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were polished with sandpaper (240, 600 and 800-grit). In G1 and G2, a 1200-grit sandpaper was also used. In
G3 and G4, samples were coated with MegaSeal glaze. Property analysis of color stability, microhardness,
roughness, and surface energy, and assays of atomic force microscopy, scanning electron microscopy, and
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Al-iliﬁcial eye energy-dispersive spectroscopy were performed before and after the accelerated aging (1008 h). Data were
Acrylic resins submitted to the ANOVA and Tukey Test (p < 0.05). Groups with glaze exhibited statistically higher color change
Hardness and roughness after aging. The surface microhardness significantly decreased in groups with glaze and increased

Color in groups without glaze. The surface energy increased after the aging, independent of the polishing procedure. All

Surface properties groups showed an increase of surface irregularities. Photopolymerized glaze is an inadequate surface treatment
for AR for ocular prostheses and it affected the color stability, roughness, and microhardness. The accelerated
aging interfered negatively with the properties of resins.
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1. Introduction

Colorless and N1 acrylic resins are the materials of choice for the
fabrication of ocular prostheses since they exhibit easy handling, good
adaptation, satisfactory esthetics, and low cost [1-3]. N1 acrylic resin
simulates the natural color of the sclera, while colorless resin is used
to cover the characterization of blood vessels and artificial iris [2-5].
To ensure longevity of an ocular prosthesis, it is essential to ensure its
esthetic, chemical, physical, and mechanical properties [1,6,7].

Regarding esthetics, color stability is the property a material
possesses to stably maintain its color for a period of time, in a specific
environment [8]. Material discoloration may be caused by intrinsic or
extrinsic factors [9]. Concerning intrinsic factors, the change of the

* Corresponding author at: Department of Dental Materials and Prosthodontics,
Aracatuba Dental School, Sao Paulo State University - UNESP, Jose Bonifacio St., 1153,
Vila Mendonca, Aracatuba, Sao Paulo, Brazil.

E-mail address: danielamicheline@foa.unesp.br (D.M. Santos).

http://dx.doi.org/10.1016/j.msec.2016.07.081
0928-4931/© 2016 Elsevier B.V. All rights reserved.

resin color results from matrix alteration during aging, due to physical
and chemical conditions [9-12], while the extrinsic factors include
solar radiation, temperature and humidity changes, absorption and
adsorption of substances [6,13,14].

Acrylic resin consists of a polymer powder of methyl methacrylate
and a liquid methyl methacrylate monomer, which has excellent
endurance, and regarding its polymerization, can be thermoactivated
by microwave energy, heated water, or autopolymerized [15]. The
chemical composition can be evaluated by an analysis of energy-
dispersive spectroscopy (EDS), which identifies the concentration of
chemical elements from the surface of a specimen [16].

Regarding the physical and mechanical properties, surface hardness
of a material is defined by the resistance to permanent penetration [6].
When it is reduced, it results in scratches, cracks, and fractures in the
restoration [9,17,18]. Interestingly, the occurrence of fractures is one
of the factors that interferes in rehabilitation treatment maintenance
[4,6], since fractures result in surface irregularities, patient discomfort,
and irritation [4]. Furthermore, the smoothness of the resin surface
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hinders bacterial adhesion, which is essential [19-21], since bacteria are
better protected on rough surfaces and have the necessary conditions to
achieve a direct contact with the prosthesis surface [4,17].

The mechanical or chemical polishing procedures of acrylic resin aim
to reduce the prosthesis surface roughness, and consequently, the accu-
mulation of impurities and microorganisms [22]. Mechanical polishing
is performed with felt wheels and rotating soft brushes associated
with polishing pastes. Chemical polishing consists of immersing the
acrylic resin in a warm monomer for 1 min to obtain a surface smooth-
ness [22,23]. Although literature is sparse on this issue, the application
of a glaze (photopolymerized sealant) has been reported in order to
ensure the surface smoothness of ceramic [24], acrylic resin provisional
restorations [25], and dentures [26], thus avoiding the accumulation of
biofilm and bacterial colonization [26,27].

The knowledge of the topographic characteristics of a material
surface can be given through the scanning electron microscopy (SEM),
which microscopically analyzes the overall structure of the material
[28]. The surface roughness can be analyzed by atomic force microsco-
py, which provides detailed and high-quality three-dimensional
resolution images [29].

The mechanical polishing is performed in stages, and requires
diligence and care in all steps, aiming for the obtainment of a smooth
surface [22]. However, the photopolymerized glaze can reduce the
cost and the duration of manufacturing of the prosthesis, since less
grit sizes are required. In addition, there is a growing importance
regarding the longevity and durability of ocular prosthesis materials,
and their consequent impact on the quality of life of anophthalmic
patients. Therefore, this study aimed to evaluate different properties of
ocular prosthesis acrylic resin subjected to accelerated aging, with
mechanical polishing or after photopolymerized glaze application. The
null hypothesis is that the photopolymerized glaze does not interfere
in the properties of ocular prosthesis acrylic resin.

2. Materials and methods
2.1. Sample preparation

Forty specimens of N1 (n = 20) and colorless (n = 20) acrylic resins
(Table 1) were manufactured using a metallic matrix containing 10
circular compartments with 10 mm in diameter and 3 mm in thickness
[30]. This device was embedded with type IV dental stone (Durone,
Dentsply Ind e Com Ltda, Rio de Janeiro, Brazil) in a flask specific for
microwave energy (Classico Dental Products, Sao Paulo, Brazil).

The N1 acrylic resin was mixed according to the instructions of the
manufacturer. After the resin insertion into the matrix, a counter-flask
was positioned and raised in a hydraulic bench press with a 1.250 kgf
weight for 3 min. After a bench polymerization for 30 min [6], the
resin was polymerized by microwave energy (Brastemp, Sao Paulo,
Brazil), according to the recommendations of the manufacturer.
After resin polymerization, the specimen excess was removed with a
Maxi-Cut abrasive drill (Vicking, Sao Paulo, Brazil).

The specimens were divided into 4 groups (n = 10): N1 acrylic resin
without photopolymerized glaze (G1); colorless acrylic resin without
photopolymerized glaze (G2); N1 acrylic resin with photopolymerized
glaze (G3); and colorless acrylic resin with photopolymerized glaze
(G4).

The specimens were polished in an automated polishing machine
(Ecomet 300PRO Buehler, Illinois, USA), with sandpaper of different

Table 1
Material, manufacturer, and chemical composition of materials used in study.

granulations (240, 600, and 800-grit), under constant water irrigation
at 300 rpm [31]. Additionally, in G1 and G2, a 1200-grit sandpaper
was also used and the specimens were finalized with a diamond
solution with a felt disk (Buehler, Illinois, USA). To ensure the proposed
dimensions, each specimen thickness was measured using a precision
digital caliper (500-171-20B, Tokyo, Japan). Equal procedures were
performed for the preparation of colorless acrylic resin specimens. In
G3 and G4, specimens were coated with MegaSeal (Megadenta, Saxony,
Germany) photopolymerized glaze (Table 1), according to the
instructions of the manufacturer. The photopolymerization was
performed for 180 s with the Strobolux system (EDG Equipment, Sao
Paulo, Brazil).

Analyses of properties in relation to color stability, microhardness,
roughness, and surface energy were performed. Also, assays of atomic
force microscopy (AFM), scanning electron microscopy (SEM), and en-
ergy-dispersive spectroscopy (EDS) were performed before and after
the accelerated aging of the specimens.

2.2. Color analysis

Color changes (AE) were analyzed by refraction spectrophotometry
(UV-2450, Shimadzu Corp., Kyoto, Japan) and calculated using the CIE
L = a « b system, as established by the International Commission on
[llumination (CIE) [32], considering the color perception between two
points in a three-dimensional color space [5,25,31,33].

2.3. Microhardness analysis

The Knoop surface microhardness was analyzed with a
microdurometer (HMV-2T model, Shimadzu Corp., Kyoto, Japan), fol-
lowing ASTM (American Society for Testing Materials) specifications
[34], with a 25 g load for 10 s [6,35]. Each specimen was submitted to
five penetrations, respecting a distance of 500 um between penetrations
and from the specimen boards [36].

2.4. Surface roughness

The roughness was analyzed by profilometry analysis and AFM.
The first analysis was performed using a profilometer (Dektak D-150,
Veeco, New York, USA), on the specimen side opposite of where the
microhardness evaluation was performed. The profilometer needle
was positioned on the specimen surface, which was individually placed
in the center of the equipment [2,37]. The Rt (total height of roughness
profile) values were measured using a cutoff of 500 um during 12 s.
Three readings were performed on each specimen surface and the
average was calculated.

2.5. Atomic force microscopy

AFM was used to study surface morphology of one additional speci-
men of each group. The images were transported from a microscope
(Veeco Metrology Inc., California, USA) to a computer, and the images
were submitted to filters (“lowpass” and “medium”) in a NanoScope
Analysis program (2004 Veeco Instruments Inc., California, USA).
Three-dimensional images were standardized to a scale of the z-axis
for further qualitative comparison between groups [37].

Material Manufacturer

Chemical composition

Acrylic resin polymer
Monomer
Photopolymerized glaze Mega Seal, Megadenta, Radeberg, Germany

Artigos Odontolégicos Classico Ltda, Sao Paulo, Brazil

Methyl-methacrylate (MMA) polymer, dibutyl phthalate, ethyl acrylate, pigments

Onda Cryl, Artigos Odontolégicos Classico Ltda, Sao Paulo, Brazil Microwave polymerization: MMA monomer, topanol, Ethylene glycol dimethacrylate

MMA, dimethacrylate, photochemical initiators, stabilizers
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-ll\-/lav?;s 3alues and standard deviation of color change (AE) for each resin evaluated.
Treatment
Without glaze With glaze
Resins AE AE
Colorless resin 3.54 (2.11) 4.83(2.98)
N1 resin 7.44 (1.53) 11.27 (2.94)

2.6. Surface energy

The degree of wettability was examined by using the surface energy
test on all samples of each group, employing the sessile drop method
at a controlled temperature [38]. Twenty readings were made for
each specimen, with ten readings to determine the deionized water
contact angle (polar component), and ten readings to measure the
diiodomethane contact angle (dispersive component). A goniometer
(Ramé-Hart 100-00, Ramé-Hart Instrument Co., New Jersey, USA) was
used, associated with software (DROPimage Standard, Ramé-Hart
Instrument Co., New Jersey, USA), to measure the surface energy. The
calculation of surface energy was performed according to the Owens-
Wendt-Rabel-Kaelble (OWRK) method [39].

2.7. SEM-EDS

One additional specimen of each group was used to characterize the
surface by scanning electron microscopy (SEM) (JSM 610LA, JEOL,
Tokyo, Japan). Representative images were recorded with x 10.000
magnification. Then, qualitative comparison of images was performed
between groups. Energy dispersive spectroscopy (EDS) evaluation was
performed on small volumes, on the order of 1 um?, to identify the
chemical elements presented on the specimen surface.

2.8. Accelerated aging

After initial readings and analysis, the specimens were submitted to
accelerated aging in an accelerated aging chamber for non-metallic
bodies (Comexim Raw Materials Ind. Com. Ltda., Sao Paulo, Brazil),
according to ASTM G53 [40]. The specimens were exposed to 1008 h
of accelerated aging [6,31]. After this period, new readings of the
above tests were performed.

2.9. Statistical analysis

The quantitative data of the analysis of color stability, microhard-
ness, roughness, and surface energy were submitted to the analysis of
variance (ANOVA) and Tukey Test at 5% significance. Qualitative data
of the analysis of AFM, surface energy, and SEM/EDS were visually
compared.

3. Results

All groups presented color change (AE > 0) after accelerated aging,
regardless of the type of polishing (df = 1; F = 10.813; P = 0.002)

Table 3
Mean values and standard deviation of color change (AE) for
each surface treatment, independent of acrylic resin.

Treatment AE
Without glaze 549 (2.69) A
With glaze 8.05(4.38)B

Means followed by same capital letter in column do not differ
(P<0.05, Tukey).

Table 4
Mean values and standard deviation of resin surface roughness (Rt) for each treatment
and period evaluated, independent of acrylic resin.

Period
Initial Final
Treatment Rt Rt

Without glaze
With glaze

0.197 (0.062) Aa
0.186 (0.046) Ab

0.156 (0.060) Aa
1540 (0.567) Ba

Means followed by same capital letter in column do not differ (P < 0.05, Tukey). Means
followed by same lowercase letter in line do not differ (P < 0.05, Tukey).

and resin used (df = 1; F = 44.094; P < 0.0001) (Tables 2 and 3). In
addition, it was observed that groups with glaze showed higher AE
than groups with mechanical polishing, with a statistically significant
result (Table 3).

Regarding the roughness analysis, statistically significant differences
were observed in the interaction between two factors (period x
treatment) (df = 1; F = 111.160; P < 0.0001) (Tables 4 and 5). The
groups with glaze exhibited the highest roughness values after aging,
regardless of the acrylic resin (Table 4). Moreover, N1 acrylic resin
groups showed statistically higher Rt values than colorless resin groups
(Table 5).

Through the representative images of AFM before accelerated aging
(Fig. 1), greater surface irregularities were observed for N1 acrylic resin
groups without glaze, when compared to other groups. However,
through AFM images after accelerated aging, an increase of irregularities
was verified for all groups, indicating that aging has an adverse effect on
the surface smoothness. Additionally, N1 resins with glaze showed the
most irregular surfaces, after accelerated aging.

When evaluating the surface microhardness, a statistically signifi-
cant difference was verified in the interaction of three factors (period
X treatment x resin) (df = 2; F = 50.890; P < 0.0001). Concerning
the acrylic resin type in groups with chemical polishing, the highest
microhardness values were observed for colorless resins, with statistical
difference, regardless of the tested period (Table 6). Additionally, the
surface microhardness values decreased in groups with chemical
polishing after aging, whereas it increased in groups with mechanical
polishing. In colorless acrylic resins with photopolymerized glaze, the
microhardness increased significantly after aging. The N1 resins with
glaze exhibited higher microhardness values than other groups before
aging (Table 6).

In the surface energy analysis, statistically significant differences
were observed in the interaction between two factors (period x resin)
(df = 1; F=6.073; P = 0.016). Statistical difference was observed in
the degree of wettability for N1 resins, when comparing periods before
and after aging (Table 7). Through Fig. 2, it was observed that the config-
urations formed by drops of deionized water deposited on the surface of
acrylic resin specimens were similar for all groups.

Through representative SEM images with x 10.000 magnification
(Fig. 3), an increase of irregularities was verified after aging, when
compared to groups before aging, especially in groups with glaze (G1
and G2). Regarding the chemical composition of the near-surface region
observed through EDS evaluation (Fig. 4), the presence of carbon (C)
and oxygen (O) was detected for all groups.

Table 5
Mean values and standard deviation of surface roughness (Rt) for
each resin evaluated, independent of treatment and period.

Resins Rt

0.453 (0.570) A
0.587 (0.734) B

Colorless resin
N1 resin

Means followed by same capital letter in column do not differ
(P <0.05, Tukey).
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Fig. 1. Representative AFM image of: N1 acrylic resin without photopolymerized glaze (G1) before and after accelerated aging (A, B); colorless acrylic resin without photopolymerized
glaze (G2) before and after accelerated aging (C, D); N1 acrylic resin with photopolymerized glaze (G3) before and after accelerated aging (E, F); and colorless acrylic resin with

photopolymerized glaze (G4) before and after accelerated aging (G, H).
4. Discussion

The null hypothesis tested in this study, that the photopolymerized
glaze does not interfere in the properties of ocular prosthesis acrylic
resin, was not accepted since color stability values (AE) were higher
in groups with glaze (Table 3). Regarding surface microhardness, groups
with glaze had a reduction in microhardness after accelerated aging
(Table 6). Moreover, the roughness of these groups was greater after
aging, when compared to groups with mechanical polishing (Table 4).

In this study, AE values increased after aging for all groups, indicat-
ing color alteration of the material tested (Table 2). This color change
can be caused by extrinsic and intrinsic factors [6,9-11,13,14]. Accord-
ing to Goiato et al. (2010) [22], factors such as ultraviolet light, heat,
and humidity, which are present during the accelerated aging process,
are responsible for polymer degradation. Ultraviolet light is absorbed
by functional groups of polymer chains present in most polymers.
When this happens, a dispersion of excess energy can occur, with
consequent photochemical degradation, which contributes to a surface

';/?:;s 3alues and standard deviation of microhardness for each resin, treatment, and period evaluated.
Resins Treatment
Without glaze With glaze
Initial Final Initial Final
Colorless resin 19.50 (0.44) Aa 21.31(1.12) Ab 36.10 (0.80) Ac 25.51 (1.68) Ad

N1 resin 21.06 (0.66) Aa

22.76 (241) Aa

32.76 (1.69) Bb 21.70 (0.72) Ba

Means followed by same capital letter in column do not differ (P < 0.05, Tukey). Means followed by same lowercase letter in line do not differ (P < 0.05, Tukey).



D.M. Santos et al. / Materials Science and Engineering C 69 (2016) 995-1003 999

Table 7
Mean values and standard deviation of surface energy for each resin evaluated before and
after aging, independent of treatment.

Resins Period
Initial Final
ES ES

Colorless resin
N1 resin

44,90 (3.26) Aa
40.85 (5.03) Aa

46.05 (5.15) Aa
46.74 (5.60) Ab

Means followed by same capital letter in column do not differ (P < 0.05, Tukey). Means
followed by same lowercase letter in line do not differ (P < 0.05, Tukey).

deterioration, such as the appearance of cracks and loss of color or
brightness [22].

There is still controversy regarding the establishment of a satisfacto-
ry clinical value for color change. Canadas et al. (2010) [15], Goiato et al.
(2010) [31] and, Mundim et al. (2012) [41] affirm that AE values >3.3
are clinically unacceptable, while other authors state that this value
must be >3.7 [5]. In this study, all groups had visually perceptible
color change, and groups with photopolymerized glaze were the most
clinically unacceptable (Tables 2 and 3). According to Rutkunas et al.
(2010) [25], although the glaze increases the resistance to coloration
by reducing the surface porosity, its retention on the surface of the
acrylic resin may be lost over time [25]. This appears to have occurred
in this study after the accelerated aging.

Color changes can be associated with the accumulation of impurities
and are influenced by acrylic resin chemical composition and surface
characteristics, such as roughness [22,42,43]. The porosity of acrylic
resins may result from factors such as exposure to water during material
handling and inadequate polymerization conditions, such as monomer
contraction during polymerization and the presence of residual
monomer. As a result, there is physical and esthetic damage to the
material [15,44,45]. Therefore, the material color stability increases
when reducing the surface porosity [25].

Surface roughness of the material depends on the finishing and
polishing, and the presence of microporosities [2]. Therefore, the surface
roughness parameter (Rt) was evaluated in order to clarify if the
application of glaze can or cannot influence the acrylic resin structural

characteristics. According to Rutkunas et al. (2010) [25], the glaze
aims to regularize the material surface. However, it was observed that
groups with glaze (G3 and G4) showed the highest values of Rt after
aging (Table 4) in the present study. This may have occurred due to
aging effects, which could cause surface glaze degradation [4,22,25].

In the present study, the Rt values were greater for N1 resin, when
compared to colorless resin, with statistical difference (Table 5), and a
higher surface irregularity was observed for N1 resin with glaze,
through AFM (Fig. 1). Possibly, this is related to the presence of
pigments and the higher molecular weight of this resin [2,3,6].

It is stated that the acrylic resin used in an ocular prosthesis does not
present an irregular surface, aiming to prevent bacterial proliferation,
damage to underlying tissue, and irritation of the patient anophthalmic
cavity [15,22]. However, an ocular prosthesis is often exposed to
temperature variations, degradation, and cleaning by the patient.
Thus, the colorless acrylic resin can acquire a scratched surface,
damaging the esthetic aspect and surface smoothness [1].

The longevity of ocular prostheses is directly related to the surface
hardness of the acrylic resin. Greater microhardness values are associat-
ed with a higher resistance to abrasive wear [1,4,18]. After accelerated
aging, groups with glaze exhibited higher microhardness values than
groups with mechanical polishing, with statistically significant
difference (Table 6). These results differ from the study of Braun et al.
(2003) [23], which found that the chemical polishing of acrylic resins
with heated monomer, when compared to mechanical polishing,
generates lower hardness values [23].

Due to the water absorption and the increase of temperature that
resins suffer during the accelerated aging process, the release of residual
monomer can increase, leading to a continuous polymerization of the
resin, and consequently, greater microhardness values [1]. The values
of the present study (Table 6) are clinically acceptable, since according
to the American Dental Association (ADA), the microhardness of acrylic
resin used for artificial teeth should not be <15 kg/mm [46]. Further-
more, according to Fernandes et al. (2009) [1], the microhardness of
thermoactivated acrylic resin should be between 16 and 22 kg/mm.
Higher microhardness values decrease the probability of cracks
occurring and increase the scratch resistance, reducing possible micro-
bial colonization and future infections [1].

Fig. 2. Representative image of configuration assumed by deionized water drops deposited on surface of: N1 acrylic resin without photopolymerized glaze (G1) before and after
accelerated aging (A, B); colorless acrylic resin without photopolymerized glaze (G2) before and after accelerated aging (C, D); N1 acrylic resin with photopolymerized glaze (G3)
before and after accelerated aging (E, F); and colorless acrylic resin with photopolymerized glaze (G4) before and after accelerated aging (G, H).
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Fig. 3. Representative SEM image (10.000 x magnification) of: N1 acrylic resin without photopolymerized glaze (G1) before and after accelerated aging (A, B); colorless acrylic resin
without photopolymerized glaze (G2) before and after accelerated aging (C, D); N1 acrylic resin with photopolymerized glaze (G3) before and after accelerated aging (E, F); and
colorless acrylic resin with photopolymerized glaze (G4) before and after accelerated aging (G, H).

Through AFM and SEM images, it can be observed that the
topographic characteristics of all groups were not maintained after
aging. The surface of groups submitted to chemical polishing had
more accentuated peaks and valleys, when compared to groups that
received mechanical polishing (Figs. 1 and 3), which corroborates
with the results of the roughness analysis. Concerning the wettability,
an increase of surface energy was observed after aging (Table 7),
regardless of the surface polishing. However, the higher the surface
energy, the greater the adhesion, and accumulation of bacterial biofilm
[24].

This study has some limitations, such as the use of only one type
of chemical polishing for comparison with mechanical polishing
(control). Future work can be performed with different chemical
polishing agents, aiming to identify surface treatments that optimize
the properties of the material. Furthermore, only N1 and colorless
resin were tested. However, clinically, resin or oil based pigments
[47] may be incorporated to the ocular prosthesis in order to simulate
different sclera colors. Therefore, groups with pigments can be tested
in future studies.

5. Conclusion

The color stability values (AE) were higher in groups with glaze, and
these groups had a reduction in microhardness and an increase in
roughness after accelerated aging, when compared to groups with
mechanical polishing. Therefore, the photopolymerized glaze seems
not to be the best option for polishing acrylic resin surfaces used in
ocular prostheses, since the color stability, microhardness, and rough-
ness were interfered with negatively after accelerated aging.
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Fig. 4. Representative EDS image of: N1 acrylic resin without photopolymerized glaze (G1) before and after accelerated aging (A, B); colorless acrylic resin without photopolymerized glaze
(G2) before and after accelerated aging (C, D); N1 acrylic resin with photopolymerized glaze (G3) before and after accelerated aging (E, F); and colorless acrylic resin with
photopolymerized glaze (G4) before and after accelerated aging (G, H).
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