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Objectives: The current study aimed to investigate the effect of incorporating undoped or silver-doped
titanium dioxide nanoparticles (TiO2-NPs and Ag-doped TiO2-NPs) on the antifungal activity and dynamic viscoelastic properties of soft acrylic denture liners.
Materials and methods: One soft acrylic liner material was used (COE-SOFT, GC America, USA). Triphasic
TiO2-NPs were purchased from Nanotech, Egypt. Half the amount of the TiO2-NPs was doped with silver
(z100 ppm). The efﬁciency of the doping process was validated by FTRI analysis. Ultraviolet-visible
spectrophotometer was used to measure the absorption range of both powders (TiO2-NPs and Agdoped TiO2-NPs). For the antifungal activity test, eight groups of liner discs were prepared: three unﬁlled groups (liner only); two TiO2 groups (liner containing 5 wt% TiO2-NPs) and three Ag-doped TiO2
groups (liner containing 5 wt% Ag-doped TiO2-NPs). The discs were inoculated and incubated with
Candida albicans then subjected to one of three different lighting conditions: darkness, ultraviolet (UV) or
visible light (VL). The (unﬁlled-dark) group was considered the control. After exposure to the speciﬁed
lighting condition, the adherent fungi were detached from the liner discs' surfaces and the resultant
fungal solutions were incubated then the number of colony forming units was counted. For the dynamic
viscoelastic properties, three groups were tested; control (liner only), TiO2 group (liner containing 5 wt%
TiO2-NPs) and Ag-doped TiO2 group (liner containing 5 wt% Ag-doped TiO2-NPs). The properties were
measured using a dynamic mechanical analyzer. The data were statistically analyzed.
Results: The FTIR revealed the success of the doping process without drastic changes in the TiO2 phase
ratios. The Ag-doped TiO2-NPs had a wider absorption spectrum with greater photoactivity in the visible
light range compared to pure TiO2-NPs. Regarding the antifungal activity, the Ag-doped TiO2 group
subjected to visible light had the highest antifungal effect while the control group (unﬁlled liner subjected to darkness) had the highest number of colony forming units. All groups subjected to UV showed
comparable antifungal activity regardless of their composition. Regarding the dynamic viscoelastic
properties, both the control and TiO2 groups had higher tan delta (loss tangent) compared to the Agdoped TiO2 group indicating a better cushioning effect for the two former groups. However, the latter
group still had a clinically acceptable tan delta value.
Conclusions: Silver-doping increases the photoactivity of TiO2-NPs within the visible light range. Incorporating Ag-doped TiO2-NPs into soft acrylic denture liners imparts a potent antifungal activity against
Candida albicans upon illumination with visible light. This is accompanied by a reduction in the cushioning effect of the liner, however it still lies within the clinically acceptable range.
© 2018 Faculty of Oral & Dental Medicine, Future University. Production and hosting by Elsevier B.V. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction
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Since their introduction in the 1950s, soft liners played an
important role in the management of denture-induced stomatitis.
Their favorable viscoelastic nature allows them to exert a
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cushioning effect which alleviates tissue inﬂammation that results
from the continuous traumatic rubbing between the denture base
and the underlying mucosa [1]. Two types of soft liners are
currently available: silicone-based and plasticized acrylic, each
being either heat- or chemically-polymerized. According to their
possible service time, soft liners may be classiﬁed into: short-term
soft denture liners (STSDL), ideally used for periods shorter than
four weeks, or long-time soft denture liners (LTSDL), used for periods ranging from four weeks to several months [2].
Colonization by different pathogenic fungi and bacteria is a
common problem that complicates the use of soft liners. This
shortcoming is more evident with the long-term types (LTSDL) due
to their longer intraoral service time. Avoiding such colonization by
following adequate hygiene measures may not be feasible in some
cases taking into consideration that most denture wearers are
geriatric patients most of whom have less-than-ideal health conditions. The concerns about the presence of denture-related microbes does not only stem from fears about oral hygiene but also
about the general systemic well-being of the denture wearer. There
is growing evidence that denture-related microbes can act as a
starting factor that, in combination with certain immunological
aspects, may initiate serious pulmonary and gastrointestinal infections [3]. Candidal species, mainly Candida albicans, were found
to constitute 80% of microbes isolated from denture wearers' oral
mucosa and were proven to be the primary pathological contributor in oral stomatitis [4].
In an attempt to minimize the candidal populations on the liner
surface and the denture bearing mucosa, several approaches were
adopted. Most of these approaches involved incorporating agents
with anifungal effects like chlorhexidine salts [5], tea tree oil [6],
propolis [7], nystatin and ketoconazole [8,9] into the denture liner.
Although many of these agents were relatively effective in
decreasing the fungal populations, the effect of these materials was
transient and decreased over time as the active antifungal ingredient gradually leached out of the liner. In addition, the fungi tend
to develop drug resistance to these antifungal agents overtime, thus
eventually decreasing the self-cleansing ability of the denture liner
[10]. This urged the search for new antifungal therapeutic agents
that would utilize other modes of action to combat fungal
infections.
Due to their well-documented photocatalytic activity, titanium
dioxide nanoparticles (TiO2-NPs) have been widely utilized as selfcleaning antimicrobial materials in a wide variety of applications
including food packaging, coating of medical devices as well as
environmental cleaning of waste water and air puriﬁcation [11]. It is
worth mentioning that for these applications, the nano-sized TiO2
particles drew more attention than larger particles because they
possess a larger surface area that bolsters the photocatalytic activity [11].
When a photocatalyst, like TiO2-NPs, is exposed to light with
energy equal to or greater than its band gap energy, an electron gets
excited and moves from its valance band to a conduction band
leaving behind a positive hole which consequently results in the
formation of an electron-positive hole pair (e/hþ). The photocatalytic activity of the TiO2-NPs is derived from the ability of the
positive holes to oxidize water molecules producing hydroxyl
radicals (HO) and the ability of the conduction band electrons to
reduce oxygen producing superoxide ions (O
2 ) [12].
These highly reactive species that result from the photocatalysis
of TiO2-NPs have the ability to degrade essential components of
both fungal and bacterial cell walls thus interfere with the viability
of fungi and bacteria [13]. Therefore, these TiO2-NPs were used as
bioactive additives to impart antimicrobial activity to denture base
materials. Arai et al. reported that coating the surface of acrylic
resin denture base with TiO2-NPs had an inhibitory effect on the
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Candida albicans and S. sanguinis which are considered the earliest
colonizers of denture-associated plaque [14]. These results were
supported by those reported by Sawada et al. [15] and Shibata et al.
[16]. One positive aspect of TiO2 is that despite its antimicrobial
effect, it is biocompatible with oral tissues. Tsuji et al. reported that
TiO2 can be safely placed in direct contact with the oral mucosa
without triggering any irritation or inﬂammation [17].
Titanium dioxide (TiO2) exists in three different crystallographic
forms: anatase, rutile and brookite. These three polymorphs vary in
their photocatalytic activity and in the wavelength that activates
them. However, one limitation of TiO2 is that its photocatalytic
activity is initiated mainly under ultraviolet (UV) illumination.
Thus, to beneﬁt from this photoactivity, special UV sources are
needed. The other option is to rely on the UV content of the solar
light, which only constitutes 5% of the sunlight spectrum, thus
would not be an adequately reliable source [18]. It must be noted
that the TiO2 does not exert any photocatalytic effect in the darkness [19]. Thus, to make the use of TiO2-NPs photocatalyst more
practical, attempts were made to extend or shift the absorption
range of TiO2-NPs into the visible light spectrum by doping them
with different elements like silver, copper or nitrogen [20e22]. In
the current study, silver in particular was selected for doping not
only to increase the visible light photocatalysis of TiO2-NPs, but also
to beneﬁt from its well-documented non-photocatalytic antimicrobial action [23,24].
The dynamic viscoelastic properties of soft liners are critical
properties which greatly inﬂuence the liner's performance in terms
of improving the masticatory efﬁciency and patient's satisfaction
[25]. Therefore, any attempts to improve or impart new qualities to
the denture liners should not adversely affect these critical viscoelastic properties. The most important viscoelastic properties that
were found critical in judging the cushioning effect exerted by
liners are: storage modulus (Eʹ), loss modulus (Eʺ) and tan delta
(loss tangent) (d) [26].
Accordingly, the aim of the current study was to investigate the
antifungal effect of long-term soft acrylic liners incorporating
either undoped or silver-doped TiO2-NPs and to investigate the
dynamic viscoelastic properties of these modiﬁed liners. To achieve
this objective, two null-hypotheses were tested. The ﬁrst nullhypothesis was that adding either undoped or silver-doped TiO2NPs does not impart antifungal activity to acrylic soft liners under
different lighting conditions. The second null hypothesis was that
the addition of these undoped or doped TiO2-NPs does not affect
the dynamic viscoelastic properties of the acrylic liners.
2. Materials and methods
2.1. Materials
One soft long-term acrylic self-curing liner material (COE-SOFT,
GC America, USA) was used in the current study. The photocatalytic
titanium dioxide nanoparticles (TiO2-NPs) were obtained from
NanoTech, Egypt. The silver nitrate, sodium borohydride and polyvinylpyrrolidone (PVP) were purchased from Sigma Aldrich.
2.2. Methods
2.2.1. Silver-doping of the TiO2-NPs
Half the amount of the TiO2-NPs was doped with silver using a
slightly modiﬁed technique from the chemical reduction method
described by Bowering et al. [27]. Silver nitrate (AgNO3) was used as
a silver precursor to dope the TiO2-NPs at a dopant concentration of
z100 ppm. The TiO2-NPs were added to an acidiﬁed solution of
AgNO3 and polyvinylpyrrolidone (PVP) was used as a surface stabilizer while the sodium borohydride acted as a reducing agent. The

10

G.H. Waly / Future Dental Journal 4 (2018) 8e15

solution was continuously stirred for 10 h to produce a stable
dispersion that was then dried by heating at 70 C for 48 h followed
by calcination at 300 C for 2 h.
2.2.2. Phase analysis using x-ray diffraction (XRD)
Both the TiO2-NPs and Ag-doped TiO2-NPs were analyzed by
XRD. Testing the TiO2-NPs aimed to identify the different polymorphic phases that existed in the powder and to determine their
relative ratios which greatly inﬂuence the intensity of the powder's
photocatalytic activity. On the other hand, the XRD analysis of the
Ag-doped TiO2-NPs aimed to validate the efﬁciency of the doping
process and to detect whether the Ag-doping process resulted in
major changes in the phases of the TiO2-NPs powder. The XRD
patterns were obtained using PANanalytical X'Pert PRO diffractometer
with
secondary
monochromator,
Cu-radiation
(l ¼ 1.542 Å) at 45 K$V. 35 M A. and using a scanning speed of
0.02 /sec. Diffraction peaks between 2q ¼ 0 and 80 , corresponding spacing (d, Å) and relative intensities (I/Io) were obtained. The
resultant diffraction charts were compared with the standard ICDD
cards.
2.2.3. Ultraviolet-visible spectroscopy
The UV-VL absorbance spectra for both TiO2-NPs and Ag-doped
TiO2-NPs were obtained using a spectrophotometer (UV-3101PC
Shimadzu Corporation, Tokyo, Japan).
2.2.4. Antifungal activity
The antifungal activity was assessed by the colony forming units
(CFUs) counting method. The antifungal effect was measured after
exposing the fungi-contaminated liner samples to different lighting
regimens: darkness, ultraviolet light (UV) and incandescent visible
light (VL). Forty-eight liner discs, divided into eight groups, six
samples each (n ¼ 6), were prepared. Three of the eight groups
were unﬁlled liner groups formed of the liner material (with no
additives). Later on during the test, each of these three unﬁlled
groups was subjected to one of the three lighting regimens; darkness, UV or VL. The unﬁlled group subjected to darkness was
considered as a control. Two groups were formed of liner material
containing 5 wt% TiO2-NPs and were later on exposed to UV and VL.
The remaining three groups were formed of the liner material
incorporating 5 wt% Ag-doped TiO2-NPs and were subjected during
the test to darkness, UV and VL. Table 1 shows a detailed description of the eight groups regarding the liner discs composition and
the lighting conditions to which the discs were exposed during the
test. The discs had a diameter of 15 mm and a thickness of 2.5 mm.
Before starting the test, the discs were disinfected by immersion in
70% ethyl alcohol for 5 min then thoroughly washed with sterile
water followed by 1 h immersion in sterile water to eliminate any
alcohol residues. After that, the discs were placed for 24 h in a
growth medium inoculated with Candida albicans at a cell concentration of 107 colony-forming units per milliliter (CFU/ml). At
the end of the incubation period, the discs were gently washed with

sterile water to remove any non-adherent or loosely adherent
fungi. Each one of the discs was then placed in a separate glass perti
dish containing little amount of sterile water, just enough to cover
the disc and keep it hydrated. While immersed in the water, the
discs of each group was subjected to their designated light treatment (as shown in Table 1). The UV and VL groups were subjected
to the light for 2 h and the light was allowed to reach both the
upper and lower surfaces of the discs at the same time. For
example, in case of the UV groups; the petri dishes containing the
discs were placed on a holder and one UV light source was used to
illuminate the discs from above and another identical UV light
source was used to illuminate the discs from below. The same
setting was used with the VL groups. Safehaus NCH007 Compact
Pro Ultraviolet Blacklight Torch, Safehaus Inc, was used as UV
source while 60-Watt Philips incandescent bulb was used as VL
source. For both the UV and VL groups, the distance from the light
source to the discs surfaces was adjusted to be 15 cm. On the other
hand, the darkness groups were incubated in the dark for 2 h. At the
end of the light exposure period, the discs were retrieved and each
disc was placed in a known volume of nutrient medium. The fungal
cells adhering on the discs were then detached by shaking at 220
rmp for 15 min then the discs were removed from the media. The
resultant media containing the detached fungal cells were incubated for 48 h then the Candida albicans was quantiﬁed by counting
the number of colony forming units (CFUs).
2.2.5. Dynamic mechanical analysis (DMA)
Eight rectangular samples (16 mm length, 7 mm width and
1.2 mm thickness) were prepared for each of the three groups
[unﬁlled liner (control), liner with 5 wt% TiO2-NPs and liner with
5 wt% Ag-doped TiO2-NPs] (n ¼ 8). The dynamic viscoelastic properties were measured using dynamic mechanical analyzer DMA
Q800, TA Instruments, New Castle, UK. The specimens were tested
under tension using a dynamic oscillatory test with an isothermal
mode at 37 C and 1 Hz frequency. During the oscillatory test, a
sinusoidal stress was induced into the tested sample and the
resultant sinusoidal strain was recorded and the phase difference
between the two sine waves was measured. The three dynamic
properties used for evaluating the viscoelastic nature of the samples were storage modulus (Eʹ), loss modulus (Eʺ), and tan delta (d)
(also called loss tangent).
2.2.6. Statistical analysis
The data were presented as means and standard deviation
values. Data were explored for normality using the Shapiro-Wilk
test. For parametric data, the one-way ANOVA test was used to
compare between the different groups while the Tukey's HSD posthoc test was used for pairwise comparison. For the non-parametric
data, the Kruskal-Wallis test was used for comparison between
groups while the Conover test was used for pairwise comparison
and was further adjusted by Benjamini-Hochberg FDR method. The
signiﬁcance level was set at P  0.05. Statistical analysis was

Table 1
The composition and lighting conditions of the different groups of the antifungal activity test.
Group name

Composition

Lighting condition

Unﬁlled-Dark (control)
Unﬁlled-UV
Unﬁlled-VL
TiO2-UV
TiO2-VL
Ag-TiO2-Dark
Ag-TiO2-UV
Ag-TiO2-VL

Acrylic liner with no additives

Darkness
UV light
Visible light
UV light
Visible light
Darkness
UV light
Visible light

Acrylic liner with 5 wt% TiO2-NPs
Acrylic liner with 5 wt% Ag-doped TiO2-NPs
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Fig. 1. The XRD spectra of the TiO2-NPs and the Ag-doped TiO2-NPs.

performed with IBM® SPSS® Statistics Version 20 for Windows.
3. Results

other hand, the Ag-doped TiO2-NPs had a wider absorbance peak
that almost covered the same range of the TiO2-NPs’ peak and
additionally extended into the VL region (Fig. 2).

3.1. Phase analysis using x-ray diffraction (XRD)

3.3. Antifungal activity

In the XRD pattern of the TiO2-NPs, the anatase characteristic
diffraction peaks were evident at 2q ¼ 25.6, 48.41 and 54.58 corresponding to the (101), (200) and (105) anatase crystal planes
respectively. In addition, diffraction peaks were observed at
2q ¼ 27.7, 36.42, 41.64, 54.58 and 57.09 corresponding to the (110),
(101), (111), (211) and (220) planes of the rutile phase respectively.
The brookite peaks appeared at 2q ¼ 25.6, 36.42, 48.41 and 54.58
corresponding to the (111), (102), (321) and (241) planes respectively (Fig. 1). The calculated approximate rutile:antase:brookite
ratio was 36:23:42.
The XRD pattern of the Ag-doped TiO2-NPs showed all the peaks
that were found in the XRD pattern of the TiO2-NPs peaks with very
minimal shifts (2q ¼ 25.6, 27.7, 36.35, 41.52, 48.36, 54.57, 56.88) in
addition to the silver-4H peaks (2q ¼ 64.54 and 76.51) (Fig. 1). The
approximate rutile:anatase:brookite ratio of the Ag-doped TiO2NPs was 44:19:37.

The Kruskal-Wallis test results showed a signiﬁcant difference
between the eight investigated groups (p < 0.001) (Fig. 3). The

3.2. Ultraviolet-visible spectroscopy
The obtained UV-VL absorbance spectra revealed that the absorption peak of the TiO2-NPs lied mainly in the UV range and the
absorption intensity decreased markedly in the VL range. On the

Fig. 2. The UV-VL absorbance spectra of the TiO2-NPs and the Ag-doped TiO2-NPs
showing their absorbance peaks.
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Fig. 3. The antifungal activity of the eight groups (groups with different alphabets
above the bars are statistically signiﬁcantly different).

Conover post-hoc test revealed that the control group (unﬁlleddark) had the signiﬁcantly highest CFUs number among all groups
while the (Ag-doped TiO2-VL) group had the signiﬁcantly highest
antifungal activity i.e. the lowest CFUs number among all groups.
No signiﬁcant difference was found between three groups that
were subjected to UV i.e. the (unﬁlled-UV), the (TiO2-UV) and the
(Ag-doped TiO2-UV) groups. In addition, no signiﬁcant difference
was found between the two TiO2 groups i.e. the (TiO2-UV) and the
(TiO2-VL).
Regarding the Ag-doped TiO2 groups, the (Ag-doped TiO2-VL)
group had the highest antifungal activity, followed by the (Agdoped TiO2-UV) then the (Ag-doped TiO2-dark) which had the
lowest antifungal effect among all Ag-doped TiO2-NPs groups.
3.4. Dynamic mechanical analysis (DMA)
Regarding the storage modulus (Eʹ), neither the TiO2 nor the Agdoped TiO2 groups differed signiﬁcantly from the control, but the
TiO2 group had signiﬁcantly higher storage modulus than the Agdoped TiO2. Concerning the loss modulus (Eʺ) and tan delta (d),
the DMA results revealed no signiﬁcant difference between the
control and the TiO2 groups. However, both groups had signiﬁcantly higher values compared to the Ag-doped TiO2 group (Fig. 4).
4. Discussion
Despite the important role played by resilient liners in

Fig. 4. The dynamic viscoelastic properties of the three groups.

managing denture-associated stomatitis, their use has been
frequently complicated by colonization with pathogenic fungi and
bacteria. In the current study, an attempt was made to overcome
the problem of fungal colonization by incorporating photocatalytic
titanium dioxide nanoparticles (TiO2-NPs) into the liner. Upon
photo-excitation, the TiO2-NPs undergo a photocatalytic reaction
that results in the formation of hydroxyl radicals (HO) and superoxide ions (O
2 ) [28]. These species have an oxidative power that
is two times greater than that of chlorine thus, they can decompose
fungal and bacterial cell walls and readily destroy these microorganisms [11]. Surface coating by TiO2-NPs, to impart antimicrobial
properties, has been investigated in different medical applications,
however, for dental applications and in case of denture liner speciﬁcally, this coating may be easily peeled off during function.
Therefore, direct incorporation of TiO2-NPs was used in the present
study as it is believed to result into a more sustainable and durable
antifungal effect specially that it has been previously reported that
TiO2-NPs maintain the same level of photoactivity for periods as
long as six months [13].
Triphasic TiO2-NPs, rather than the single-phase type, were
selected for use in the current study. This triphasic structure was
conﬁrmed by the XRD pattern of the TiO2-NPs which conﬁrmed the
presence of the three polymorphic forms; rutile, anatase and
brookite. Among the different available doping techniques, the
method used in the current study was particularly selected as it
does not involve heating above 300  C. This decreases the risk of
the undesirable major phase transformations thus, preserving the
favorable triphasic structure [29]. This was conﬁrmed by The XRD
pattern of the Ag-doped TiO2-NPs which did not only prove that the
silver was successfully incorporated into the TiO2-NPs but also
conﬁrmed that the desirable triphasic structure was maintained.
The presence of the three phases in the powder is considered an
advantage as it is believed to enhance the photocatalytic, thus the
antifungal, activity of the TiO2-NPs [30]. One limitation of the
single-phase TiO2-NPs is that about 90% of the generated electronpositive hole pairs (e/hþ) undergo an unfavorable recombination
process. Thus, only a limited number of these pairs (z10%) survive
and play role in the favorable oxidation-reduction reactions associated with the photocatalytic activity. It was proposed that when
more than one of the TiO2 phases coexist, the electrons tend to
migrate towards one phase and the positive holes migrate towards
the other phase [28]. This separation between the electrons and the
holes prolongs the lifetime of the e/hþ pairs leading to more
effective photocatalysis [30]. In addition, each of the three TiO2
phases has its own band gap. Thus, the coexistence of the three
phases in one material is expected to broaden its overall absorption
spectrum.
A silver doping concentration of 100 ppm was used in the present study. This particular low concentration was chosen because
using a higher concentration may allow the silver to form a
continuous layer around the TiO2-NPs thus blocking the light from
the NPs. This “light shielding” effect would lead to a weaker rather
than stronger photocatalytic activity [31]. Another reason to use
such a very low concentration is that using higher concentrations of
silver may cause an undesirable greyish discoloration of the liner
that may appear through the thing ﬂanges of the denture in the
labial region. The TiO2-NPs and Ag-doped TiO2-NPs were incorporated into the liner at a concentration of 5 wt%. This particular
concentration was selected as it was proven effective in previous
literature [13].
In assessing the antifungal activity, three illumination conditions were investigated; darkness, ultraviolet (UV) and visible light
(VL). A commercially available UV torch was used as a UV source
because these torches are commonly available in the markets for
different applications thus are readily accessible to denture-
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wearers. Generally, the UV spectrum is divided into three regions;
UV-C, UV-B and the UV-A. The UV torch used in the current study
emits radiation mainly within the UV-A range. This range was
particularly selected as it is safer for use compared to the two other
ranges since it has a lower energy [32]. Although the microbicidal
effect of UV-A is relatively weaker than that of the other two UV
forms, this was not an issue for UV source selection in the present
study because the intended role of UV was to activate the antifungal
effect of TiO2-NPs rather than to exert an antifungal effect on its
own. Among the different available visible light sources, an incandescent bulb was used as a representative of indoors lighting.
Based on the results of the antifungal activity, the ﬁrst null hypothesis was rejected. The control (unﬁlled-darkness) group had
the signiﬁcantly highest CFUs number among the three unﬁlled
groups as well as among all groups. This may be attributed to the
fact that the Candida albicans generally ﬂourishes more in the
darkness than in the light [33]. Absence of signiﬁcant difference
between the three groups subjected to UV (i.e. unﬁlled-UV, TiO2-UV
and Ag-doped TiO2-UV) indicates that the UV may have exerted an
antifungal effect on its own. This effect, although was not the main
aim of using UV, may have overshadowed any difference between
the groups that could occur due to the TiO2's photocatalytic activity
or even due to the silver's own antifungal effect. The antifungal
effect exerted by the UV-A, the UV type used in the present study,
may be attributed to two main mechanisms. The ﬁrst one is a direct
mechanism in which the UV exerts a direct genotoxic effect on the
DNA of Candida albicans. If not repaired, the resultant DNA lesions
block the DNA replication process thus interfering with the fungal
reproduction. Another indirect mechanism is attributed to the UV's
ability to excite certain endogenous chromophores within the
fungus leading to the generation of reactive oxygen species, which
cause damage to the fungal DNA [34].
Both (TiO2-UV) and (TiO2-VL) groups exhibited comparable
antifungal activity. This is mainly because the TiO2 used in the
current study is triphasic in nature. It has been previously proven
that the multiphasic TiO2 shows some degree of response to VL
activation compared to the single-phase TiO2 whose photocatalytic
responsiveness is almost limited to the UV irradiation [35].
Regarding the effect of silver, the (Ag-doped TiO2-VL) group
showed the highest antifungal activity among all groups with three
out of the six samples of this group exhibiting zero colony forming
units. The signiﬁcant difference between the (Ag-doped TiO2-VL)
and the (TiO2-VL) groups may be explained by the silver's ability to
extend the absorption spectrum of the TiO2 into the visible light
range. This explanation is conﬁrmed by the results of the UV-VL
spectroscopy which showed that the Ag-doped TiO2-NPs had a
wider absorption peak that extended more into the VL spectrum
compared to the TiO2-NPs. This effect of silver doping is believed to
be attained by narrowing the band gap of TiO2. The band gap is
deﬁned as the energy difference between the valence band (from
which the electron escapes upon photo-excitation) and the conduction band (that receives the excited electron) [36]. Narrowing
the band gap of TiO2, by the action of silver, means that lower
amount of energy (e.g. visible light energy) would be sufﬁcient for
exciting the electrons and for triggering the photocatalytic reaction
with its subsequent antifungal effect (Fig. 5). These results are in
agreement with those reported by Sarteep et al. [20] and Seery et al.
[37] who reported that incorporating very low concentration of
silver markedly increased the photocatalytic activity of TiO2 under
visible light. It is worth mention that both of these two latter researches measured the photocatalytic activity in terms of the TiO2's
ability to degrade certain dyes and chromophores while the current
study measures the photocatalytic activity in terms of the TiO2's
antifungal effect. However, the results of both researches can be
used as a reference for comparison because both the chromophores
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Fig. 5. Narrowing the band gap of TiO2, as a result of silver doping, allows activation of
the TiO2 by both UV (higher energy) and VL (lower energy) unlike the undoped TiO2
which is mainly responsive to UV.

degradation and the antifungal effect of TiO2 are mediated by the
species that result from the same photocatalytic mechanism. The
silver may have also improved the photocatalytic activity of TiO2 by
acting as a “sinking zone” in which the photogenerated electrons
got trapped thus decreasing the undesirable electron-positive hole
(e-/hþ) recombination and leading to more durable and consistent
photocatalytic activity [38]. In addition to the previously explained
photocatalytic mechanism, the silver is known for its inherent
antifungal effect, apart from any photocatalytic mechanism, thus it
may have exerted an antifungal effect by itself. The silver's antifungal activity is attributed to its ability to disrupt the membrane
potential and to interfere with the budding process by destructing
the membrane integrity [39]. However, it should be noted that
there was a signiﬁcant difference between the (Ag-doped TiO2dark) and the (Ag-doped TiO2-VL) groups which both contained
silver. This proves that the direct (non-photocatalytic) effect of
silver was not the only reason for the potent antifungal activity of
the (Ag-doped TiO2-VL) group. Based on the previous discussion, it
can be concluded that both mechanisms, i.e. narrowing the band
gap of TiO2 and the direct toxic effect of silver, have played mutual
synergetic effects that boosted the antifungal activity of this
particular group (Ag-doped TiO2-VL).
On the other hand, it may be argued that concentration of silver
used in the doping process is too low to exert an adequate antimicrobial effect. However, the signiﬁcant difference between the
two groups that were subjected to darkness; the control (unﬁlleddark) and the (Ag-doped TiO2-dark), proves that even at this very
low concentration, the silver could produce a signiﬁcant difference
in the antifungal effect that is not mediated by the photocatalytic
pathway. These previously discussed results are considered
promising for denture-wearers because disinfecting the denture by
subjecting it to visible light, whether solar light or ambient indoors
lighting, would be more practical for the patients than using special
UV sources.
The dynamic viscoelastic properties are a crucial indicator of the
resilient liner's clinical performance. The dynamic properties were
measured at a frequency of 1 Hz as it was proven that this frequency value closely simulates the masticatory conditions [25]. The
storage modulus (Eʹ) equals the ratio of the stress in phase with the
strain to the strain and it represents the elastic component of the
liner's behavior while the loss modulus (Eʺ) equals the ratio of the
stress 90 out of phase with the strain to the strain and it represents
the viscous component of the material's behavior. Tan delta is the
ratio of the loss to the storage modulus (d ¼ Eʺ/Eʹ) and is considered
the most conclusive liner dynamic property as it deﬁnes the ability
of the soft liner to exert a cushioning effect against masticatory
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forces [25]. No signiﬁcant difference was found between the control
(unﬁlled) and TiO2 groups regarding any of the three investigated
properties which indicates that incorporating the TiO2-NPs doses
not adversely affect the liner's viscoelastic properties and its ability
to provide a cushioning effect. On the other hand, the Ag-doped
TiO2 group had signiﬁcantly lower loss modulus and tan delta
compared to the control indicating that it exerts a lower cushioning
effect. Thus, the second null hypothesis was also rejected. These
results can be explained based on the ﬁndings reported by Seddiqui
et al. who found that nano-silver had a signiﬁcant effect on the
polymerization reaction kinetics of PMMA polymers [40]. The authors reported that the nano-silver reduced the initiator efﬁciency
thus decreased the number of growing polymer chains. This led to
an increase in the average molecular weight of the polymer formed
[40]. Such an increase in the average molecular weight may increase the chain entanglement and limit the interchain sliding
when the liner is subjected to masticatory forces. This may be reﬂected as a decrease in the viscous component of the liner behavior
which may explain the decrease in the loss modulus and tan delta
of the Ag-doped TiO2 group observed in the present study. However, it must be noted that although the Ag-doped TiO2 group had
statistically signiﬁcantly lower tan delta values compared to the
control, this difference may not constitute a clinical limitation
because the recorded tan delta values of this group were still higher
than the tan delta values reported for many of the other commercially available soft liners [41].
Combining all these previous results, it may be deduced that
incorporating Ag-doped TiO2 into resilient soft liners imparts a
potent antifungal effect upon exposure to visible light but is
accompanied by a reduction of the cushioning effect of the liner,
although within the clinically acceptable range.
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5. Conclusions
Within the limits of the current study, the following conclusions
can be drawn:
1. Silver doping of TiO2-NPs extends their photoactivity range into
the visible light spectrum.
2. Incorporating Ag-doped TiO2-NPs into the soft acrylic liner imparts a potent antifungal effect against Candida albicans upon
exposure to visible light.
3. Exposure of the denture liner to UV radiation decreases its
fungal load whether undoped or Ag-doped TiO2-NPs are incorporated into the liner or not.
4. Incorporating TiO2-NPs into soft liners does not inﬂuence their
viscoelastic properties while incorporating Ag-doped TiO2-NPs
decreases the cushioning effect within the clinically acceptable
range.
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