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ABSTRACT 
Our study aims to investigate the acid etching treatment effects applied on dental structures, considering their surface 

properties. We have used a liquid PA in a concentration of 36.1% wt. (36.1% PA) and a gel PA with 35% wt. (35% 

PA) active compound as etching agents. These substances were applied to the human teeth for a maximum of 15 

seconds. As investigation methods, the surface roughness was determined based on atomic force microscopy (AFM), 

and we analyzed the surface morphology in detail using scanning electron microscopy (SEM). Then, we analyzed the 

hydrophile character of the dental structure by experimentally measuring the contact angle (CA) and computed the 

surface energy (SFE). Following this study, we can say that both investigated etching treatments produce the 

demineralization of both enamel and dentine structures, with a higher degree in the case of liquid PA (36.1%). 

Increasing the values for the surface free energy will favor better infiltration and polymerization of the bonding 

systems.  
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INTRODUCTION 

Enamel acid-etching based on 

phosphoric acid (PA) was adopted in 1995 and 

completely modified the traditional ideas of 

restorative dentistry [1]. It is well known that 

etch-and-rinse (ER) adhesive materials require 

first the application of certain acidic substances 

on the teeth enamel and dentin to obtain a so-

called mechanical interlocking phenomenon 

[1]. The optimal concentration of PA for this 

type of treatment was established to be 

between 30% and 40%, and the application 

time was not lower than 15 seconds and did not 

exhibit 60 seconds. It was noticed that when a 

concentration of 37% PA was involved, the 

interprismatic and prismatic crystals on the 

tooth enamel were removed through their 

dissolution, and a porous surface occurred. In 

the case of an inferior PA concentration (e.g., 

lower than 27%), the apparition of dicalcium 

phosphate dihydrate was reported. This 

chemical compound is usually hard to remove 

on the enamel surface. On the other hand, for 

concentrations higher than 40% PA, the 

calcium dissolution process becomes very 

slow, and a shallow etching pattern is present 

[2]. The commercially available solutions 

exhibit a 37% PA concentration and are 

applied on human teeth between 15 and 20 

seconds. Applying the PA reveals a 

demineralized collagen network of a maximum 

thickness of 9 μm [3], [4]. After the rising step, 

it is occupied by water, being adequate for the 

polymeric resin diffusion procedure [5]. 

Studies [6], [7], [8] revealed that a perfect 

polymeric resin diffusion in the case of dentin 

pre-etched with PA is difficult to obtain 

because of the porosities, which occurred due 

to the presence of demineralized resin-sparse 

dentin area. These places are characterized by 

collagen degradation that has an important 

effect on resin-dentin durability [9], [10]. 

Clinical solutions such as multiple adhesive 

coat use [11], [12], vigorous rubbing  

[13], [14], and the use of protease inhibitors 

[15], [16], [17], [18] were proposed. 

 One of the most important etchants 
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based on PA meet in practice are Kerr etching 

liquid (Kerr Europe, Karlsruhe, Germany – 

37% wt. H3PO4), Vococid (VOCO-Chemie, 

Cuxhaven, Germany – 36.1% wt. H3PO4), 

Esticid (Kulzer-Heraus, Weinheim, Germany 

– 35% wt. H3PO4), Vivadent (Vivadent, 

Schaan, Liechtenstein - 37% wt. H3PO4), 

ESPE (ESPE, Seefeld, Germany - 36.1% wt. 

H3PO4) [19]. The lowest viscosity value was 

obtained for Kerr etching liquid (284 mPas), 

while the highest value was noticed in the case 

of ESPE etching gel (22165 mPas). All the 

etching agents had a hydrophilic surface with a 

minimum contact angle of 49° (surface tension 

of about 91.7 mJ/m2 (Vococid)) and a 

maximum value of 61° (surface tension of 89.8 

mJ/m2 (ESPE)) [19].  

 We have identified some important 

studies in the literature. Lee et al. [20] 

investigated the influence of PA etching on the 

bond strength of epoxy resin-based compared 

to calcium silicate-based sealers. They found 

that in the case of the human third molars, the 

PA-pretreated surfaces exhibited lower bond 

strength compared to control (no PA treatment 

applied) and calcium silicate-based sealer 

groups. Anastasiadis et al. [21] studied the 

effect of various conditioning agents such as 

phosphoric acid (32%), nitric acid (3%), phytic 

acid (20%), citric acid (20%), and 

ethylenediaminetetraacetic acid (EDTA) 

(17%) on human dentin. The authors analyzed 

the surface roughness and the collagen 

structure. They noticed that all surface 

treatments were linked to an increase in 

roughness, with a most important value 

obtained for PA. Regarding the collagen 

structure, it was observed that after PA-

pretreatment etching, there was a reduction in 

β-turns and α-helices and an increase of β-

sheets. The authors concluded that 

understanding and comparing the effect of 

different acids is of utmost importance in 

establishing some guidelines for resin-based 

restoration applications. Sahadi et al. [22] 

investigated the dentin micro tensile bond 

strength, failure modes (after 24 h and 1-year 

post-restoration), demineralization of the 

surface, in situ metalloproteinase activity, and 

the antibacterial effect of different 

experimental dentin etchants compared to PA 

(35%). The authors observed that PA exhibited 

the most durable and the highest  

bone strength after 1-year post-treatment. In 

addition, it was characterized by adequate 

antibacterial activity against S. Mutans. The 

main conclusion of this recent study was that 

although there are many options for dentin 

treatment today, the use of PA must not be 

neglected in cases where the patient's situation 

permits its application. Burrer et al. [23] 

analyzed the effect of adhesive application 

methods on bond strength in over-etched 

dentin. They isolated dentin samples from the 

human third molar and divided them into 6 

groups. Group 1 was selected as a control with 

a PA etching treatment for 30 seconds, and 

then an etch-and-rise adhesive was applied for 

20 seconds. For groups 2 to 5, the adhesive was 

applied by actively rubbing the dentin, 

applying a second adhesive layer, heating at 

about 68°C the adhesive before its application, 

and by ultrasonic activation in the case of 

group 5. Group 6 was considered positive 

control, and an acid-etching operation was 

applied for 15 seconds, and then adhesive was 

applied for 20 seconds. It was concluded that 

no noticeable differences occurred in the case 

of active, preheated, double, or ultrasonic 

applications compared to control and positive 

groups. The authors noticed that over-etched 

dentin could hardly be stabilized because 

adhesive failure modes were detected in all 

groups. 

 Our study aims to investigate the acid 

etching treatment effects applied on dental 

structures, considering their surface properties. 

We have used a liquid PA in a concentration of 

36.1% wt. (36.1% PA) and a gel PA with 35% 

wt. (35% PA) active compound as etching 

agents. These substances were applied to the 

human teeth for a maximum of 15 seconds. As 

investigation methods, the surface roughness 

was determined based on atomic force 

microscopy (AFM), and we analyzed the 

surface morphology in detail using scanning 

electron microscopy (SEM). Then, we 

analyzed the hydrophile character of the dental 

structure by experimentally measuring the 

contact angle (CA) and computed the surface 

energy (SFE) (Figure 1). 
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Figure 1. Tooth surface analyses after acid etching treatment. The figure was generated using 

images assembled from Servier Medical Art, which are licensed under a Creative Commons 

Attribution 3.0 unported license (https://smart.servier.com, accessed on 14 July 2024). 
 

MATERIAL AND METHODS 

Three extracted and caries-free 

pluriradicular teeth were used. They were 

ultrasonically cleaned, the remaining soft 

tissue was removed based on dental curettes, 

once again cleaned with a special toothbrush, 

and then longitudinally cut in the buccal-to-

lingual directions at the mesial-to-distal 

diameter half value based on a slow-speed 

saw (Isomet, Buehler, Lake Bluff, USA) to 

obtain a number of six samples. The samples 

were acid etching treated using ortho-

phosphoric acid in liquid (36.1%) or gel 

(35%) form prepared in our laboratory with 

rough matters bought from Sigma Aldrich, 

St. Louis, USA. The application time was set 

at 15 seconds to replicate actual treatment 

conditions. Then, the samples were washed 

under high pressure for 30 seconds. The 

etched teeth surface must not be 

contaminated with foreign agents and must 

be thoroughly dried. To accomplish this step, 

a professional medical air dryer was involved 

and used for 5 minutes to keep the dentin still 

wet. After that, the specimens were inserted 

and kept in 0.9% saline solution at 23°C. 

 The sample surface morphology was 

evaluated using a Philips XL 30 ESEM TMP 

scanning electron microscope (SEM) 

(FEI/Philips, Hillsboro, OR, USA). The 

samples were sputtered with gold in a 

vacuum evaporator (SCD 050, Balzers, 

Schaan, Liechtenstein). To obtain high-

quality images, a voltage of 30 kV and a 

pressure of 0.7 torr were set for the 

microscope. The teeth' wettability was 

analyzed through contact angle 

determinations. It was used a Kruess Drop 

Shape Analyzer – DSA100 (A. Kruess 

Optronic GmbH, Hamburg, Germany). This 

device allows measurements with water, 

ethylene glycol, and diiodomethane, making 

possible not only the contact angle 

experimental determination but also the 

computation of surface free energy based on 

Owens, Wendt, Rabel, and Kaelbe (OWKR) 

method [24]. The measurements were 

conducted in laboratory conditions 

(temperature of 23 ± 5°C, humidity of 45 ± 

5%), and an average of 3 determinations per 

sample was considered adequate for this 

study. All the images given by the drop shape 

analyzer were manually investigated with 

ImageJ 1.50 software (National Institutes of 

Health, Bethesda, MD, USA). The atomic 

force microscope Veeco Multi-Mode VS-

AM (Veeco, New York, USA) was used to 

investigate the surface roughness. It permits 

the measurements of spatial roughness in 

tapping mode with a crystalline Si probe on 

an area of 70 × 70 μm2. The arithmetic (Ra) 

and root mean square (Rq) average values of 

the roughness were determined and 

analyzed.
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RESULTS AND DISCUSSIONS 

Scanning electron microscopy (SEM) analysis 

Figures 2 and 3 show the effects of acid etching treatment for the gel and liquid forms. In 

the case of gel PA-treated samples, an incomplete demineralization process can be noticed because 

the gel form of the acid cannot penetrate the dental canaliculi and does not create a surface 

beneficial to adhesive substance applications.  

 
(a) 

 

 
(b) 

 
(c) 

 
Figure 2. SEM images on samples etched with 36.1% PA: (a) tooth; (b) enamel; (c) dentin 

 

 

 

 

 

 
 

 

 



Romanian Journal of Oral Rehabilitation 

Vol. 16, No.4 October-December 2024 

782 
DOI : 10.62610/RJOR.2024.4.16.75  

 

 

 
(a) 

 

 
(b) 

 
(c) 

 
Figure 3. SEM images on samples etched with 35% PA: (a) tooth; (b) enamel; (c) dentin 

Better results were observed for samples 

etched with liquid PA because small holes with 

a diameter of about 4-5 μm were created. These 

spaces were left undamaged after the water 

jetting cleaning procedure was applied. It can 

be concluded that, in this case, the adhesive can 

fill the demineralized canaliculi. As a general 

conclusion, it can be noticed that all the acid-

etched samples are characterized by an 

irregular surface that can be directly linked to 

important damage to the prismatic structure of 

the teeth enamel. The 37% PA is considered 

the gold standard for pit bonding, orthodontic 

brackets, and fissure treatment, as established 

in [25], [26], [27]. The etched surface area and 

the number of microporosities that are on the 

enamel surface represent two major sources of 

adhesive failure. The retentive morphology 

must be considered homogenous. Silverstone 

et al. [28] classified the microporosities into 

five types and concluded that types 1 and 2 are 

adequate for good adhesion and retention. We 

also found that this behavior was obtained in 

the case of our samples. 



Romanian Journal of Oral Rehabilitation 

Vol. 16, No.4 October-December 2024 

783 
DOI : 10.62610/RJOR.2024.4.16.75  

 

 

 

 

Atomic force microscopy (AFM) analysis 

The roughness of the enamel and dentin 

samples was assessed by atomic force 

microscopy (Figures 4 and 5). The 2D and 3D  

topography images highlight surfaces with  

higher roughness in the case of dentin samples  

etched with liquid PA. Regarding the type of  

the etching agent used a rougher surface was  

highlighted in the case of liquid-PA-treated 

samples that penetrated better into the dental 

canaliculi. 

 

 

 
(a) 

 
(b) 

 

 
(c) 

 
(d) 

 
Figure 4. AFM microscopy on samples etched with 36.1% PA: (a), (b) enamel; (c), (d) dentin 
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(a) 

 
(b) 

 

 
(c) 

 
(d) 

 
Figure 5. AFM microscopy on samples etched with 35% PA: (a), (b) enamel; (c), (d) dentin 

 

Surface roughness represents a very 

important property when adherence 

investigation is considered. The surface 

topography of our samples was analyzed using 

atomic force microscopy. We determined the 

arithmetic average deviation from the mean line 

(Ra) and the root mean square average of the 

profile heights over the evaluation length (Rq) 

values. Based on the Wenzel model [29], a 

direct correlation with the CA values can be 

established. This model sustains that for 

hydrophilic surfaces, an increase in roughness 

parameters immediately decreases the CA 

value. Table 1 presents the obtained results. 
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Table 1. Roughness measurement results. 

Samples 
Ra [nm] Rq [nm] 

Enamel Dentin Enamel Dentin 

36.1% phosphoric acid etching 110 121 139 149 

35% phosphoric acid etching 107 113 86.6 112 

 

 

 

In both PA treatments, dentin is much 

rougher than enamel. The etching agent's 

liquid state led to increased roughness values 

compared to its gel formulation (Table 1). The 

roughness values are in good agreement with 

the contact angle ones, associating an 

increased value of Ra or Rq with a decreased 

value of CA. 

Contact angle analysis. 

Usually, in dentistry, interfacial 

contact is established through wetting 

property. A good adherence between dental 

materials and the surface of the tooth is highly 

influenced by the contact angle (CA) value. In 

practice, low values for the CA are preferred 

as a measure of the liquid tendency to spread 

on a solid surface. An increased wettability of 

the etched surfaces can be achieved through 

the acid etching procedure. In the case of our 

investigated samples, it was used the sessile 

drop measurement method and drops with a 

volume of 4 μL were released on the material 

surface. To calculate the surface free energy 

(SFE), as described in [24], contact angle 

values were measured for three different 

liquids (water (W), diiodomethane (DIM), and 

ethylene glycol (EG)) purchased from Sigma 

Aldrich, St. Louis, USA.  

We have noticed that the dentine 

exhibits a more pronounced hydrophilic 

character compared to enamel (e.g., 41.4 – 

dentine and 42.5 – enamel for 36.1% PA acid 

etching; 43.8 – dentine and 45.1 – enamel for 

35% PA acid etching) (Figure 6).  

It can be concluded that the liquid 

form of the etching agent led to a better 

surface quality with enhanced dental material 

adherence. We can estimate that the adhesive 

will be uniformly distributed on the etched 

surface in this case. 

In addition, a lower CA value is 

directly related to a higher SFE value. For the 

liquid-etched surface, the SFE value of 55.4 

mN/m was obtained in the case of dentine 

treatment, and 50.7 mN/m was reached for 

enamel treatment, which was compared to 40.2 

mN/m—dentine and 38.3 mN/m-enamel in the 

case of gel-etched samples (Figure 7). These 

results are in good agreement with those 

obtained through SEM investigations. 

 

 
Figure 6. Contact angle values for the 

investigated samples in the case of two types 

of etching agents. 

 
 

Figure 7. Surface free energy values for the 

investigated samples in the case of two types 

of etching agents 
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CONCLUSIONS 

Some protocols are used to apply PA at a 

concentration between 30% and 40%. Most of 

them recommend an acid etching duration of 

about 15 seconds, which is considered adequate 

for mild enamel etching, while the dentin is 

demineralized over a distance between 5 and 8 

μm, making the teeth ready for medical 

treatment applications [30]. It is worth 

mentioning that in our research, the optimal 

time of 15 seconds was chosen, as well as a 

concentration of PA in accordance with the 

present indications. In our case, the PA 

concentration of 36.1% proved to have a better 

effect on increasing the surface roughness, 

which is correlated with improved hydrophilic 

behavior and a high value of SFE. It is expected 

that rough enamel and dentin surfaces prepared 

with PA etching due to decreased contact angle 

values will permit a good adhesion of the 

restorative resins used in dentistry. This 

beneficial action can be directly correlated with 

a reduced pH and enzymatic activity and with 

the fact that the phosphoric acid diminishes the 

dentin gelatinolytic activity until 14 h, as stated 

by Trevelin et al. [31]. We can conclude that the 

acid treatment is adequate for the teeth surface 

etching step, but the PA concentration must be 

chosen according to the medical application, 

patient age, and health state of the dentition. 
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