hybrid layer formation 
(21).

Self-Etch Systems
Self-etch adhesives contain acidic monomers that simultaneously etch 
and prime the surface.
Ÿ No rinsing is required
Ÿ Less technique-sensitive
Ÿ Reduced risk of sensitivity
Ÿ Ideal for dentin but weaker on uncut enamel

Self-etch systems are classified by acidity:
Ÿ Strong (pH < 1): Comparable to phosphoric acid; deeper 

demineralization
Ÿ Mild (pH ~2): Shallower demineralization; better collagen 

preservation (22)

Common Monomers Include:
Ÿ 10-MDP: Forms chemical bonds with calcium in hydroxyapatite
Ÿ Phenyl-P: Used in earlier formulations

Selective Etch Technique
Selective etching involves applying phosphoric acid only to enamel, 
followed by a self-etch adhesive over both enamel and dentin. This 
technique leverages the strengths of both systems.
Ÿ Ideal for: Class V restorations, deep dentin cavities
Ÿ Advantages:
o Strong enamel bond
o Reduced sensitivity
o Less risk of collagen collapse
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Etchant Chemical Base Common Use
Phosphoric acid H₃PO₄ (30–40%) Total-etch systems 

(enamel + dentin)
Maleic acid Organic acid (5–10%) Alternative dentin 

conditioner
Citric acid Organic acid (10%) Older formulations
EDTA 
(Ethylenediaminete-
traacetic acid)

Chelating agent (17%) Endodontic and 
smear layer removal

Self-etch monomers Functional monomers 
(e.g. MDP)

In self-etch adhesive 
systems

Technique Etchant Used Steps Involved
Total-etch (Etch-
and-rinse)

35–37% phosphoric 
acid

Separate etch, rinse, dry, 
then bond

Self-etch Acidic monomers Combined etching and 
priming (no rinse)

Selective etch Phosphoric acid on 
enamel only

Best of both worlds
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Evidence shows this method offers comparable performance to total-
etch, with reduced technique sensitivity (23).

Clinical Applications of Acid Etching
Acid etching is integral to numerous clinical disciplines and is 
employed in both direct and indirect procedures. Its versatility lies in 
the ability to enhance adhesion, marginal integrity, and esthetics.

Operative Dentistry: Composite Restorations
Acid etching is a prerequisite for bonding resin composites to enamel 
and dentin surfaces. In Class III, IV, and V restorations, the etched 
surface facilitates resin penetration and hybrid layer formation, 
leading to high bond strength and minimal marginal leakage (24).
Ÿ Enamel: Etched for 15–30 seconds with 35% phosphoric acid.
Ÿ Dentin: Etched for 10–15 seconds (in total-etch); or primed 

directly using self-etch adhesives.

Selective etching has become increasingly popular in Class V and 
cervical restorations, particularly where dentin sensitivity is a concern 
(25).

Preventive Dentistry: Pit and Fissure Sealants
In children and adolescents, acid etching is used to prepare enamel for 
fissure sealant application, particularly in molars.
Ÿ Etch duration: 30 seconds (for newly erupted enamel), 15–20 

seconds for mature enamel.
Ÿ Surface preparation: Isolation is crucial to prevent contamination 

from saliva.

Sealants placed after proper etching show significantly higher 
retention rates and lower incidence of occlusal caries (26).

Esthetic Dentistry: Veneers and Bonded Porcelain
In indirect esthetic restorations such as porcelain veneers, acid etching 
is required for both the tooth surface and the internal surface of the 
ceramic.
Ÿ Tooth: Enamel is etched with phosphoric acid.
Ÿ Ceramic: Etched with hydrofluoric acid (HF) for 20–60 seconds, 

followed by silanization to promote chemical bonding (27).

This dual etching ensures durable bonding, especially when using 
resin cements.

Prosthodontics: Adhesive Cementation
Etching of the abutment tooth (especially enamel margins) is critical in 
resin-bonded bridges, inlays, onlays, and ceramic crowns.
Ÿ Selective enamel etching is recommended when using self-etch or 

universal adhesives during cementation (28)
Ÿ Modern dual-cure resin cements incorporate self-etching primers, 

but enamel etching still improves retention.

Orthodontics: Bracket Bonding
Bonding orthodontic brackets requires reliable enamel adhesion.
Ÿ Phosphoric acid etching is used for 15–30 seconds before applying 

the adhesive.
Ÿ Studies show significantly fewer debonding incidents when 

enamel is properly etched (29).

Alternative methods, such as laser etching, are under study but have 
yet to consistently outperform conventional acid etching in terms of 
bond strength.

Pediatric Dentistry: Fracture Management and Sealants
In managing Ellis Class II fractures, acid etching is used to prepare the 
tooth for composite restoration or fragment reattachment.
Ÿ Acid etching ensures good bonding even in younger teeth with 

immature enamel.
Ÿ Moisture control is critical in children; rubber dam isolation is 

highly recommended.

Dentin Bonding and Hybrid Layer Formation
Dentin bonding is more complex than enamel bonding due to its higher 
water content, presence of tubules, and organic matrix.

The Hybrid Layer
The hybrid layer, first described by Nakabayashi in 1982 (30) , is a 
resin-impregnated collagen matrix that forms the primary bonding 
interface in dentin.

Ÿ Created by acid demineralization and resin infiltration.
Ÿ Comprises intertubular and peritubular collagen, infiltrated by 

adhesive monomers.
Ÿ Provides mechanical interlocking, and in some adhesives, 

chemical bonding.
Success Depends On:
Ÿ Adequate etching (without over-etching).
Ÿ Controlled moisture (wet bonding).
Ÿ Resin monomer type and compatibility.

Pulpal Considerations and Sensitivity
Although Class II etching does not expose the pulp, dentin etching can 
lead to transient pulpitis or sensitivity, especially if:
Ÿ The dentin is over-etched.
Ÿ Collagen collapses during drying.
Ÿ Incomplete resin infiltration allows bacterial ingress.

Postoperative Sensitivity is More Likely With:
Ÿ Total-etch systems in deep cavities.
Ÿ Overdrying of dentin after etching.

Mitigation Strategies:
Ÿ Use self-etch adhesives or selective etch techniques.
Ÿ Employ desensitizers like potassium nitrate or glutaraldehyde.
Ÿ Apply adhesive immediately after etching.

Long-Term Stability and Nanoleakage
One of the major concerns with acid-etched interfaces is the potential 
for nanoleakage—the movement of fluids and ions at a microscopic 
level within the hybrid layer.

Causes Include:
Ÿ Incomplete resin infiltration
Ÿ Water sorption and hydrolysis of resin
Ÿ Activation of MMPs (matrix metalloproteinases) within dentin

Consequences:
Ÿ Degradation of the hybrid layer
Ÿ Loss of bond strength over time
Ÿ Increased risk of secondary caries

Advances in Adhesive Technologies
Over the past two decades, bonding systems have evolved significantly 
in their chemistry, application protocols, and clinical performance. 
Innovations have focused on improving simplicity, compatibility, and 
durability, especially under the harsh conditions of the oral cavity.

Generations of Adhesives
Adhesive systems have been historically classified into seven 
generations:

Each generation aimed to simplify application while improving 
adhesion and reducing sensitivity (31). However, compromises 
between bond strength and technique sensitivity remained an ongoing 
challenge until universal adhesives emerged.

Universal Adhesives
Universal adhesives (also called multi-mode adhesives) are designed 
to work in multiple bonding strategies:
Ÿ Etch-and-rinse
Ÿ Self-etch
Ÿ Selective etch

They typically contain:
Ÿ Functional monomers like 10-MDP that chemically bond to 

hydroxyapatite (32).
Ÿ Solvents such as ethanol or acetone to aid monomer infiltration.
Ÿ Hydrophilic and hydrophobic components to ensure compatibility 

with moist dentin and restorative resins.

Advantages:
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Generation Type Etching Strategy
1st – 3rd Multi-step systems No hybrid layer formation
4th Three-step total-etch Etch → Primer → Adhesive
5th Two-step total-etch Etch → Primer + Adhesive
6th Two-step self-etch Primer + Adhesive, no rinse
7th One-step self-etch All-in-one, simplified
Universal Multi-mode (etch & 

rinse or self-etch)
Flexible use
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Ÿ Versatility in clinical situations
Ÿ Reduced technique sensitivity
Ÿ Strong, stable bonds to enamel and dentin
Ÿ Compatible with direct and indirect procedures

Studies show that when properly used, universal adhesives offer bond 
strengths comparable to or better than traditional total-etch systems, 
particularly when used with selective enamel etching (33).

Selective Enamel Etching with Universal Adhesives
Because self-etch monomers are not as aggressive on enamel as 
phosphoric acid, it is often recommended to perform selective etching 
on enamel margins before applying a universal adhesive.
Ÿ Enhances marginal integrity
Ÿ Reduces microleakage
Ÿ Especially important in Class V or cervical restorations

This hybrid approach provides strong enamel bonds while avoiding 
post-operative sensitivity commonly associated with dentin over-
etching (34).

Laser Etching: A Non-Chemical Alternative
Laser technology has been investigated as an alternative to traditional 
acid etching. Devices such as:
Ÿ Er:YAG lasers
Ÿ Er, Cr:YSGG lasers
Ÿ CO  lasers2

These lasers emit pulses that ablate dental tissue and create micro-
retentive patterns similar to those achieved with acid.

Mechanism
Laser etching works by:
Ÿ Removing mineral via thermo-mechanical ablation
Ÿ Creating a rough surface for micromechanical bonding
Ÿ Reducing the smear layer and opening dentinal tubules

Advantages
Ÿ No acid application required
Ÿ Reduced risk of contamination
Ÿ Decreased postoperative sensitivity
Ÿ May enhance antimicrobial properties

Limitations
Ÿ High cost of equipment
Ÿ Requires operator training
Ÿ Inconsistent results compared to acid etching
Ÿ Bond strength to enamel may be inferior to conventional etching 

(35)

Though promising, laser etching is not yet a clinical standard and 
remains an area of active research. Figure 2 shows the etching patterns 
of Laser Etching under SEM. 

Fig. 2 Type 1 Etching pattern shown with 37% Phosphoric Acid 
Etching and Type III Etching Pattern Shown with 2w 15Hz & 2W 25 
Hz Laser Etching (41)

Bioactive and Remineralizing Adhesives
An exciting area of advancement is the development of bioactive 
adhesives that can not only bond restorations but also remineralize 
tooth structure and inhibit bacterial activity.

Calcium-Phosphate Containing Adhesives
-These materials release calcium (Ca²) and phosphate (PO ³ ) ions that 4

can:
Ÿ Promote remineralization of demineralized dentin
Ÿ Reduce caries progression
Ÿ Strengthen the hybrid layer (36)

Common Additives Include:
Ÿ Amorphous calcium phosphate (ACP)
Ÿ Bioactive glass (BAG)

Fluoride-Releasing Adhesives
Fluoride incorporation into adhesives helps in:
Ÿ Enhancing resistance to acid attacks
Ÿ Promoting remineralization of adjacent enamel
Ÿ Inhibiting plaque accumulation

Fluoride-releasing adhesives are especially beneficial in high-caries-
risk patients and pediatric restorations (37).

Antibacterial Adhesives
Adhesives have been developed with integrated antimicrobial agents 
such as:
Ÿ Chlorhexidine
Ÿ Quaternary ammonium compounds (QACs)
Ÿ Silver nanoparticles

These materials inhibit bacterial colonization at the adhesive interface 
and reduce the incidence of secondary caries (38). However, care must 
be taken to avoid compromising bond strength or biocompatibility.

Self-Healing Adhesives
Research is underway into smart adhesives that contain microcapsules 
with:
Ÿ Healing agents (e.g., monomer + initiator)
Ÿ That can be released upon micro-crack formation

These systems aim to repair minor defects in situ and extend the 
lifespan of restorations (39). While still experimental, self-healing 
dental materials represent the future of biomimetic dentistry.

Limitations and Complications of Acid Etching
Despite its success, acid etching presents several challenges:

Future Perspectives in Etching and Adhesion
The future of acid etching lies in a more biological, minimally 
invasive, and durable approach. Key directions include:
1) Biomimetic Adhesion
New systems aim to mimic natural dentin bonding by integrating 
remineralizing agents and bio-interactive components. These smart 
systems will be capable of adapting to environmental changes and 
restoring lost minerals.
2) Smart and Self-Healing Materials
Incorporation of microcapsules in adhesives that release healing 
monomers or antimicrobial agents upon micro-crack formation could 
extend restoration life.
3) Non-Chemical Etching
Laser and plasma-based etching technologies continue to evolve and 
may replace acid etching in select cases. These methods are less 
invasive and can also reduce microbial load.
4) Regenerative Interfaces
Emerging work in tissue engineering and growth factor delivery aims 
to create biological interfaces between dentin and adhesives, 
promoting cell-mediated repair and integration.

CONCLUSION
Acid etching remains a cornerstone of modern adhesive dentistry, 
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Issue Cause Consequence
Over-etching Extended application 

time on dentin
Deep demineralization and 
incomplete resin infiltration

Collagen 
collapse

Overdrying after 
etching

Weak hybrid layer and bond 
failure

Nanoleakage Poor infiltration, 
incomplete 
polymerization

Degradation of the adhesive 
interface

Post-op 
sensitivity

Exposed dentin, 
insufficient sealing

Pulpal inflammation and 
patient discomfort

Enzymatic 
degradation

Activation of MMPs 
and cysteine cathepsins

Long-term hybrid layer 
breakdown
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providing reliable micromechanical retention and enabling minimally 
invasive restorative procedures. Its continued evolution—from 
phosphoric acid to self-etching primers and universal adhesives— 
demonstrates its indispensable role in both preventive and restorative 
care.

An evidence-based understanding of etching mechanisms, substrate 
interactions, and clinical protocols ensures optimal performance and 
longevity of dental restorations. As material science advances, future 
etching techniques will become increasingly bioactive, durable, and 
patient-specific, ushering in a new era of regenerative adhesive 
dentistry.
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