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ABSTRACT

Objective: To evaluate the clinical performance of cantilevered zirconia resin-bonded fixed dental prostheses (RBFDPs) pre-
treated with nanostructured alumina coating (NAC) as a non-invasive surface modification alternative to airborne-particle abra-
sion (APA).

Materials and Methods: In this prospective, randomized, controlled clinical trial, 57 patients requiring replacement of a maxil-
lary or mandibular incisor received 64 zirconia RBFDPs, randomly assigned to APA (n=32) or NAC (n=32) groups. APA surfaces
were air-abraded with 50-pum alumina, whereas NAC surfaces were coated with NAC. Restorations were further classified by pontic
position. Retention and survival rates were analyzed using Kaplan-Meier and log-rank tests; patient-specific factors were assessed
with Mann-Whitney U and Fisher's exact tests (¢ =0.05). Debonded surfaces were examined under scanning electron microscopy.
Results: Over a mean observation period of 61.4 +22.1 months (range, 8.3-97.4months), six debondings occurred, correspond-
ing to an overall survival rate of 100% and retention rates of 88.4% for NAC and 89.1% for APA (p=0.99), with no significant
differences among pontic groups (p =0.18). Failures were predominantly adhesive, characterized by partial coating delamination
at the NAC-zirconia interface.

Conclusions: NAC-pretreated zirconia RBFDPs achieved mid- to long-term retention comparable to APA and represent a min-
imally invasive, clinically reliable pretreatment alternative.

Clinical Significance: NAC provides a minimally invasive zirconia pretreatment, particularly for RBFDPs fabricated from
damage-prone translucent zirconia, mitigating mechanical failures while maintaining long-term retention comparable to APA.

1 | Introduction mechanical outcomes [1]. Among fixed restorative options,

RBFDP preparation requires the least tooth reduction [2], yet its
Cantilevered zirconia resin-bonded fixed dental prostheses design offers no mechanical retention and provides only a limited
(RBFDPs) are increasingly utilized for single anterior tooth  bonding surface. Therefore, the long-term success of this treat-
replacement, providing favorable biological, esthetic, and ment modality depends almost entirely on the adhesion [3-8].
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While bonding to enamel is predictable, the chemical inertness
of zirconia limits the zirconia-resin interface, resulting in lower
bond durability compared with conventional glass ceramics [9].

Airborne-particle abrasion (APA) combined with phos-
phate  monomer-based adhesive monomers, such as
10-Methacryloyloxydecyl dihydrogen phosphate (MDP), is a clin-
ically established protocol for promoting adequate micromechan-
ical and chemical bonding to zirconia [9, 10]. Most clinical studies
evaluating APA-treated zirconia RBFDPs are limited by small
sample sizes and predominantly short- to mid-term follow-up pe-
riods [3, 4, 7, 11-13]. Survival rates for zirconia RBFDPs remain
consistently high [3], however, long-term retention declines over
time, with reported values of approximately 80% for observation
periods exceeding 10years [11, 12]. Further, APA may induce sur-
face flaws and plastic deformation, potentially compromising zir-
conia strength and increasing the risk of premature failure [14-18].
Concerns have primarily been raised regarding its effects on the
mechanical integrity of newer translucent zirconia restorations
[19, 20]. These materials have not yet been extensively evaluated
in clinical RBFDP studies, leaving the fracture risk of thin retainer
wings and connectors uncertain.

In light of these limitations, alternative pretreatment strategies
have been investigated [21-27]. Among these, nanostructured alu-
mina coating (NAC) has emerged as a promising approach [28, 29].
Unlike several subtractive methods, NAC is an additive surface
modification that produces a nanolamellar surface morphol-
ogy, increasing the effective bonding area up to sevenfold while
preserving zirconia's strength and translucency [30]. It has been
shown in vitro that NAC-coated zirconia RBFDPs exhibit signifi-
cantly higher bond strength and fatigue resistance, and fewer re-
tainer wing fractures compared to APA-treated counterparts [31].

Early clinical reports indicate that NAC-treated RBFDPs demon-
strate favorable short-term retention and survival outcomes [32].
To the best of the authors’ knowledge, NAC remains the only clin-
ically tested alternative pretreatment method for zirconia RBFDPs
in a randomized controlled clinical trial, yielding promising clini-
cal results [32]. However, these findings are limited by a small sam-
ple size and a short follow-up period, and are unable to draw firm
conclusions regarding the long-term efficiency of NAC and differ-
ences compared to APA-pretreated RBFDPs. Hence, a randomized
controlled trial with a sufficient sample size and a more extended
observation period is essential to validate the reported initial re-
sults and support the clinical adoption of NAC-pretreated RBFDPs.

Therefore, this randomized controlled clinical trial aimed to evalu-
ate the mid- to long-term clinical performance of NAC-coated zir-
conia RBFDPs using a larger sample size. The null hypothesis was
that there would be no significant difference in the survival and
retention rates between APA- and NAC-treated zirconia RBFDPs.

2 | Materials and Methods
2.1 | Study Design, Ethics, and Patient Selection
This prospective, randomized, controlled, double-blind clin-

ical trial was designed and reported in accordance with the
CONSORT guidelines [33]. It was conducted at an academic

clinical center between December 2017 and August 2025. The
study protocol was approved by an appropriate institutional eth-
ics committee, and written informed consent was obtained from
all participants or their legal guardians prior to inclusion in the
study. The trial was registered in a publicly accessible clinical
trials registry.

The number of restorations included in this ongoing study was
guided by previously published preliminary results and post
hoc analysis, which indicated a sample size enlargement for
detecting relevant differences between groups [32]. Following
CONSORT standards, participants were consecutively evalu-
ated for eligibility during the study period. Six individuals were
excluded due to ineligibility or refusal to participate, resulting
in 57 participants being included. A total of 57 healthy patients
(28 women and 29 men; age range, 13-71years; mean=+SD,
27.2+16.0years) requiring replacement of a missing maxil-
lary or mandibular central or lateral incisor were screened and
deemed eligible by two calibrated investigators (T.M., P.J.). The
inclusion criteria were: no signs of bruxism, abutment tooth
without the active periodontal or periapical disease, adequate
enamel bonding surface of at least 30 mm, adequate interocclu-
sal space for a 0.7 mm retainer wing and a proximal connector of
at least 2mm in width and 3mm in height, incisor-canine guid-
ance without pontic guidance, and adequate edentulous space
for the pontic [11].

Overall, 64 cantilevered zirconia RBFDPs were delivered. The
first group (n=32), in which the bonding surface was airborne-
particle-abraded (APA), served as the control. In the second
group (n=32), the restorations were pretreated with NAC. In
participants (n=6) who received two restorations, the second
restoration was allocated to the opposite study group using a
split-mouth study design.

2.2 | Prosthetic and Bonding Procedures

The study design and workflow are summarized in Figure 1.
Prosthetic procedures were performed by a single operator
(T.M.). Tooth preparation was confined to the enamel and fol-
lowed contemporary recommendations (Figure 2a) [34]. The
incisal finish line was placed beneath the occlusal contact to
ensure sufficient clearance while minimizing unnecessary
enamel removal. Cervical chamfer was prepared equi- or
supra-gingivally, and a pinhole on the cingulum was prepared.
Impressions were obtained using a 2-step putty-wash tech-
nique with polyvinyl siloxane material of light- and heavy-
body viscosity (Examix, GC Europe, Leuven, Belgium). Stone
casts were poured, digitized, and used to design the RBFDP
framework via computer-aided design and manufacturing
(CAD/CAM) software (exocad, exocad, Darmstadt, Germany).
Frameworks were milled from 3 mol% yttria-stabilized tetrag-
onal zirconia polycrystal (3Y-TZP) blocks (Ceramill Zolid,
Amann Girrbach AG, Koblach, Austria) and veneered with
feldspathic porcelain (VITAVMY, VITA Zahnfabrik, Bad
Sdckingen, Germany).

In the APA group, surfaces were airborne-particle abraded after
final try-in, directly prior to the bonding procedure, with 50-um
alumina (0.1 MPa, 10 mm distance) and ultrasonically cleaned in
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FIGURE 1 | Study protocol. Note that the coating deposition in the intervention (NAC) group was verified. NAC, nanostructured alumi-
na coating (1) deposited on zirconia surface (2); APA, airborne-particle abrasion; 3Y-TZP, 3mol% yttria-stabilized tetragonal zirconia; MDP,

10-methacryloyloxydecyl dihydrogen phosphate.

96% ethanol for 3min, eliminating the need for contamination-
cleaning steps [3].

In the NAC group, RBFDP frameworks were immersed in the
NAC precursor solution (VALLBOND, Vall-cer, Ljubljana,
Slovenia) and calcination fired at 900°C for 30 min before veneer-
ing, following established protocols [28]. The coating deposition
was verified for each specimen by scanning electron microscopy
(SEM). After try-in, bonding surfaces were conditioned with 37%
phosphoric acid, according to established evidence [35].

The bonding surfaces of the RBFDP retainer wings were pre-
pared by a dental technician after final try-in to ensure a dou-
ble blind study protocol. Bonding of all RBFDPs was performed
under rubber dam isolation with a resin cement containing MDP
monomer (Panavia 21 TC, Kuraray, Tokyo, Japan) (Figure 2).
Patients were recalled at 2weeks, 6 months, and then annually,
during which treatment outcomes were assessed. The primary
outcome was RBFDP retention, defined as the restoration re-
maining functional without debonding. Survival as a second-
ary outcome was defined as restorations remaining functional
throughout the follow-up period.

2.3 | Statistical Analysis

Mann-Whitney U test for continuous outcomes and the
Fisher exact test for categorical data were used to assess

patient-specific differences between study groups (age, sex,
the position of the restoration, bonding surface area).
Furthermore, all RBFDPs were additionally classified ac-
cording to pontic position into three groups to evaluate the
influence of the pontic position on the retention rate: Group 1,
maxillary central incisors; Group 2, maxillary lateral incisors;
and Group 3, mandibular incisors.

Retention rates, considering only debonding as an event, and
survival rates were calculated for all RBFDPs, APA group, NAC
group, and Groups 1-3 using Kaplan-Meier analysis. Group dif-
ferences were assessed with the log-rank test at a significance level
of «=0.05. Biological and technical complications, as well as cen-
soring events, were recorded. Statistical analyses were conducted
in IBM SPSS Statistics v20.0 (IBM Corp). Retainer wing surfaces
of debonded RBFDPs were inspected with SEM. The RBFDPs'
bonding surface area for each restoration was calculated using a
3D mesh processing package (MeshLab, ISTI-CNR, Pisa, Italy).
Debonded abutment surfaces were inspected under xX3.5 magni-
fication, and retainer wing surfaces were examined using SEM.

3 | Results

Within a meanz+standard deviation observation period of
61.4+22.1months with a minimum of 8.3 and a maximum
of 97.4months, 57 healthy participants with 64 cantilevered
RBFDPs were examined with a drop-out rate of 0%. There were
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no patient-specific differences among the two study groups
(p>0.05) (Table 1). The cumulative survival rate for both groups
was 100%.

Six debondings, one chipping, and three biological complica-
tions occurred. Two biological complications were observed
12 months after the insertion. They were represented by gingivi-
tis under a maxillary central incisor pontic and a slight rotation

of a maxillary canine abutment, which was corrected with a
removable orthodontic appliance. One case of occlusal trauma
was identified 6 months after insertion, caused by a premature
contact on the pontic and accompanied by increased tooth mo-
bility. The condition resolved following occlusal adjustment. A
minor technical complication, involving chipping of the incisal
portion of the pontic, was observed in one restoration at the 4-
year follow-up (Figure 3). The restoration remained functional

E

F

FIGURE 2 | Replacement of the maxillary lateral incisors. (A) Tooth preparation confined to the enamel. (B) Positioning of the RBFDP with
an acrylic splint. (C, D) Both RBFDPs after bonding. (E) Restorations before bonding. (F) One-year follow-up. RBFDP, resin-bonded fixed dental

prosthesis.

TABLE1 | Patient-specific differences between study groups (age, sex, position of the restoration, bonding surface area).

Characteristic Outcomes APA NAC P
Mean age (years) 30.3(SD 2.9) 32.2(SD 2.9) 0.34
Sex Male 15 16 1
Female 17 16
Position of the restoration Maxillary central incisor 13 8 0.45
Maxillary lateral incisor 13 16
Mandibular incisor 6 8
Bonding surface area (mm?) 50.8 (SD 2.9) 54.1 (SD 4.2) 0.99

Abbreviations: APA, airborne-particle abrasion; NAC, nanostructured alumina coating; SD, standard deviation.

4
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A

B

FIGURE3 | Chipping of veneered porcelain. (A) Two-year follow-up. (B) Chipping of the incisal edge observed at the 4-year follow-up.
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FIGURE 4 | Kaplan-Meier retention curve for all RBFDPs. Censored events are indicated at the time of the last follow-up. RBFDP, resin-bonded

fixed dental prosthesis.

and required no replacement after minor polishing of the in-
cisal edge.

After a mean+standard deviation observation period of
61.4+22.1months, considering retention, the cumulative suc-
cess rate for all RBFDPs was 88.8% (Figure 4). The cumulative
success rate was 88.4% for the NAC and 89.1% for the APA group
(Figure 5), with no statistically significant differences between
the groups (log-rank, p=0.99). No statistically significant dif-
ferences between bonding surface areas were found (p>0.05)
(Table 1), indicating no influence of the surface area on the dif-
ferences between the survival rates of the APA and NAC groups.
Kaplan-Meier analysis of retention rates according to pontic
position indicated the highest cumulative retention in Group
3 (mandibular incisors, 100%), followed by Group 2 (maxillary
lateral incisors, 88.8%) and Group 1 (maxillary central incisors,
79%); however, these differences were not statistically signifi-
cant (log-rank test, p=0.18) (Figure 6).

Six debondings occurred, three in the APA group and three
in the NAC group. Before rebonding, all restoration surfaces
were reconditioned by airborne-particle abrasion, and all re-
bonded restorations remained functional thereafter. In the
APA group, one debonding occurred after 6.3 months follow-
ing traumatic impact, while two occurred spontaneously after
15.6 and 36.1 months. In the NAC group, debondings occurred
at 2.1, 22.9, and 30.6 months after cementation. The first two
were associated with traumatic impacts, and the third occurred
spontaneously.
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FIGURE 5 | Kaplan-Meier retention curves for airborne-particle
abraded (APA) and alumina-coated (NAC) groups (Probability val-
ue from log-rank test=0.99). Censored events represented by the last
follow-up.

In both examined groups, the cement remained mainly ad-
hered to the debonded surfaces of the abutment teeth (Figure 7).
Analysis of the debonded retainer wings under SEM revealed
mixed failure characteristics (Figure 8). SEM analysis of the
debonded APA retainer wing showed small cement remnants
forming thin, void-containing layers, with delaminations in-
dicating cohesive fracture progressing to complete separation
from the zirconia surface (Figure 8A). In contrast, the NAC re-
tainer wing exhibited a similar amount of cement remnants and
small areas of zirconia covered with NAC residues, consistent
with a predominantly adhesive failure pattern (Figure 8B).

Journal of Esthetic and Restorative Dentistry, 2026

51017 SUOLUWIOD) AR 3[edl e aU) Aq peuenob a2 SOILE YO 95N JO 3N 10} ARIGIT UIIUO /B|IA UO (SUO1IPUOD-PUE-SLLLBILIOY" A3 | W AJe.q 18U UO//ScIU) SUONIPUOD PUE S | 8L 39S *[9202/80/2T] U0 AXeiq178U1IUO AB|IM 1USAOIS BURILOD AQ 0ETOL PRITTTT'OT/I0P/W00™ /5|1 ARIGIRUIUO//SANY WOJ) POPe0|umMO ‘0 ‘0rZ880LT



1007
~IMax Centr
= ~I"Max Lat
2\/ 80 ~"1Mand
= —+—Max Centr-censored
o ~~Max Lat-censored
S ~1~Mand-censored
£ 60
>
wn
g
= 40'
©
£
5 207
O
0_.

0 24 48

72 96

Observation Time (Months)

FIGURE 6 | Kaplan-Meier retention curve for RBFDPs according to pontic position (Probability value from log-rank test=0.18). Censored events

represented by the last follow-up.

B

FIGURE 7 | Debonding after 36.1 months. (A) Before debonding. (B) Debonded restoration showing the majority of resin cement remaining on

the enamel surface.

FIGURES8 | Scanningelectron micrographs of debonded zirconia retainer wings. (A) Low magnification (original magnification x100) of debond-

ed APA retainer wing (Figure inset) showing an area of residual resin cement (*) with a delamination through the thin cement layer progressing to

complete separation from the zirconia surface. Higher magnification (Original magnification X1000) reveals delamination of a partial cement layer

(black arrow) containing voids (white arrow). (B) Low magnification (original magnification X100) of debonded NAC retainer wing (Figure inset)

showing an area of residual resin cement (*) and exposed zirconia. Higher magnification (Original magnification x5000) reveals cement remnants

covering NAC, exposed NAC residues that are less compact (black arrow), and exposed zirconia grains (white arrow).

4 | Discusion

Based on the findings of this prospective, randomized, con-
trolled, double-blind clinical trial, comparable performance
of zirconia RBFDPs pretreated with NAC and APA was ob-
served. Further, no significant differences in retention and

survival rates were detected; therefore, the null hypothesis was
accepted.

Retention loss remains the most frequently reported clinical
complication of cantilevered zirconia RBFDPs, with a prevalence
rate of 12.2%, mainly attributable to the limited predictability of
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bonding to inert zirconia [32, 36, 37]. Clinical reports on the po-
tential of zirconia RBFDPs have increased over the past decade
[3, 4, 7, 11-13], yet long-term studies with larger sample sizes
remain scarce. Evidence from randomized controlled trials as-
sessing the clinical performance of different bonding systems
remains especially limited [1, 5, 13, 32], with NAC representing
the only alternative zirconia pretreatment method investigated
to date and demonstrating promising short-term results.

The present study on NAC-coated RBFDPs included a larger co-
hort and a longer observation period, thereby strengthening the
validity of clinical findings [32] and, to the best of the authors’
knowledge, representing the largest randomized controlled trial
to date evaluating different zirconia surface modifications. The
overall retention rate of 88.8% (Figure 4) and the absence of sig-
nificant differences between the APA and NAC groups further
support previous short-term results [32], establishing NAC as a
reliable alternative surface treatment.

The findings of this clinical trial are consistent with the liter-
ature. Short-term studies report high success and retention
rates, although outcomes vary with the bonding protocol. The
omission of airborne-particle abrasion [8] or a separate MDP-
containing primer [3] has been associated with reduced reten-
tion rates of 60%-82%. In contrast, the use of MDP-based cement
alone in this study did not compromise retention, highlighting
the importance of careful clinical handling during bonding, par-
ticularly in the early post-insertion phase. Mid-term trials with
4- to 6-year observation periods show more consistent outcomes,
with survival rates typically exceeding 90% [4, 6, 7], including a
93.3% five-year survival for zirconia RBFDPs cemented with a
similar MDP-based bonding system as used in the present study
[5]. Our results over a comparable period corroborate these
findings, indicating that once early debonding risk is overcome,
mid-term retention remains stable.

The available long-term data, while scarce, support favorable
outcomes. In a small trial of 10 restorations, debonding was the
main complication, resulting in an 80% 10-year retention and
success rates, with most failures occurring early [12]. The most
comprehensive long-term evidence from a large cohort shows
success and retention rates of 92.4% at 10years, declining to
82.6% at 15years [11]. Despite a large cohort of 310 restorations,
a subset of restorations reached the longest endpoint. The pres-
ent trial, with follow-up extending up to 8years and a mean
observation period of 5years, provides complementary mid- to
long-term evidence.

Differences in retention were observed depending on the pontic
position, although statistical analysis was probably limited by
the small number of debonding events (Figure 6). The higher
incidence of debonding among maxillary central incisors is con-
sistent with previous reports [11] and may be explained by their
greater exposure to occlusal and traumatic stresses. In support
of this, numerous debonding events in the present study were
associated with traumatic impacts, with a case of veneer chip-
ping in a maxillary central incisor further suggesting the central
incisor pontic position's susceptibility to functional loading [11].

In the present study, six debonding events were observed within
the first 3years of function, half of which were associated with

traumatic impacts or excessive masticatory forces during the
early post-insertion period. Three spontaneous debondings, two
in the APA group and one in the NAC group, occurred early in
function, suggesting that inadequate bonding surface prepara-
tion or procedural errors during cementation may have contrib-
uted to the failures. These findings are consistent with previous
reports indicating that roughly half of debonding events result
from trauma, while the remainder occur spontaneously [32].
The restoration surface area in both groups was comparable
(Table 1), therefore, its influence on survival differences be-
tween APA- and NAC-treated zirconia RBFDPs was excluded.

Given the sensitivity of zirconia bonding to procedural vari-
ables, contamination control during the try-in phase represents
an important clinical consideration. To avoid confounding the
effects of the investigated pretreatments, air-abrasion was per-
formed after the final try-in, eliminating the need for additional
chemical cleaning agents and ensuring that the observed reten-
tion rates reflected the effects of the pretreatment method alone.
Chemical and nonabrasive cleaners have been proposed for de-
contamination of zirconia; however, their efficacy is generally
lower than that of airborne-particle abrasion [38]. In contrast,
for NAC-coated surfaces, 37% phosphoric acid was applied after
try-in. This protocol has been shown to most effectively remove
saliva-derived organic contaminants from NAC surfaces and re-
store bonding performance [35]. Owing to its nanostructured,
high-surface-area morphology and pronounced hydrophilicity,
the NAC coating is particularly susceptible to salivary adhe-
sion [39]. Consequently, chemical acid cleaning is effective and
nondeleterious to the coating in contrast to invasive airborne-
particle abrasion, which would result in its removal [40].
However, phosphoric acid treatment remains ineffective against
silicone contamination. Therefore, the use of silicone-based fit-
checking materials should be approached with caution when
bonding NAC-coated RBFDPs [35].

Scanning electron microscopy of the debonded restorations re-
vealed slightly different failure characteristics (Figure 8). In the
APA group, failures were primarily adhesive, with minor areas
of cohesive failure within the resin cement, corroborating pre-
vious FEA findings that cohesive fractures occur in the highly
stressed areas of RBFDP's retainer wing [31]. NAC-pretreated
restorations exhibited adhesive failures predominantly at the
NAC-zirconia interface, with a few residual NAC remnants
visible. These observations differ slightly from previous in vitro
studies, in which more extensive NAC residues were typically
found on the zirconia surface after debonding [31]. Nevertheless,
similar failure patterns have been reported in an earlier clinical
trial [32]. Overall, these findings suggest subtle differences in
the interfacial bonding mechanisms between the two surface
treatments and indicate that optimizing the NAC calcination
protocol could further strengthen NAC bonding to zirconia and
reduce the risk of interfacial delamination.

No framework fractures were observed in the present study,
which employed high-strength 3Y-TZP zirconia. To date, only a
single clinical investigation has reported framework fractures in
zirconia RBFDPs [13], and it remains the only study evaluating
anterior RBFDPs fabricated from translucent zirconia. Given
the increasing use of these more damage-prone zirconia with
increased yttria concentration of up to 5mol% [19, 20, 41], less
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invasive surface pretreatment methods are gaining clinical rele-
vance. Among these, NAC is a promising alternative to the more
aggressive APA technique.

The present study remains the only randomized controlled clin-
ical trial to date assessing an alternative zirconia pretreatment
method in a mid- to long-term setting. Although retention rates
did not differ significantly, the comparable performance of NAC
relative to the well-established APA protocol is clinically rele-
vant, particularly given concerns regarding the potential weak-
ening effect of APA on high-translucent zirconia. Although this
study included a relatively large sample compared to previous
controlled trials [32], further clinical investigations with a larger
cohort and especially with a longer observation period are needed
to confirm long-term outcomes and determine whether NAC of-
fers advantages in terms of retention and mechanical reliability.

5 | Conclusions

Within the limitations of the present study, the following conclu-
sions can be drawn: Both pretreatment methods showed com-
parable outcomes, with up to 8-year retention rates of 88.4% for
NAC and 89.1% for APA zirconia RBFDPs. Debonding failures
were mainly adhesive, with coating delamination indicating
the NAC-zirconia interface as the weakest link. Retention rates
were the highest for RBFDPs replacing mandibular and lowest
for maxillary central incisors, although no statistically signifi-
cant differences were detected.
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