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Objectives: To evaluate the influence of two glutaraldehyde-based desensitizers (L: GLUMA Desensitizer, Heraeus 
Kulzer and G: GLUMA Desensitizer PowerGel) prior to the adhesive procedures on microtensile bond strength 
(µTBS) to dentin and endogenous enzymatic activity. 
Methods: Noncarious human third molars (N = 48) were cut to expose middle coronal dentin. Six experimental 
groups were formed according to the dentin pre-treatment (L or G) and the universal adhesives (IBU - iBond 
universal, Kulzer or AU - Adhese Universal, Ivoclar Vivadent) used in the self-etch mode (n = 8): 1) L/IBU; 2) G/ 
IBU; 3) IBU; 4) L/AU; 5) G/AU; 6) AU. Specimens were cut into sticks and stressed until failure after 24 h (T0) or 
1 yr of aging (T12). Additional 4 teeth were used for in situ zymography evaluation and data were statistically 
analyzed (α = 0.05). 
Results: Dentin pre-treatment, adhesive and aging statistically influenced bond strength and enzymatic activity 
(P<0.001). AU demonstrated higher bond strength values than IBU (P<0.001). The L resulted in higher bond 
strength compared to the G and control groups (P<0.001). aging statistically influenced bonding performance, 
especially when no dentin pre-treatment was performed (P<0.001). In situ zymography revealed that at baseline 
the control groups exhibited lower interfacial fluorescence compared to the experimental groups, irrespective of 
the adhesive used (P<0,001). However, after 1 yr of artificial storage, no differences were found among the 
groups (P>0.05). 
Conclusions: : Glutharldeadeyde-based products increased bond strength and determined a stabilization of the 
adhesive interface over time apparently not related to the MMPs inhibition. 
Clinical Significance: The results of this in vitro study suggest that the application of glutaraldehyde-based de
sensitizers prior to the adhesive procedures when associated with universal adhesives could result in increased 
bond strength and stabilization of the adhesive interface over time.   

1. Introduction 

Removal of excessive sound tooth structure [1] and extensive cavity 
preparations cause the exposure of deep dentin substrate characterized 
by opened and widened dentinal tubules that, together with high heat 
production by dental instruments and dentin dehydration, are respon
sible for post-operative sensitivity (POS) [2]. POS has been frequently 
observed when etch-and-rinse (E&R) adhesive systems have been used 
for bonding procedures, due to the acid etching pre-treatment required 
before bonding application [3,2]. Attempts have been made over time to 

reduce the detrimental effects of dentin acid etching, such as reducing 
the etching times or the use of self-limiting etchants [4,5]. On the other 
hand, self-etch (SE) adhesive systems, as well as universal adhesives 
used in the SE mode have been associated with a lower incidence of POS 
when compared to their E&R counterparts [6–8]. Nonetheless, 
post-operatory dental sensibility has been reported to be present in 10% 
of placed restorations [9]. Therefore, given the interest in limiting dental 
sensitivity, a cause of discomfort for the patient and demotivating for the 
clinician, the use of desensitizing agents during and after restorative 
procedures has been suggested [10,11]. 
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An additional drawback related to the E&R systems consists of 
uncomplete resin infiltration to the entire depth of the etched dentin, 
resulting in bare water-rich collagen fibrils at the bottom of the hybrid 
layer (HL) [12]. These portions of the collagen fibrils that are not 
infiltrated by the resin, represent sites prone to a series of microbio
logical (i.e. bacteria infiltration) [13], hydrodynamic [14] and enzy
matic [15] phenomena all participating in the decrease of the longevity 
of the HL and increasing the risk of POS [2,16]. The acidic monomers 
comprised into the SE and universal adhesive systems are responsible for 
the partial dissolution of the smear layer, thus avoiding the complete 
exposure of the dentinal tubules, overcoming the problems related to 
incomplete resin infiltration, and reducing enzymatic activity within the 
HL [17]. However, regardless of the type of adhesive system (E&R or 
SE), their application has been associated with the activation of silenced 
enzymes usually present in dentin (i.e. matrix metalloproteinases – 
MMPs and cysteine cathepsins - CC), which can result in disruptive 
phenomena within the HL [13,17–19]. In order to inhibit the enzymatic 
activity and increase the longevity of the bond, several materials have 
been several materials have been investigated during the last 15 years (i. 
e. proanthocyanidin [18], genipin [19], tannic acid [20], chitosan [21] 
carbodiimide [22,23] glutaraldehyde [24], chlorhexidine [25]). 

Among these agents, the benefits of dental usage of glutaraldehyde- 
based materials rely on their antimicrobial effect [26] and fixative 
properties [27,28] that together participate to fill in and seal the open 
dentinal orifices preventing the outward fluid flow through dentinal 
tubules and hence desensitize the tooth [29–34,6]. Glutaraldehyde has 
been used as a separate cross-linker on demineralized collagen matrix 
before adhesive application, reinforcing the collagen fibrils within the 
hybrid layer and promoting the longevity of the restoration [35,31,36]. 
According to previous studies, glutaraldehyde-based desensitizers (i.e. 
GLUMA desensitizer) used before E&R adhesives application did not 
impair bond strength [37,38]. However, these studies are dated and, in 
the meantime, updated products in terms of composition, viscosity and 
application methods have been introduced on the market. Moreover, 
little is known about the effect of glutaraldehyde used as dentin pre
treatment on the bond strength and enzymatic activity of SE adhesives. 

Taking into consideration the wide range of action of a substance 
such as glutaraldehyde, this laboratory study aimed to evaluate the ef
fect of therapeutical dentin priming with glutaraldehyde-based solu
tions marketed as desensitizers and available in two consistencies (liquid 
and gel; Fig. 1) on the bonding performance and endogenous dentinal 
enzymatic activity of two simplified universal adhesives (UAs) used in 
the SE mode. Specifically, the null hypotheses tested were that: 1) dentin 
pretreatment with glutaraldehyde-based primers prior to adhesive pro
cedures with two universal adhesives does not influence microtensile 
bond strength immediately or after aging; 2) dentin pretreatment with 
glutaraldehyde-based primers prior to adhesive procedures with two 

universal adhesives does not influence endogenous dentinal enzymatic 
activity immediately or after aging; and that 3) there are no differences 
between two tested universal adhesives in terms of bond strength and 
enzymatic activity. 

2. Materials and methods 

2.1. Microtensile bond strength test (µTBS) 

Forty-eight freshly extracted non-carious human molars were ob
tained from anonymous individuals following their informed consent 
under a protocol approved by the Ethical Committee of the University of 
Bologna, Italy (protocol N◦: 71/2019/OSS/AUSLBO). Tooth crowns 
were removed with a low-speed diamond saw under water cooling 
(Microremet, Remet, Casalecchio di Reno, Italy) to expose enamel-free 
middle/deep coronal dentin. Cut dentin surfaces were examined with 
a stereoscopical microscope to ensure that they were devoid of defects 
and enamel remnants. A standardized smear layer was created on each 
dentin surface using #320- grit wet silicon carbide paper and water 
lubrication. 

In the experimental groups, prior to adhesive application, the dentin 
surfaces were pre-treated for 30 s with one of the following desensitizers 
available in 2 consistencies (Kulzer GmgH, Hanau, Germany): the liquid 
GLUMA Desensitizer (L) and the gel GLUMA Desensitizer Powergel (G). 
After application, the specimens were thoroughly water-rinsed as indi
cated by the manufacturer. In the control groups, no dentin pretreat
ment was performed. Then, two universal adhesives were employed for 
the bonding procedures in the SE mode: IBU - iBond universal (Kulzer), 
or AU - Adhese Universal (Ivoclar Vivadent, Schaan, Liechtenstein). In 
the end, the following groups were formed according to the desensi
tizer/adhesive combination (n = 8): 1) L/IBU; 2) G/IBU; 3) IBU (CTRL); 
4) L/AU; 5) G/AU; 6 AU (CTRL). Complete details and instructions of the 
materials used in the study are presented in Table 1. 

After polymerization of the respective adhesive, a build-up was 
created (two 2 mm-thick layers) with a nanohybrid resin composite 
(Venus Pearl, Kulzer). Light curing of the adhesive resin and each layer 
of composite resin was performed for 20 s with a light-emitting diode 
(LED) curing light (ELIPAR™ DeepCure-S, 3 M, St Paul, MN, USA; light 
output > 1000 mW/cm2 and wavelength 430–480 nm). 

The bonded specimens were serially sectioned to obtain sticks with 
~0.9 mm × ~0.9 mm cross-sectional area, following the non-trimming 
technique of the microtensile bond strength test (μTBS). The exact 
dimension of the sticks was measured using a pair of digital calipers. 
Bond testing was performed after the sticks were aged in artificial saliva 
at 37 ◦C for 24 h (T0) or 12 months (T12). Each beam was stressed under 
tension to failure using a simplified bond testing machine (Shear Bond 
Tester; Bisco, Schaumburg, IL, USA) at a crosshead speed of 1 mm/min. 

Fig. 1. Application on dentin of the two desensitizer, GLUMA Desensitizer (left) and GLUMA Desensitizer Powergel (right).  

E. Mancuso et al.                                                                                                                                                                                                                               



Journal of Dentistry 136 (2023) 104643

3

The number of prematurely debonded specimens in each experimental 
group was recorded. Null bond strength values were not included in the 
statistical analysis because the number of prematurely debonded sticks 
did not exceed 3% of the total number of tested specimens and were 
similarly distributed within the groups [39]. A single observer evaluated 
each side of the fractured sticks with a stereomicroscope at 50×
magnification to determine the mode of failure. Failure was classified as 
adhesive at the dentin interface (A), cohesive in dentin (CD), cohesive in 
composite (CC) or mixed failure (M; adhesive and cohesive fractures 
occurred simultaneously). 

2.2. Scanning Electron Microscope (SEM) examination 

After μTBS, two representative debonded sticks per group were 

selected (with a bond strength value close to the mean value of the 
group) and prepared for scanning electron microscopy (SEM) evalua
tion. Each specimen was fixated in a 2.5% glutaraldehyde 0.1 M caco
dylate buffer (pH 7.4), dehydrated in ascending ethanol solutions (50%, 
70%, 80%, 90%, 95% and 100%), and dried using hexamethyldisila
zane. Then, they were mounted on aluminum specimen stubs, coated 
with 8÷10 nm gold particles and observed under a field-emission gun 
scanning electron microscope (FEG-SEM; Nova NanoSEM 450; FEI, 
Eindohoven, NL). 

2.3. In situ zymography of resin-dentin interfaces 

One-millimeter-thick slabs of middle/deep coronal dentin were ob
tained from four extracted human third molars using a low-speed saw 
(Micromet) under water-cooling. Two dentin slabs were obtained from 
each tooth. Each slab was further divided into 4 pieces so that testing of 
the six experimental groups was performed using the same dentin sub
strate. A standardized smear layer was created on each dentin surface 
using #600-grit silicon carbide paper under water cooling. Identical 
bonding procedures were performed as previously described for the 
μTBS forming the same 6 groups (n = 4). Resin-dentin interfaces were 
exposed by cutting the bonded specimens vertically into 1 mm-thick 
sticks using the slow-speed saw under water cooling. The sticks were 
fixed to glass slides with cyanoacrylate glue ground down and polished 
to obtain ~50 μm thick slabs using a series of wet silicon carbide papers. 
Self-quenched fluorescein-conjugated gelatin was used as the MMP 
substrate (E-12,055, Molecular Probes, Eugene, OR, USA) for in situ 
zymography at T0 and T12 [40]. The fluorescent gelatin mixture was 
placed on top of each slab and covered with a glass coverslip. The slides 
were incubated in a humidified chamber at 37 ◦C overnight. During 
incubation, the assemblies were prevented from direct contact with 
water and were protected from exposure to light. After incubation, the 
microscopic slides were examined using a confocal laser scanning mi
croscope (laser excitation wavelength 488 nm; emission wavelength 
530 nm; Model A1-R; Nikon, Tokyo, Japan). To visualize the hydrolysis 
of the quenched fluorescein-conjugated gelatin substrate as an indicator 
of endogenous gelatinolytic activity, 3 z-stack images (~15 μm thick) 
were made per specimen. The steps between the optical sections were of 
1 μm and the z-stacks were made from the top of the specimen and into 
the depth of ~15 μm. The images were made in the center and towards 
the two ends of the specimen, always making sure that the distance from 
the enamel (where present) was at least 1 mm. Enzymatic activity was 
quantified as the integrated density of the fluorescence signals by means 
of the ImageJ software (National Institutes of Health, Bethesda, MD, 
USA) using a rectangular selection (100×20 μm) placed over the hybrid 
layer and dentin (3 measurements per image). The quantification was 
performed after discarding several initial slices as to exclude parts of the 
specimen with the background noise in the signal attributed to the 
activated gelatin substrate on top of the specimen. After the removal of 
the initial slices also the differential interference contrast (DIC) image 
reached maximum focus and this point was considered repetible and 
ideally suited for the execution of the measurements in all the 
specimens. 

2.4. Statistical analysis 

Data sets obtained from bond strength testing and in situ zymog
raphy were first validated individually for their normality (Shapiro-Wilk 
test) and equality of variance (Brown-Forsythe test). For the µTBS test, as 
data were normally and equally distributed, the three-way analysis of 
variance (ANOVA) was performed to identify the effects of the 3 inde
pendent variables involved in the testing: adhesive systems, dentin 
desensitizer and aging time. Post-hoc pairwise comparisons were con
ducted using the Tukey test. 

Regarding the in situ zymography results, since data were not nor
mally distributed (Shapiro-Wilk test, P<0.05), they were analyzed using 

Table 1 
Chemical composition of the materials used in the study and bonding 
procedures.  

Material Composition pH Mode of use 

Adhese 
Universal 
Ivoclar 
Vivadent, 
Schaan, 
Liechtenstein 

MDP, MCAP, HEMA, Bis- 
GMA, D3MA, Water, 
Ethanol 
Highly dispersed silicon 
dioxide Initiators and 
Stabilizers 

2.5- 3 1. The adhesive is 
scrub on dentin for 
20 s; 
2. Air-spray with 
oil- and moisture- 
free compressed air 
until a glossy, 
immobile film 
layer results; 
3. Light-cure using 
a LED light-curing 
unit for 20 s. 

iBOND 
Universal 
Kulzer GmgH, 
Hanau, 
Germany 

Phosphonic acid acrylate, 
HEMA, D3MA Highly 
dispersed silica 
Ethanol 
Catalysts, stabilizers, 
fluoride 

1.6–1.8 1. The adhesive is 
scrub on dentin for 
20 s; 
2. Disperse the 
adhesive with an 
oil- and moisture- 
free compressed air 
until a glossy, 
immobile film 
layer result; 
3. Light-cure using 
a LED light-curing 
unit for 10 s. 

GLUMA 
Desensitizer 
Kulzer GmgH, 
Hanau, 
Germany 

Purified water, (HEMA), 
glutardialdehyde, pyrogenic 
silicic 

3.66 1. Apply the 
desensitizer for 30 
- 60 s; 
2. Thoroughly 
rinse off the 
desensitizer with 
water spray and 
dry with oil-free 
air; 
3. Continue with 
the bonding 
procedures. 

GLUMA 
Desensitizer 
Powergel 
Kulzer GmgH, 
Hanau, 
Germany 

Purified water, (HEMA), 
glutardialdehyde, pyrogenic 
silicic 

3.66 1. Apply the 
desensitizer for 30 
- 60 s; 
2. Thoroughly 
rinse off the 
desensitizer with 
water spray and 
dry with oil-free 
air; 
3. Continue with 
the bonding 
procedures. 

VENUS Pearl 
Kulzer GmgH, 
Hanau, 
Germany 

Amorphous silica, triethylen 
glycol dimethacrylate, 
trimethoxysilylpropyl 
methacrylate, 
Phenyl-1,2-propandion, 
methyl methacrylate, acetic 
acid 

Not 
defined   
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the Kruskal-Wallis test and a Pairwise Multiple Comparison Procedures 
(Dunn’s Method). All analyses were performed using a statistical soft
ware (Sigmaplot v.14.0.; StataCorp LLC, College Station, TX, USA) and 
the statistical significance was preset at α = 0.05. 

3. Results 

3.1. Microtensile bond strength test (µTBS) 

Mean microtensile bond strength results and standard deviations of 
the experimental groups tested at baseline and after 1 year of artificial 
storage are presented in Table 2. Statistical analysis revealed that dentin 
pre-treatment (F = 20.131; P<0.001), the type of adhesive (F = 100.587; 
P<0.001) and aging (F = 25.905; P<0.001) significantly influenced the 
results . The interaction between the adhesive and aging was also sig
nificant (F = 3.931; P = 0.048). AU showed higher bond strength 
compared with IBU (P<0.001). At baseline, specimens pre-treated with 
L resulted in higher bond strength compared to G (P<0.001) and control 
group (P<0.001). No statistically significant differences were found 
between G and the control groups (P = 0.556). Laboratory aging sta
tistically decreased bonding values, irrespective of the experimental 
group (P <0.001). After 1 year of storage in artificial saliva no differ
ences in bond strength were observed between L and G regardless of the 
adhesive (P = 0.001). However, pre-treating dentin with the two de
sensitizers resulted in higher bond strength when compared to the 
controls, independent of the adhesive product used for bonding pro
cedures (P<0.001). Table 3 summarizes the percentage distribution of 
failure modes identified after μTBS test at T0 and T12. A predominance of 
CC failures, followed by the A ones was observed in all groups, irre
spective of the adhesive and dentin pre-treatment. After storage, the 
percentage of the A failure mode decreased and the CC failures further 
increased for pre-treated groups (irrespective of whether it was L or G), 
while the control groups did not change tendency after aging (inde
pendent of the type of adhesive). A certain percentage of CD and M 
fractures were observed among groups, with an equal distribution in
dependent of the adhesive, dentin pre-treatment and aging. 

3.2. Scanning Electron Microscope (SEM) examinations 

Representative SEM images at T0 and T12 are shown in Fig. 2 and 3 
respectively (magnifications 200x, 2000x and 5000x). SEM analysis 
showed the presence of smear layer when no dentin pre-treatment was 
performed (control groups in Figs 2C and G and Figs 3C and G), espe
cially when compared to the experimental groups where the tubules 
orifices were mostly visible and wide (Figs 2A,B,D,E and Figs 3A,B,D,E). 
These situations were observed both at baseline (Fig. 2) and after lab
oratory storage (Fig. 3). Remnants of resin composite bulk were 

observed in all the experimental groups at baseline showing, however, 
rough and untight surfaces cautiously indicating mixed failures (Fig. 2). 
Higher concentration of dentinal tubules with larger amount of 
impregnated resin tags were observed at T12 for AU when compared to 
IBU, irrespective of the desensitizer used (Fig 3D and E). At the same 
timepoint, IBU revealed a softer and plastic appearance with sparsely 
distributed bubble formations when it was used after application of the 
liquid desensitizer or alone (CTRL group) (Fig. 2A and C, respectively). 
This conformation was only occasionally present when IBU was used 
after the application of G (Fig. 3B). 

3.3. In situ zymography 

Representative confocal images of the tested groups are shown in 
Figs. 4 and 5 for time T0 and T12, respectively. The percentages of HLs 
exhibiting hydrolysis of the quenched fluorescein-conjugated gelatin at 
T0 and T12 are shown in Fig. 6. The green fluorescence signals at T0 
identified from the AU control group were statistically lower compared 
to those exhibited by the L/AU group (P<0,001), whilst G/IBU showed 
statistically higher levels of fluorescence than IBU (CTRL) group (P =
0,022). In all the tested groups, the fluorescence density level was lower 
after aging. At T12 all the groups tested showed comparable endogenous 
enzymatic activity irrespective of the adhesive and the desensitizing 
agent used (P>0.05). 

4. Discussion 

According to our results, better stability of the hybrid layer was 
observed when the desensitizers were applied compared to the control 
group, irrespective of the type of adhesive. Therefore, since the type of 
dentin pre-treatment influenced bond strength results, the first null 
hypothesis must be rejected. 

GLUMA (Kulzer) is a dentin desensitizer composed of glutaraldehyde 
and hydroxyethil methacrylate (HEMA) that has been used since 1991 
with proven effectiveness and efficacy over time [41]. HEMA is a 
water-soluble monomer present in most current hydrophilic dental ad
hesives to facilitate resin infiltration in the moist dentin substrate and to 
facilitate the reaction with dentin collagen due to its ester and hydroxyl 
groups [42]. Indeed, HEMA was found to decrease surface tension of 
water molecules and subsequently increase monomer penetration into 
dentin facilitating the diffusion of the hydrophilic resin monomer into 
the tubules, and improving the efficacy of the resin-dentin bonds [43]. 
Previously, products containing glutaraldehyde and HEMA in their 
formulations have demonstrated the formation of a 
collagen-glutaraldehyde layer at the dentin/desensitizer interfaces 
ready to chemically interact with HEMA molecules [32]. Eventually, 
copolymerization occurs between the adhesive and HEMA complexes 
increasing the resin-dentin bonding performances [32,29], and this may 
explain the enhanced experimental groups’ bond strength in the present 
study. 

Table 2 
Summary of microtensile bond strength results obtained from the six experi
mental groups immediately (T0) and after 12 months of laboratory aging (T12).  

Densensitizer/Adhesive T0 (MPa) † T12 (MPa) †

L/IBU 24.03 ± 7.43 c,A 24.37 ± 10.70 a,b,A 

G/IBU 23.05 ± 14.26 c,A 18.57 ± 10.67 b,A 

IBUCTRL 20.59 ± 6.86 c,A 16.59 ± 7.76 b,A 

L/AU 43.16 ± 10.51 a,A 30.41 ± 9.55 a,B 

G/AU 32.86 ± 1.63 b,A 27.54 ± 14.95 a,A 

AUCTRL 31.50 ± 11.27 b,A 24.51 ± 11.72 a,b,A 

Abbreviations: L – liquid desensitizing agent GLUMA Desensitizer; G – desen
sitizing agent GLUMA Desensitizer Powergel; IBU –iBond Universal; AU - Adhese 
Universal; CTRL – Control: no dentin pretreatment. 
Different lower-case letters indicate significant differences within the same 
column (p < 0.05). 
Different upper-case letters indicate significant differences within the same row 
(p < 0.05). 

† Values are means ± standard deviations, in megaPascals (MPa). 

Table 3 
Failure mode distributions and their percentages identified among the experi
mental groups after bond strength testing at baseline (T0) and 1 yr of laboratory 
storage in artificial saliva (T12).   

Failure mode (%)  
T0 T12  

A CC CD M A CC CD M 

L/IBU 44% 49% 5% 2% 32% 61% 2% 5% 
G/IBU 38% 51% 8% 3% 32% 57% 0% 11% 
IBUCTRL 21% 64% 8% 8% 22% 63% 9% 6% 
L/AU 34% 32% 19% 15% 18% 42% 22% 18% 
G/AU 28% 51% 6% 15% 26% 60% 9% 5% 
AUCTRL 25% 68% 3% 5% 19% 67% 10% 5% 

Failure modes: A – adhesive at the dentin interface; CC - cohesive in composite; 
CD - cohesive in dentin; M – mixed. 
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Regarding the desensitizer used in this study, GLUMA, in both its 
consistencies, has a pH of ≈3. When it comes to the evaluation of the 
effect of acidity on smear layer modification, we can cautiously hy
pothesize that this desensitizer acted similarly to a mild SE adhesive 
which only superficially/partially demineralized the dentin surface, 
leaving the hydroxyapatite remnants still available for chemical 
bonding [44]. In partial support of this statement, the SEM images 
showed a greater dissolution of the smear layer in the groups treated 

with the desensitizers, irrespective of the consistency of the product 
(Fig. 3). It would seem that the application of an acidic universal ad
hesive resin after GLUMA pretreatment has provided higher smear layer 
dissolution, dentin interaction and possibly chemical interaction with 
the underlying dentin substrates. Due to the complex mechanism of 
bonding to dentin, the latter information can only be assumed, as this 
was not taken into consideration in our methodology, thus requiring 
further evaluations and future studies to be performed to compare this 

Fig. 2. Representative field emission scanning electron microscope mi
crographs of the adhesive interfaces of fractured microtensile bond 
strength sticks (the dentin side) at baseline (T0): left - view of the whole 
adhesive surface; right - enlarged view of the area marked with the red 
selection. Magnification: 200 x, left; 2000 x, right. (a) L/IBU: mixed failure 
with the presence of remnants of resin composite. (b) G/IBU: mixed 
debondings with the present of resin composite still attached on the dentin 
surface. (c) IBUCTRL: mixed failure, the presence of soft-appearance ma
terial was noted over the dentin surface. (d)L/AU: this group showed the 
highest percentage of mixed failures among groups at baseline. (e) G/AU: 
mixed failure, with the presence of sparsely distributed resin tags 
occluding dentinal tubules. (f) AUCTRL: mixed failures. A = adhesive 
resin; D = dentin.   
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potential etching efficacy with other dentin pre-treatment methods, 
such as phosphoric acid or EDTA [45]. Apart from the possible chemical 
interaction with the dental substrate, in the presence of open dentinal 
tubules filled with HEMA, as observed after GLUMA application, resin 
penetration into the dentin could be improved, leading to higher bond 
strength compared to the control groups independent of the testing 
times (Table 2), and this was in accordance with previous studies [51, 
104]. It could be suggested that GLUMA could work as an intermediate 

between an acid etching and demineralized agent, thus providing more 
than partial smear layer dissolution and aperture of dentinal tubules 
ready to interact with the subsequent adhesive resin. Thus, the smear 
layer removal and the resin penetration might have been improved with 
the subsequent application of the universal adhesives after GLUMA, and 
this might be another reason explaining the higher results in the bonding 
strength of the experimental groups [51,104]. 

When the liquid version of GLUMA was used before adhesive 

Fig. 3. Representative field emission scanning electron microscope mi
crographs of the adhesive interfaces of aged (T12) fractured microtensile 
bond strength sticks (the dentin side): left, view of the whole adhesive 
surface; right, enlarged view of the area marked with the red selection. 
Magnification: 200 x, left; 5000 x, right. (a) L/IBU: mixed fracture, with 
the presence of a porous with internmittent bubbles cross overing the 
resin. (b) G/IBU: mixed failure with some resin tags and sparsely distrib
uted soft resin remnants. (c) IBUCTRL: mixed fracture with some opened 
dentinal tubules with no evident resin penetration. The surface was also 
characterized by the presence of plastic filaments, rendering the surface 
rough and irregular. (d) L/AU: mixed failure showing exposed dentinal 
tubules with thin extruding resin tags formations. (e) G/AU: mixed failure 
with the presence of opened dentinal tubules intermittently occluded by 
thin and sparse resin impregnation. (f) AUCTRL: mixed failure with the 
presence of smear layer on the dentin surface occluding the underneath 
tubule orifices. A = adhesive resin; D = dentin; Black arrow = resin tags in 
the dentinal tubule.   
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application, statistically higher bonding values were recorded when 
compared to gel consistency (Table 2). These results are in accordance 
with the study of Lee and Sabatini where the two formulations of 
GLUMA were tested with an etch-and-rinse adhesive [31]. It is worth 
mentioning that the two forms of the desensitizer, liquid and gel, possess 
identical formulations in terms of glutaraldehyde and HEMA content, as 
well as the same application modality (in terms of application time and 
the removal method). Therefore, it could be speculated that the flow
ability of the liquid version has enhanced its ability to diffuse among the 
dentin collagen fibrils and the smear layer compared to the more viscous 
gel. The gel formulation could be also more difficult to rinse off from the 
dentin surface, leaving remnants of the material on the surface, possibly 
hindering the subsequent bonding mechanisms of resin penetration and 
polymerization. 

In this study, the application of the desensitizing agents influenced 
dentin MMPs activity only at T0, whilst after 1 year of aging no statistical 
significance was found among the groups. Therefore, the second null 
hypothesis is partially rejected. 

Glutaraldehyde, in addition to its well-known disinfectant and 
desensitizing properties, is also widely known as a potent protein cross- 
linker reacting with the amino groups of proteins within minutes [46]. 
As previously observed, GLUMA was able to inactivate matrix-bound 
dentin proteinases in demineralized dentin matrices almost entirely in 
a short time application (within 30 s of exposure) [36]. The inactivation 
of MMPs induced by a collagen cross-linker is a non-specific mechanism 
involving covalent bonds that are claimed to be very stable over time 
[47]. Studies have shown a significant decrease in MMPs activation after 
the treatment of demineralized dentin with glutaraldehyde solutions 
[35,48]. 

In the present study, however, the application of GLUMA for 30 s 
prior to the SE adhesive procedures resulted in a statistically significant 
increase in the MMPs expression in the HL. Differently from the cited 
studies where the dentin was etched and then only primed with GLUMA, 
in this research, GLUMA was applied for 30 s on mineralized dentin prior 
to the universal adhesive application in the SE mode. Thus, the appli
cation of GLUMA was not performed on demineralized dentin but on a 

Fig. 4. Resin-bonded mid-coronal dentin interfaces prepared with L/IBU (a) G/IBU (b), IBUCTRL (c), L/AU (d), G/AU (e) and AUCTRL (f) at T0, incubated with 
quenched fluorescein-labeled gelatin. All the images were acquired in green channel, showing fluorescence (identifying intense endogenous enzymatic activity) in 
dentinal tubules and within the HL. D = Dentin; HL = Hybrid Layer; R = Resin Composite. 

Fig. 5. Resin-bonded mid-coronal dentin interfaces prepared with L/IBU (a) G/IBU (b), IBUCTRL (c), L/AU (d), G/AU (e) and AUCTRL (f) at T12, incubated with 
quenched fluorescein-labeled gelatin. All the images are acquired in green channel, showing fluorescence (identifying intense endogenous enzymatic activity) in 
dentinal tubules and within the HL. D = Dentin; HL = Hybrid Layer; R = Resin Composite. 
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mineralized substrates. This should be considered, as Qin et al. [29] 
stated that the glutaraldehyde present in GLUMA could not form 
cross-links with mineralized dentin. Indeed, the enzymatic inhibition of 
glutaraldehyde requires contact with collagen fibrils. Its application 
before the demineralization procedures could result in the presence of a 
smear layer preventing contact with the fibrils and prone to nullify the 
cross-linking ability of GLUMA [33]. Another recent study [49] 
demonstrated that a cross-linker used before a SE adhesive was not able 
to inactivate the MMPs, or improve the longevity of the hybrid layer as 
efficiently as in the case of the etch-and-rinse adhesives. 

GLUMA, as reported by the manufacturers, in both its formulation 
possess a pH of ≈ 3. This mild acidity can activate latent forms of MMPs 
(pro-MMPs) via the cysteine-switch mechanism [50–52]. The latency of 
the enzyme is maintained by an unpaired cysteine sulfhydryl group in 
the propeptide domain, which interacts with the active site zinc ion. Low 
pH perturbs this cysteine-zinc interaction liberating the active site zinc 
to bind a water molecule that can then attack the peptide bonds of the 
protein substrate [52]. Acidic resin monomers may also provide excel
lent conditions for the activation of the protease’s cysteine cathepsins 
[40,47,53]. This might explain the further activation of MMPs and the 
consequent activation of the enzymes at T0. 

Aging negatively affected bonding performances and determined a 
reduction of enzymatic activity in the tested groups. As no significant 
differences in terms of endogenous enzymatic activity were found irre
spective of the adhesive and the desensitizing agent used, this reduction 
seems to be independent of the influence of the MMPs, and prevalently 
due to the hydrolytic degradation of the adhesive resin. Both adhesives 
employed in the study, IBU and AU, contain functional monomers. It has 
been postulated that the Ca salts created by these functional monomers 
on the dentin surface may inhibit MMP activity reducing the enzymatic 
activity over time [54,55], explaining the decrease of the activity of the 
samples in all groups after 1 y storage in artificial saliva. 

As the two adhesives employed in the study have shown bond 
strength differences but exhibited no differences in terms of enzymatic 
activity, the third null hypothesis must also be partially rejected. AU 
performed statistically better than IBU immediately and after aging in 
terms of bonding performance, irrespective of the dentin pretreatment 
with the desensitizer. The two adhesives differ in terms of their acidity 
and composition. IBU has a pH of ≈ 1.4–1.8 and it is classified as a strong 
universal adhesive while AU is reported to have a pH of around 2.6 and 
it is classified as a mild universal adhesive. Dentin bond strength of 
intermediately strong universal adhesives has been indicated as less 

stable over time [56]. These lower values could be explained by the 
presence of unpolymerized monomers remaining after light activation, 
which continue to demineralize the dentin due to their high level of 
acidity, thus promoting dentin-adhesive interfaces with low hydrolytic 
stability and low-stability chemical interactions with the collagen [17]. 
Furthermore, these two systems have different solvents. While AU 
contains ethanol, IBU contains acetone and water. Acetone-based ad
hesives are more prone to hydrolytic degradation [57]. In fact, IBU 
previously demonstrated higher hydrophilicity, resulting in swallowing 
phenomena and plasticization after polymerization [58,59], as also 
observed in the present SEM images. 

The desensitizers employed in the study, as recommended by the 
manufactures, should be applied before the adhesive procedure, both in 
the E&R and SE approaches. Future investigations could explore the 
effects of the desensitizer application on demineralized or partially 
demineralized dentin after the etching step, when used in combination 
with E&R or 2-step SE adhesives. Such approach would aim to enhance 
collagen fibril interaction and harness the crosslinking potential of the 
glutaraldehyde compound. 

Previous studies have reported potential cytotoxicity of gluther
aldehyde when combined with HEMA, as in the GLUMA Desensitizer, 
particularly when applied on demineralized dentin [60–62]. However, 
other findings suggest that when applied on 1-mm-thick etched dentin 
specimens, GLUMA Desensitizer exhibited non-cytotoxic properties 
[63]. Furthermore, it is essential to consider that the recommended 
application of these materials is on mineralized dentin, where the smear 
layer has not been removed. In such cases, dentin permeability towards 
the pulp chamber is surely reduced. This distinction in the clinical 
context may make a demarcation between biocompatibility and cyto
toxic effects of the GLUMA Desensitizer, reinforcing the importance of 
case-specific evaluations in dental applications. 

It is worth considering that the etching effect induced by SE adhesive 
and GLUMA could potentially increase the permeability of dentin tu
bules. This higher permeability might facilitate fluid movement from the 
pulp to the hybrid layer through the tubules, thereby potentially leading 
to increased hydrolytic degradation at the bonding interface [52]. In 
order to gain a more comprehensive understanding of these dynamics, 
future studies should be conducted by subjecting the specimens to 
simulated pulpal pressure, also investigating the alterations in dentin 
permeability subsequent to the application of these materials to further 
clarifying their effects on the dentin-pulp complex [64,65]. 

The tested material GLUMA is indicated and has proven its efficacy, 

Fig. 6. Quantification (Pixels/um2) of the fluorescence obtained in the different groups at T0 and T12 by means of in situ zymography showing reduced enzymatic 
activity in all T12 groups irrespective from the adhesive and desensitizing agent used. 
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prior to adhesive restorations, in those cases where, due to extended 
cavity preparation, or proximity with the pulp, postoperative sensibility 
may develop. Contrarily to other crosslinkers, that require an additional 
clinical step solely to achieve improved bonding and stability of the 
hybrid layer, GLUMA could combine in a single step beneficial desen
sitizing effect and act as a bonding enhancer and stabilizer. This how
ever does not seem to be due to the cross-linking and MMPs inactivation 
potential of glutaraldehyde, but more likely due to the priming effect 
these HEMA-containing mildly acidic solutions possess, thus improving 
the adhesive resin penetration in dentin. 

5. Conclusions 

Dentin pre-treatment with the GLUMA desensitezers prior to the 
application of two universal adhesives in the self-etch mode, could in
crease the bond strength immediately and after laboratory aging. 
However the stabilization of the adhesive interface seems not to be 
related to the MMPs activity. 
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