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ARTICLE INFO ABSTRACT

Several studies of antimicrobial photodynamic therapy (aPDT) have been performed to verify the efficiency of
this treatment against caries-related microorganisms. Thus, the aim of this study is to describe the characteristics
of aPDT and to review the literature regarding its effects on cariogenic microorganisms organized in biofilms
and/or caries lesions. The literature was searched for reviews and original papers about aPDT and its outcomes
against Streptococcus mutans as well as other caries-associated microorganisms or caries lesions. Moreover, re-
search on photosensitizers and light sources are also reviewed. The publications were selected using PubMed,
Web of Science, and manual search of references cited in key papers. The descriptors used were “dental caries”
and “photodynamic therapy”. The relative efficacy of aPDT to reduce the population of cariogenic bacteria in in
vitro biofilms is demonstrated by large number of laboratory studies. Preclinical (in situ models) and clinical
studies show a less pronounced bacterial reduction for aPDT than for in vitro models, especially in dentin carious
lesions, since the bacteria in dentin caries may be less susceptible to this therapy due to the limited photo-
sensitizer penetration as well as reduced diffusion of light along dentin structures. Although aPDT may be an
efficient and less invasive complementary approach to disinfect deep caries lesions, there is insufficient scientific

Keywords:
Streptococcus mutans
Light source
Photosensitizer

evidence of its efficacy to warrant a clinical recommendation for its use.

1. Introduction

Dental caries is a biofilm-sugar dependent disease associated with a
complex etiology, including genetic, environmental and behavioral
factors [1,2]. A wide variety of bacterial communities inhabit the oral
cavity and form dental biofilm. This biofilm, called dental plaque, is
formed on tooth surfaces bathed by saliva, and is composed by a diverse
microbial community embedded in an extracellular polymeric sub-
stance (EPS), a virulence factor associated with dental caries [2-4]. This
disease results in tooth demineralization by acids produced by cario-
genic bacteria and can progress to cavitation, reaching the dentine and
pulp tissues, at the extreme resulting in tooth loss [1,5].

Since dental caries is caused by the presence of multiple micro-
organisms in a collective biofilm [5,8], in which form microorganisms
become much more resistant to antimicrobial treatments, harsh en-
vironmental conditions and host immunity, traditional antimicrobial
therapies are generally not effective in treating caries [5].

The microbial biofilm cells have properties and gene expression
patterns distinct from planktonic cells, including phenotypic variations
in enzymatic activity, cell wall composition and surface structure,
which increase the resistance to antibiotics and other antimicrobial
treatments [3,6], demanding new strategies to treat biofilm-associated
diseases [6]. The need for new approaches to attack biofilm-associated
microorganisms has raised interest in antimicrobial photodynamic
therapy (aPDT) as a promising candidate to control dental caries. Fur-
thermore, aPDT, a non-antibiotic broad-spectrum antimicrobial treat-
ment, is also active against multidrug-resistant microorganisms [3,7].

Antimicrobial photodynamic therapy based on the combination of a
nontoxic photosensitizer (PS) and appropriate visible light wavelength,
which in the presence of oxygen produces reactive oxygen species [7].
The occurrence of cell death induced by the interaction of light and
chemicals has been recognized for nearly a century. However, only
during World War II did this therapy become familiar in the English-
speaking world [8].
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This technique’s biocidal effect is based on a photophysical process
that generates cytotoxic reactive oxygen species (ROS) that irreversibly
damage cell components and modify metabolic activities, leading to
rapid cell death. These highly reactive chemical species cause harm to
proteins, lipids, nucleic acid and other cell components in micro-
organisms [3,7,9]. Cytotoxic ROS are highly potent against Gram-po-
sitive and Gram-negative bacteria, viruses and fungi, and they also are
able to prevent and break down biofilms [10].

During aPDT, the photosensitizer must present the property of se-
lective accumulation in infected tissues without causing any damage to
healthy cells [11]. Light sources and drugs used in aPDT must be
nontoxic, so only cells covered by the photosensitizer and that receive
light should be affected by the photodynamic action. Several studies
have presented promising results involving killing of caries-related
microorganisms, including Streptococcus mutans, Streptococcus sanguis,
Lactobacillus acidophilus and Candida albicans [4,12-15].

The aPDT process starts with PS linkage to the target cells, whereby
the PS is preferentially absorbed by bacteria, accumulating inside them,
in the cytoplasm membranes or in the vicinity. The PSs are activated by
absorption of visible light of an appropriate wavelength to initially form
the excited singlet state, followed by transition to the long-lived excited
triplet state. This state can react with the endogenous oxygen to pro-
duce singlet oxygen and other free radical species, causing rapid and
selective destruction of the target cells [16-18].

The PS in triplet state can react with biomolecules by two different
mechanisms, named type I and type II processes. For the type I process,
the excited state of PS undergoes electron transfer reactions that
eventually form ROS. This mechanism can involve either acquisition or
donation of electrons to form superoxide anions (O, ), hydrogen per-
oxide (H>0,) and hydroxyl radicals (OH ™) (Fig. 1). The ROS generation
via type II chemistry is mechanistically much simpler than via type I.
The type II reaction involves energy transfer from the triplet state to the
ground-state molecular oxygen to produce an electronically excited and
highly reactive state known as singlet oxygen (*0,) (Fig. 1). Singlet
oxygen is considered a highly reactive species, being more desirable in
aPDT due to its high oxidative damage efficacy against prokaryotic
cells. Nevertheless, the 10, lifetime is very short (~10-320 ns), limiting
its diffusion to approximate depth of only 10-55nm in cells [17-23].

The two mechanisms are able to generate ROSs and operate in the
target cells simultaneously, but their relative proportions depend on the
type of PS. These reactive oxygen species are highly toxic and damage
the microbial cells by targeting membrane lipids, proteins, nucleic acids
and other cellular components, which may result in necrosis or
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apoptosis of the bacteria [17,18]. The type of cell death is related to
several factors, such as the subcellular location of the PS in different
organelles, PS concentration, light fluence and drug-light interval [17].
Considering that dental caries is a globally disseminated biofilm-
dependent disease, and aPDT can be a promising alternative to control
it, the aim of this article is to describe aPDT’s characteristics and to
review the literature regarding its effects on caries-related micro-
organism inhibition in biofilms and/or caries lesions. In aPDT, several
factors related to light exposure and photosensitizer need to be un-
derstood and considered. Thus, we examine each component sepa-
rately, with a focus on how each one affects aPDT mechanisms.

2. Photosensitizers (PSs)

Photosensitizers are molecules capable of producing chemical
changes in other molecules through a photochemical process. A suitable
PS agent for aPDT must have a specific effect on bacterial cells [13,24],
since the aPDT’s effectiveness depends not only on the PS concentration
and contact time, but also the bacterial species involved [3]. Ex-
cessively high PS concentrations tend to form aggregates, decreasing
the photodynamic activity of the therapy and also altering the ab-
sorption peak of light, thus reducing the light absorption. Important
parameters for PS interaction include the relative solubility in water
and lipids, constant ionization and other specific factors, such as light
absorption characteristics and the efficacy in producing the excited
state triplet and singlet oxygen [3,7,17,18].

Some PSs have been developed over the past two decades, among
which the most used for oral bacteria are: toluidine blue O (TBO)
[4,25], methylene blue (MB) [26,27], phthalocyanine (PT) [28,29],
malachite green (MG) [30], indocyanine green (IG) [11], photo-
dithazine (PDZ) [31], curcumin (CUR) [32,33], erythrosine (ERI)
[34,35] and rose bengal (RB) [14,36] (Fig. 2).

The PSs used in aPDT have different classifications and mechanisms.
Photodithazine and phthalocyanine have tetrapyrrole structures and
tend to produce predominantly type II singlet oxygen, compared to the
type I ROS (such as hydroxyl radicals) [17]. Phthalocyanines are ex-
amples of the earliest compounds, studied in the 1980s and 1990s, but
this PS family must be chelated to chloroaluminum, zinc, copper or
silicon-substituted substances to increase its phototoxicity [17,28,29].
The dyes toluidine blue O and methylene blue are phenothiaziniums,
with absorption wavelength in the red region (630-660 nm), causing
singlet oxygen production [17,18,37]. Rose bengal and erythrosine are
members of the xanthene class and show high singlet oxygen generation
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Fig. 1. Scheme of mechanism of action of aPDT.
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[14,37]. However, malachite green, which belongs to the triar-
ylmethane family, seems not to produce singlet oxygen, indicating that
the aPDT activity occurs via type I mechanisms [30]. In addition to the
synthetic dyes mentioned, natural dyes such as curcumin have also
been used against oral pathogens, and their effectiveness may be re-
lated to the capacity to induce ROS formation [17,38]. On the other
hand, the antimicrobial action of indocyanine green, an organic dye, is
mainly photothermal [11].

Many studies consider TBO to be a promising PS, since it is one of
the most commonly used in dental aPDT [4,11,13,25,39]. Its high af-
finity for acidic molecular components, like DNA and RNA [40,41], is
important to inhibit cell division and growth, leading to bacterial [40]
and fungal [42] cell death.

In the presence of light and molecular oxygen, PS produces cyto-
toxic species capable of destroying bacterial cells. Consequently, a PS
should not be toxic until being activated by an appropriate light wa-
velength [15,43]. A strong absorption peak of PS in the range of red to
the near-infrared spectral region (between 650 and 800 nm) is prefer-
able because absorption of single photons with wavelengths longer than
800 nm does not provide enough energy to excite oxygen to its singlet
state [17]. Absorption spectrum analysis is widely used in studies in-
volving aPDT, due to the need to determine the regions of higher PS
absorption and the specific wavelengths of the light sources to be used,
always aiming at greater efficacy and lower energy dispersion
[14,40,44,45]. Fig. 3 shows the light absorption curves of the most
frequently used PSs against cariogenic microorganisms in biofilms or
dental caries.

Efficient PSs must have a noticeable cationic charge, connecting
quickly to bacterial cells. Commonly, the more cationic the charge is,
the more effective the PS will be, especially in targeting Gram-negative
bacteria [17]. The production of cytotoxic species is directly related to
the PS excitation itself from its ground state to its singlet state by light
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absorption in the 0.6-0.8 um region of a specific wavelength
[15,39,46].

The wavelength used in the irradiation procedures should be chosen
taking into account not only the ability of light penetration in the target
tissue/substrate, but also the maximum PS absorption. The longer the
wavelength, the higher the penetration obtained is and stronger are the
effects are [15,46-48].

3. Light source

The basic requirement for aPDT light sources is that they match the
activation spectrum of the used, thus generating adequate light potency
at the proper wavelength. The efficiency of aPDT (reduction of bacterial
viability) is directly related to the output power, energy density
(amount of light dose) and time of exposure to the light. The output
power and the irradiation time are important parameters to improve
the microbial inactivation results [49], thus, the success of aPDT is
dependent among other factors on the total light dose delivered in the
target cells. With regard to light dose to be applied, the most important
requirements for therapeutic photoirradiation systems employed in
aPDT are that enough light must reach the target cells.

The first light sources used in photodynamic therapy (PDT) were
polychromatic, non-coherent lamps designed to emit white light,
causing heat in most cases. The light sources available for aPDT belong
to three major groups: broad spectrum lamps, light-emitting diodes
(LEDs) and lasers [7,50,51]. The spectra of these light sources can be
found in Fig. 4.

Lasers are commonly used light sources in PDT that have been ex-
plored due to their healing, anti-inflammatory, anti-edematous and
analgesic actions. Light emitted by lasers is unidirectional, monochro-
matic and coherent in time and space, which can be associated with
photosensitizers with resonant absorption bands to the laser
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Fig. 3. Light absorption curves of PS used against cariogenic microorganisms in biofilms or dental caries: a) erythrosine (ERI), methylene blue (MB) and phtha-
locyanine (PT); b) curcumin (CUR), toluidine blue O (TBO) and indocyanine green (ICG); and c) photodithazine (PDZ), rose bengal (RB) and malachite green (MG).
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Fig. 4. Graph of light spectrum emission used in aPDT.

wavelength, thus being capable of absorbing the greatest part of the
emitted radiation. Short wavelengths emit wultraviolet light
(200-400 nm), while longer wavelengths can produce energy in the
visible (400-700nm) or near-infrared (700-1500nm) spectrum
[7,52,53].

Halogen lamps are another type of light source, which are cheaper
and have high irradiance. This keeps the light constant, enabling aPDT
to be performed with short exposure times. These lamps are advanta-
geous because they can be spectrally filtered to the wavelength corre-
sponding to any photosensitizer [14,15,37,51]. However, halogen
lamps have drawbacks, such as the decrease in light production over
time, as well as a strong thermal component and incoherence. Fur-
thermore, although the light source is broadband, its power is less ef-
fective [51,31].

To overcome these drawbacks, plasma arc and light LED devices
have begun to be used in light therapy. Plasma arc lighting devices
exhibit high light luminance and radiance output. The development of
LEDs has provided another alternative to therapy with halogen light.
These light sources only recently become commercially available [31].
Among the main advantages of using LEDs are low cost, small size, and
ease of configuration for different radiations. However, they do not
present good collimation and coherence, resulting in wider emission
bands and consequently light emission throughout bigger areas of the
absorption spectrum [53-55].

Compared to lasers, LEDs are alternative light sources that are
durable, and depending on the desired wavelength, can be relatively
inexpensive [53-55]. Additionally, LED sources are already present in
routine dental practice, commonly used for composite resin poly-
merization in restorations. Therefore, they can be used in aPDT without
requiring the acquisition of new equipment [32,39,53,55].

In general, the most commonly used light sources in aPDT are lasers
and LEDs at wavelengths near the visible blue and red-light spectra
[4,11-13,15,54,56,57] (Fig. 4).

The ideal light source must generate low power located in the
visible portion of the electromagnetic spectrum and specific wave-
length. The wavelength depends on the dose and depth of action of the
photosensitizer used [55].

4. Methods
4.1. Research strategy

The articles were found by searching the PubMed and Web of

Science databases, combined with manual search of references cited in
key papers. According to descriptors of Health Sciences (DeHS), the
following ones were selected: “dental caries” and “photodynamic
therapy”.

4.2. Types of study

Different types of studies such as in vitro, in situ and in vivo have
demonstrated strong antibacterial action of aPDT, mainly on bacteria
involved in the etiology of dental caries. Among these are species of the
Streptococcus genus, such as S. mutans, the most studied bacterial agent
for being one of the microorganisms responsible for the demineraliza-
tion process of tooth surfaces [4,11,16,34,39,54].

In vitro biofilm models allow the analysis of different conditions due
to easier control of experimental settings, by limiting variables as well
as replicating samples [34,48]. In in situ models, realistic conditions of
the oral environment such as the constant exposure to saliva, tem-
perature, and the resident microbiota are achieved. These models have
been widely used to measure caries processes and are invaluable for
cariology research. However, they have limitations, such as high cost,
difficulty of reproducibility and ethical issues [13,39,58]. In vivo studies
are important because they confirm efficacy to enable use of aPDT in
clinical practice [15].

Various biofilm models have been used to analyze aPDT efficacy
against cariogenic biofilms (single, duo or multi-species biofilms) or
microorganisms inside carious dentine. Table 1 summarizes studies of
aPDT for the control of oral biofilms formed in vitro grown on microtiter
plates and Table 2 summarizes the studies of aPDT for decontamination
of biofilms or carious substrates formed in vitro and in situ when the
microorganisms were seed over dental samples or biofilms which were
found in vivo in dental caries lesions.

5. Discussion and conclusion

Dental caries is a very prevalent multifactorial disease in humans,
and it is an important cause of oral pain and dental loss. Several studies
have shown that cariogenic bacteria are susceptible to aPDT, reporting
the efficiency in killing oral bacteria in biofilms [11,34,37,57]. This
suggests that aPDT might be useful as a minimally invasive adjuvant
therapy for dental caries control [15,26,43], by inactivating micro-
organisms involved in caries processes [59].

Studies of aPDT mediated by TBO dye and red laser light have re-
sulted in the photoinactivation of S. mutans by 3.6-4 log,o [18] and



Photodiagnosis and Photodynamic Therapy 26 (2019) 179-189

[r1]

[e£]

[6€]

[81]

[s/]

[2€]

[14]

*(S0'0 > d) sdnoid 1vpo ym paredwod

(%€°£9) DI Tw/31 000 T Pue (%£8°€9) O4L [W/31 00T JO UOHBNUDIU0D
91} B UI3S SeM UOIBULIOJ WI[JOIq SUIONPAI UT S9IUSIDIP JuedYIUSIS
*A[oAT10adsa1 ‘uoneIpel Jo 23S 08T

pue 0z 1 1o1e 0130 £z'z pue °I80] 8¢z 01 dn Jo SUONONPAI pasned
dnoid srepeumny sy, *asn [eIIUI[D 10J 92In0S 1Y31[ 19139q B 9q Aewr
aIEDRUINT (995 Zg 0] UTW GT WOIJ) SWIT} UONBIPELIT 3] Ul 9DUSISJJIP
9} 01 ANP ‘IOJRIAY, “IOYIO YIED YIIM DUIJIP [EdNISHIRIS JUBdYIUSIS
Mmoys jou pIp ‘Aisusp A31ous [enba YIIM ‘DredewNT pue WLaqIase]
8Y'S

03 dn jo suononpax °t30[ pue (ASs) ,0T X L1 F ,01 X 0T JO SpuNod
9[qe1a ueipawl PIM (G500 < d) PIAISSqO 219Mm SasLaIIRP JuRdYIUSIS

-0130[ $—9°¢ pajeandeurojoyd

S0P JYS1[ JO ;Wd/[ O PIM M OG 3[1YM U /[ G pue 24p yoes

Jo M QT Y3IM WYoIq 3} 3dNPII 0) S[qe 10U dI9M s19zNIsuasojoyd ay [,
‘UoTIRIpRLI Jo Ut g 3uImo[[oj AJuo paAlasqo 3ureq ‘uryolq Iy}

Jo uoneandeur 239[duod 9y} pake[op 2s0dn[3 jo aduasaid 3y} ‘I9AIMOH
‘UOTIBIPRLIL JO UTW 9 J9)Je [(de Aq pajeandeur A[o19[dwod sem wyyorg

*Aoandadsar 01307 ¢°g pue 01307 ¢ 01301 G*f Jo uOIONPaI JURIYIUSIS
pamoys g + T¥d Pue giAl ‘T¥d 'suonanpal juedyrudis A[esnsnels
parensuowap sdnoid [e ‘M 0SZ Jo UONBIIUIIUOD 31} 1Y JOIIUO0D
pajeanun 0] aaneRI (°130] g'g) uononpai juedyrudis A[[esnsnels
pomoys gIN + TYH YHM 1OVd A[U0 ‘Wr 00T JO UOHBIUDIUOD Y} IV
‘PaAIasqo sem OLZ0[ £9'g JO 9Sea1dRP B ‘SIUINSUDS °S YIIM UONBIDOSSE Ul
uay M "0130] 84 JO UOTIONPAI YIIM ‘DATIISUIS SI0UI 2TOM dUOTR SIINSUDS
'S JO swyoIg ‘SunSups ‘S YIIM UOIIRIDOSSE UI PUB dUO[E SUDIIGID

'0 Jo suryolq ur ‘Afpandadsar ©0I80] 6 pue £LQ'T JO suononpay

‘(0.T F S0)
armeradurd) wooi e pue ‘A[aAndadsar ‘D1 pue Qg 10§ LU/ Z9'ST
pue 81°£1 Jo ANsuap A31aus Ue PIM ‘S OE JO SUWIT) UOTIBIPRLI]

"298 081 10j ;WO /[ 8S'S/Yy PUB 998 OTT 10 ;WD /[ SO'LTE D95 09
10j WD /[ 61 99S g 10§ LU /[ 9°9G) dIBDRUINT pUR (Ksuap
A31oU9 [UID/[ 9'9G © YIIM I9S 006) UWIedqIaseT "SIY3I| pa1 JUSISHIp
om] £q pamo[[0J SeM UDIYM ‘UIW G I0J SWI) UONIBIPRLIT-9I]

"Ayisuap A819uUs , U /[ GG B 0} U[W G 10j pasodxa a1om
SwIyoIq 3y} ‘Dl SIy) SUIMO[[0J ‘UIUI G JO SWIT) UOTIRIPRLIT-DI]

YB3 Jo (S §g) U 9) LU/[ 0 pue
(S6€) ;WD/[ G YIIM PIJRIPRLIl USY) pUR UIW OE I0J UONIRIPRLII-DId

*21ms0dxs JUBIPeI JO [WD/[ 08 ‘SZ ‘G9 09 ‘OF ‘0T WIM S 08% ‘05
‘06€ ‘09€ ‘0¥ ‘09 10§ PAILIPLLI PUB U (T 10§ UOHBIPLII-d1d

*A1susp A319us
W2/ 9°0 01 S[EAIIUL S O YIIM S OE JO sporrad ¢ ojur papIarp
UTW g JO [€10} B I0J UONBIPELIl PUE UMW G I0J UOTIRIPRII-dId

[T°91 Jo Asusp
£A319U5 UB 0) UTW ¢ IO UOTIBIPRLI PUR UTW G I0J UONBIPBLI-aId

swugorg
supnut °§

surgorg
supnut °§

swygorg
supbmut °§

swygorg
supjnui °g

swygorg
supnui °g

swgorg

supnut °§

suigolq

saroads-renp pue 33urs
sumsuos '

SubJqp "9

Mmu

052 (19se[DY'Y) JoseT
Mu

00 (993uoy]) 1aseT

M ¥TT

(s1eDRWNT)

1431 JUSISYOdUOU PIY
M

$0°0 (weaqieseT) dd1

Mux
OF (weaqIaseT) a1

MUWQQT Iase]

MW €y Qa1
MzeET
(yo9110pUO)] OSN-1D)

uadorey
Juaure[y ualsdung,

Mu
06 (sSndOIWIN) AT

(T

/8w ) (Youply-ewsis)

(D) uaa1d surueLdopuy
(Tw/3ur $°0)

(Yo1pry
-ewsIs) O dniq duIpMIOL,

(Tw/31 00 1) (Y2LIPTY
-ewsIg) O 2N[q dUIPM[OL,

(;-Tw/3001) (Y2LPIY

-ewsIg) O 2N[q dUIPM[OL,
(M 0S pue 01)

(youIpry ew3rs)

oN[q JUIAISW MIN

0 9n[q suIpmo],

(A 00T) (WPMPY
ewdIS) anjq aud[AYISIN

(M oSz pue 00T)
(80z19H)

(dIN) @n[q dud[AISIN
(DALIA)

(14d) sursorpArg

(M 00t)

(UPLIP[Y BUISIS) SUISOIIATY

sIoymy

S)msay

10203014

ajensqnsg mEmwﬂdeOOhUME

9o.1nos 1y3ry

JozZnisuasoloyq

o714 11 wigord

183

A.C.M. Reis, et al.

*soye[d 19I1JOIOTW UO UMOIS 0714 Ul PIULIO] SWLOI] [BIO0 JO [OIIU0D dY} I0j (e JO SIIpnIs a3 ATeurung
1 9IqeL



Photodiagnosis and Photodynamic Therapy 26 (2019) 179-189

(28pd 1x2u UO panunuU0)

pa8uer sanfea uononpar 3o[ YL w990y F L'€ST
sem JuawlIadxa SIY) Ul pasn [apour [ed130[01qoIdTUI

£313u9 JY31[ 1830} JO ,UD/[ 64T
10 99T 0] puodsa1I0d YIIYM ‘UIWI G'g 1O UTW '}

SaLIRd UNUaQ

(Tu/3wr 1°0) (YUPY

[12] oyl Aq paonpoid yidop uoisa] ueaur ay ], 10J UOTIRIPRLII USY) ‘UTW G 10J UOTIRIPRIII-21d submu °g Mu 08 (OININ) a1 -ewdIS) O dn[q AUIpmio],
(10000 > d)
1220201da1s [€10) pue (1000°0 > d) swusiuedrioordrur
810) ATUO UT PIAIISQO SIOM SIIUIIIJIP *A319u0
[ednsnels Juedyudis ‘IASMOH “Tw/NAD 0180] L£'C  IYSI[ [€301 JO [0S 10 ‘T GL°€ ‘[ 88" 03 puodsar10d
0} G1' wolj Surkrea ‘gwd/r G/ YIM PIlddlop dIom Yo1ym ‘sQ/L8T 10 SGEG ‘S 89 10 pajeIpeLll sui[golq saads-nmn (Nw 002) (edy1ads
[€9] AIIqeIA 59U JO SUOTANPAI el [de IS9YSIY oYL uat (04l JO [WG'T) Ul Z 10j UOHRIPRLI-21d (wnnoour se BAIes) WSOI0IIA MW 0F (3[qeIord) a1 BRRULIRYJ) O dN[q dUIPMIO]L
‘UOTIRIPRLII UTWI GT J0J anfea 1saydry
3y YIIM ‘08°S 01 6£°0 Wy paduel sanfea uondnpai Sof
9y, 'sdnoid [onuod aandadsar oy} 01 paredwod usym “A[2A1adsa1 L UD/[ Hi T 10
sonfea uononpal o[ Y3y Afeonsnels payuasaid ‘b ‘L JO 9sop A31oUd JUSPIOUT YIM ‘UTW GT 10 0T S9LIED UnuUaq (-Tw/300T) (Y2HPIY
[cz] U G 1o QT 10J Ldde YIm pajean sdnoid Yyl ‘G 10J UONBIPELII pUB UWI G JO WL} UORIPRLII-21d subnu °g MU O (weaqreseT) a1 -ewdIS) O an[q AUIPI]O],
*019Z SeM SIIUO[0D s 09 (%2Z°0) (PPIBIN)
JO IquINU [euy 3y ‘payedipess A[o3o[dwod a1em 10§ WD/[ 9 JO ANSUSP YIM pajelpelsl a1om dnoid of (D) uaa1d surueLdopuy
eLR)Rq supymw 'S *(1000°0 = d) supymw 'S Jo JquMU  dY) UT Y193} 3Y) I[IYM ‘S 09 10J WD/ §°Z JO AISUdp swgorg (®D (%2)
[22] 9y} ur uononpal 03 pay sdnoid [ejuswradxs om Yy, M pajerpeltr a1om dnoid gy oyl ur y3aa) ayL supymu 'S MW Q0T (GIN) MW Qp 19seT  (PPISIN) (DI aN[q SUSJAYIDIA
(T
"OLd 2y ur /3 1) (dIN) dN[q UK
Pa1INd00 W[YoIq subjnw *§ 3y Jo uoneurwila a19[dwod (T
Snym ‘A[@andadsar ‘Zad pue N Y} Ul paAaIssqo /3w 9°0)(DLA) ¢PUDNIU0I04
319M 301 9 puE } JO SUONINPIY "SUDINUL °S JO IaqUINU JWd/[ GT Jo Ajisuap A31oud yum supgorg (T
[69] 9y} paonpar Apuedyrudis s19znisuasoloyd 221y3 Y], S 08 10J uoneipellr 4q pamo[[oj UONRIPeLI-a1d submu °g M S€0°0 1aseT /3w 9°Q) (Zdd) »2Uizeipoloyd
*suauIads [01u0d 3y} 0) pareduod
(%82°S6) TW/N4D Jo a8ejuadiad uondNpaI 1s91ea1d *s19znIsuasoloyd y1oq 10j urw ¢ 10y uoneIpel Aq supgorg (sdN 8v) so[onredoueN IoA[IS
[9/] 9} papi0da1 gIN pPue SdN 3V YIIm pajean [dde Yyl pamor[oJ (4N dnoil) uru G Jo Wl UOIRIPRLIT-91d supinu °§ MW Qg I9se] (4IN) an[q SUSAYIPIN
*2Ap 10 90.1mos 1y31] Auo Sursn sdnoid ayy
UT P9AISSQO OS[e 2I9M SIUNOD SUDINUL S UT SUONIINPAI (%LE)
Juedygrudis ‘1oaamoH (10000 > d) %gz'SS Jo s;unod JWd/[ 1 3o Aisusp A31ou0 sujgorg (AD4) pe duoydsoyd
[99] supINW *§ Ul UONINPII SANB[AI B paMoys Ldde Sl M ‘Yoed SGT UONRIPRLII PUBR UOHRIPRLI-21d submu °g M S (TINQ) 19seT pue anjq SUIAYIA
(620070 = d
‘8¥ST°0 F 0T0'T %80[ Jo UONONPaI ULSW) % 10" I8
£q $ISIp UNUSP Pa1d3JJe NI[-SILIRD JO SIJBJINS Y] ZWd/[ 09 Jo Ayisusp £319u pue swijgorg (Tw/3 520°0)
[£9] UO peo[ [eL191okq Y] padnpal Apuedyrudis [(qde 9yl  UIW [ I0j UONBIPRLII ‘UIUIG JO SWIT) UOTIRIPRLIT-dId subnu °g Mu op(sondo IWIND) ad'T (xnreandy) anjq susAYISIA
*A1aam09dsax
‘1[[198q019B] puk 1220201dans sueINW ‘1920501da1s 18101
‘SWISTUBSIO0IDTW [B10] Ul PIAISSqo a1d9m OT80] £€°C
pue 04T ‘2S'T ‘00°C JO SuonINpaI ‘, _wd/r G/ 3uisn *A[9A103dsa1 “ WD/ G/ PUB §°LE
USYM "PaAISSqo a1om (T80] 69°T PUe 89°T ‘14T ‘68°'T  Jo A810ud [e30) 03 Surpuodsaiiod ‘(SQL8'T 10 S GEG) sui[gorq saads-nmp (;_ /10w 009)
[02] JO SUOIINPAI JUNOd ‘ANSUDP ABIOUD , UD/[ G'LE W aansodxa Jy31] Jo Urw g Jo SWN UONRIPRLI-21] (Wwn[noout se BAI[ES) WSOJ0IIA MU of (3qero1d) ad1 (youp[y-ewsig) urumoiny
SJUNod I[[12eq0Ide]
JO 9seaI1d9p JURDYIUSIS-UOU B IIM ‘S(),{D Surseardur
Jo Aduapua) e pajuasaid suyorq ‘uoneqnaut jo
U g 12V *(°180] 61°0) SIUNOD 1920201da13S suBINW pue ‘utw 11 jo
(°t30[ §°0) IM[1oRQOIE] [E3103 (°180] Z°T) 1990001dox)s  UOLELIBA SWI) UBSW 34} £q PIUTULIDISP (,Wd/[ G/) su[gyorq sarads-nnn (AT 00€)
[69] 18101 ‘(°180] g€ 1) swsIue3I00IdTUI [810] JO UOTIONPAY Ay1suap A310Us puR UIWI Z JO W) UOTIRIPRII-91 (WNN0UT Se BAI[ES) WSOIOIIA MU 0 (3[qelolg) ad1 (YouIpry-ew3IS) urwndInD
suijgolq saads-renq
'(S0°0 > d) uondnpar [eLLIdeq JURIYIUSIS WD/ £°G JO 9DUSN[J Je UM g IO Ul § submnut °§ Mux (/8 0°S pue
[ze]l 10y urunomd jo [/8 0°g parmbar santsuaIuT 1YSY oy J10j UopeIpELIl pUE UMWl G JO SUIT) UoNelpeLI-31d snpydopop “T 'Ly PUB 6T (UOdXIPH) AT ‘0t ‘0°€ ‘G'T ‘G4°0) urumomy
soyIny s)nsay [0201014 91ensqng WSIULSI00IA 921n0g 1311 19zZ1)1SU9s010Yq
o414 uf

S[opour saLreD)

184

A.C.M. Reis, et al.

‘0AlA U] pue nIs Ul ‘o714 up paurioyrad suorsa] soLred Io suiyolq uo pardde [de jo saIpnis jo Arewrumns
T dIqeL



Photodiagnosis and Photodynamic Therapy 26 (2019) 179-189

A.C.M. Reis, et al.

1000003dons sueinw
pue 1900203damns 8101 10j sdnoid 1930 9y} 03 pareduiod
uaym J(de 10J POAISSQO 2I9M SUONINPaI Juedyrudis

‘T[[19Bq019.[ pue ‘1900301da1ls
sueInNuW ‘1900201da1s [e10) ‘SWSIURSI00IdTUI
S]qeIA [B10] JO SIUNOD 3y} 01 PIeSal YIIM pazA[eue

“(zWd /[ $6) UrW QT 10§ 92mos 131

(Tw/31 001) (Y2HPIY

[19] Ppue 89°Z 01 Z1°0- Wwoj paduel suondnpal o7 91oMm sa[dures UNULp ‘S)USUIIRAI) IS)JB PUB JI10jJog pue uru g 10 O4.L Jo QT YIIM UoneIpeLI-21d MU 0 (ureaqraseT) a1 -ewdIS) O an[q AUIpmMio],
‘Jonuod 9y} 03 paredwod (80 10'T F 40°'T) syunod “dds sm)jpqo1opT
eLID)ORQ d[qeIA [B10) pue ‘(30] LE'T F 69'1) pue 1220201da1ls suBINW ‘BLI9)IB( d[qRIA
+dds snj1opqo3opT ‘(801 0Z'T F 80°T) 1920d01daxs €101 JO SISA[eUR I0J SJUSUIIEDI) I9)Je A[o)erpawl ‘_UD/[ y6 A319U3 [€10) B} (-Twr/31 00 1) (YOUPIV
[z9] sueINW Ul SUONINPAI Juedyrudis pasned [qde YL PUB 310J3q P3III[0D dI9M UTIUIP Jo sajdures pue (04l jo [MQ1) utur g £q s UoneIpRLI-dId Mu 0GT (sondo IWIN) a1 -ewdIS) O dn[q dUIpmMIo],
(500 < d) yuedyU3Is Jou
9IoM suomdNpal 3say) Inq ‘A[@leredsas 1ase| pue Ol ‘pa1unod ‘(9poul dABM SNONUNUOD) U G
JO 9sn 2y} 3UIMO[[0] PISBIIIIP OS[e JUNOD [eLID}ORY 9I0M SITUO[0D JY) ‘UONBQNOUT J9)je pue ‘TeSe IO S9dBJINS (100} [endul] pue [eIdNq pPUB BSOINU
‘UOTIUSAISIUI PUOIDS ) IS)JB SY99M g puR [ pue ‘g SNLIBAI[ES SOTW U0 paImind a1am sajdwes ‘[qde  9n3uol syl uo UoneIpeLl Aq pamo[[oj (UOnBIpPRLIl Mux (Tw/3w 1°0)
[09] pue [ sAep uo paseardsp Apuedyrudis JUNOd [eLIRIdeg I9)je pue 210J3q PaIII[[0d d1oMm sa[dures Areares  -a1d) urur G 10y yInowr Y ur 1day sem uonN[os Q4L 02 (000Z Sueisniy) 1oseT (3PI9IN) O dN[q SUIPIN[O],
(S0°0 < d) yusunEan ISR
sAep / pue JuI[aseq J) UaaMIaq JuedyTudIs 10U sem
BAI[BS UI SIUNOD SUDINW S JO UOLIINPAIL UT SDUIIJIP
9 ‘19AdMOH *(100°0 > d) Y T Iee Apuedyrudis ‘pauriojrad 919M SJUNOD SUDINW *S Pue (JUSUWIBdN) ‘TuD/ 00E Sem A1susp ASI19ud [€10) A} (Tur/3uw 1°0)
[59] DISEAID9P BAT[ES UT SUDJTU °S JO SIUNOD SYL,  Ia)e sAep / PUE  T) Paidd[[0d a1om safdures earfes (M S OGT PIIBIPELIl PUB UTW T 10§ UONEIPLLI-3Id MW 000T ([EUad SIND) AHT (“PI9N) O dn[q duIpmiog,
‘uonoeal ureyd aserowdjod (Tw/3w 1°0)
pasn s[020301d a3 Suoure paAIasqo dI9M SDUSIBYIP  dAneInuenb £q paysijqeIss aiom eLISIOBq [10) pUE AAndadsar ,wd/r 0ZE pue OE JO A319UD [30} (041) O an[q auIpmio],
[eansnels oN ‘snuwqos *g 10y 1dadxs ‘swistued1001orur ‘apwis winqodoly “‘wnIpajonu wnw21opqosny ‘1spd e 01 Surpuodsaliod ‘(gIA/I9seT) S 06 10 (ODL/AdT) MW Q0T (DINQ) I9seT (%10°0) (eurrejoiky)
[+9] Jo IJoqumu 3y} SUIINPaI Ul AT 1M sardera]) [V SN)J19DQOIIDT ‘SNULIGOS S ‘SUDINWL °S JO IaqWINU Y], S 09 Insodxa 1Y31[ Jo UTW G JO SWIT) UONRIPRIII-1] MW Q0T (OININ) AT (4IN) an[q SUSTAYIPIN
“(payerpedir A2a11p jou dodp 10§) 8°0 F €T
pue ‘(pajerpestt Apoaip unusp deap 105) 60 F 61
‘(unyuap Terdytadns ay) 10J) 9°0 F G'Z UdMIdq ‘Subnw °§ I10J YDJ U ‘(s Q€ Jo om1 -sQ) Urw [ pajeuondery Mu (1/8w 00T)
[S1] Jo NAD ul suondnpai gT80] UeaW Ul PaINsal 1DVd YL, -[eal1 pue ($n]jpqoIdDT Pue $N220203do.05) 1NN J10J UOTIBIPRLI] PUR UTW G JO dWI UoneIpel-ald 092 (*dsaie) 1ysi usdoreq (xnjeandy) anjq SUSAYIOIN
sioyny s)nsay spoylauI [e2130]01qOIITA [020101d 92.1nos 1y3r1 I9ZIISUIS010YJ
oAl uy
"(%52°28) 41 01 paredwiod (%Z9°68) UONEdIPEId
Ul $S9URATIdRN 1Y31y pue Afiqesurad pajess[s
pajuasaid 999 oy, *A[oAndadsal ‘suIfjolq [eI0 dInjeur swgorg MU 00 (HquH
pue [enur 10j N0 °180f £°G pue g'¢ 01 dn Jo SIsBAIP *SWISTURSI00IdTUI ‘UIW G 10J UOTIRIPRLIT NTUYDUIZIPI]N UNSOIPAH) (;_Tu 3 00T) (92D) 92
[8<] Juedyrudis pap[aIf Ldde paleIpaw-ga) pue -Qgl,  pajeandeurojoyd paurels 9y} jo uonedsynuenb ngo 1481] Aq paMO[[0] UTW Z I0J UOTIRIPRLII-D1 IojeIpel VYIM + SIA  ULIO[yD (Od.l) O dN[q SUIpIN|O],
“I9ZIJISUDS JO 9DUISqE Y} UT UIAD ‘SILIBD
UNUSp UT UOONPAI [BLIS)DR] UO 199JJ9 JuedYIudis e
Pey UONBIPELI JO ,_UD/ [ 6 YIM ULW (T J0J JUSUea]
3} 19A9MOH *(+000°0 > d) SWSIUBSI00IdTW [e10) pue
(2600°0 > d) MIPeqOIR] ‘(€220°0 > d) Pr0d01dons SolIed unuaqg (o
sueInw ‘($000°0 > d) 1990001dons [e10] Jo A[IqeIA *SUWISTUBSI00IdIUI TR0} PUB ‘I[[IOBqOIDB] /C¥6) U QT 1o AN\EU /[ L¥) UIW G I0J 92IN0S ?H—E\w 001) (YorIpry
[e1] SY) Ul 9sea1d9p JuedyIudIs e Ul pajnsal 1JVd UL 1920501da1)s [e10) ‘102000)dan)s sueInw Jo 1M IYSI[ pue UTW G 10J 04 JO [ G YIIM uoneIpeLI-21d MU O (wreaqraseT) AT -ew8IS) O dN[q AUIPMIO],
‘(001°0 < d) dnoid jonuod 9y} usaMIaq dURIYIUIIS
[eJ1ISIIBIS OU SBM 3131} ‘TOAIMOH ‘19202031doxs suenur surjjorg “Aysusp A312u8 ,_wId /[ GG B O} UMW GT
pue 1900001da13s [30] YI0q I10j SIUNOD [BIIS0[0IqOIdTU *A)1[1qe1A 190000)doI)s sueInW  J10J pasodxa d1om sWYoIq Y} ‘Dwn SIy) SUIMO[[0] (-Tw/300T) (Y2HPIY
[6€] 9y} ur uondnpai Y3s e pamoys [dde YL pue snd20501dans €10} SUIULISIOP 0] INIMD ‘(04 Jo 11 0G) urw G Jo SW UONBIPLLI-a1d MU 0 (ureaqraseT) a1 -ewdIS) O dN[q dUIpMIo],
sioymy s)nsay spoylouw [e3130]0IOIIN 10201014 ?2anos 1y I9Z1ISUIS010Yd
mns uy
‘suI[yolq sumsups *S Jo ANIQRIA Y] Ul UONINPAI sujyorg
%6'66 < B YIIM ‘uoneznisuasojoyd uimorjoy *Ayisuap A310ud sumn3ups °§
SWI[JoIq SNULIGOS S PUR SUDINW *S 10J PIAIISqO ;WD /[ £°G8 0) UIul / 10§ pasodxa a1om su[yolq SNuLqos °S (- Tw/3w 1°0) (PUPIY
[¥] sem AI[IqeIA U (04G6 =) UOTIINPaI JuedYIUSIS S} YOIYM I9)Je ‘UIWI G JO SWI) UOTIRIPRLI-D1 subnut °g MU gg (ureaqraseT) AT -ewdIS) O 9N[q AUIpmMIo],
‘uononpal o[ 1say31y Y} palqIyxs A31ous
WYS1] U/ [ 6 Sulsn LAde 9Y) PUE £ 03 €9°T- WOy
sIoyny sjnsay 10203014 91ensqng wstue3I00I1N 20.1n0s 131 19Z1)1SU9s010Yd
oqa uf

S[opour saLIeD)

(pomuguod) g 31qelL

185



A.C.M. Reis, et al.

decreases of bacterial count in salivary samples [60]. Besides lasers,
studies have also evaluated TBO effects associated with red LED light on
the viability of oral microorganisms in biofilms formed in vitro, caries
models (in vitro and in situ) and clinical studies (in vivo)
[3,4,13,21,39,61,62,78], and have shown promising antibacterial ef-
fects. In vitro biofilm studies have observed significant S. mutans de-
creases, with log;o reductions of up to 5.48 [39]. Significant results
were also observed for S. mutans biofilms exposed to TBO and in-
docyanine green, with concentrations of 100 (63.87%) and 1000 pug/ml
(67.3%), respectively. These results have been attributed to the de-
tachment of the biofilms by the disintegration of the interaction among
bacteria, owing to ROS exposure following aPDT [11].

Several studies have shown bacterial photoinactivation by aPDT
performed with TBO and LED, in caries lesions in demineralized slices
of dentin. These caries lesions can be formed in vitro or in situ
[3,4,13,21,25]. In vitro studies have demonstrated significant reduc-
tions of S. mutans and S. sobrinus biofilm viability (= 95%) and a 99.9%
reduction in the S. sanguinis biofilm viability, after exposure to TBO and
LED irradiation [4]. It has been suggested that this photosensitization
decreased the S. mutans cell diameter [3], reducing S. mutans counts,
when compared to the respective control groups, with log;o reduction
of 5.80 for 15-min irradiation time [25]. The microbial pool from mi-
crocosm also was tested, but significant statistical differences were
observed only for total microorganisms and total streptococci [63].

The in situ models are based on multispecies biofilm accumulation
and sucrose exposure and are considered as a proper tool for testing the
effect of aPDT on microorganisms involved in dental caries processes
[13,39]. Investigation of in situ caries models has demonstrated that
TBO associated to LED is able to decrease microbial load present in
dentine caries and may be a useful technique to eliminate bacteria from
dentine carious lesions before restoration [13]. However, TBO and LED
are not so effective in killing oral streptococci present in multispecies
biofilms grown in situ. The inefficiency of aPDT in in situ biofilms tested
may be related to the biofilm thickness (1000 um) present in this caries
model [39].

Studies have also evaluated the in vivo effects of TBO associated
with LED on carious dentin and the results showed that aPDT is effec-
tive in reducing the number of S. mutans, Lactobacillus casei,
Fusobacterium nucleatum, Atopobium rimae and total viable bacteria
compared to the control, except for S. sobrinus [61,62,64]. In saliva, the
counts of S. mutans were significantly decreased at 1h after aPDT
treatment [65]. Some mechanisms can increase TBO efficacy, such pre-
irradiation time and pH values higher than 6, since alkaline pH in-
creases the singlet oxygen production. Likewise, the bacterial destruc-
tion degree is related to the PS diffusion through the membranes and
light energy: the higher the light energy, the greater the log reduction is
[4,21,55,56]. In addition, a study also noted that S. mutans biofilm
reduction is inversely proportional to the TBO concentration, because
the count decreased as TBO concentration increased [11].

Similar to TBO, MB dye is a phenothiazinium used in aPDT that
reduces the bacterial load of S. mutans and Lactobacillus spp., among
others [14,66,67]. However, TBO is more commonly used, produces
more singlet oxygen and is more phototoxic, causing greater damage to
the bacterial cells compared to MB [18]. When compared to PDZ, MB
was also considered less effective since aPDT performed using MB
achieved microbial reductions around 4 log;, while with PDZ, the S.
mutans reduction was about 6 log;o [68].

The use of curcumin together with blue LED in aPDT protocols
showed phototoxic effects by decreasing the number of viable bacteria
compared to the control groups [12]. The photodynamic effects of
curcumin on S. mutans and L. acidophilus grown in biofilm phases and in
dentinal carious lesions were investigated, and the results showed
curcumin in combination with blue LED had a significant phototoxic
effect. All curcumin concentrations tested (0.75, 1.5, 3.0, 4.0, and
5.0 g/1) demonstrated beneficial results, and the lowest curcumin con-
centration (0.75 g/1) was sufficient to kill 97.5% of the microorganisms.
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Conversely, when aPDT was applied to microorganisms in dentinal
carious lesions, the results showed that these bacteria were more re-
sistant to aPDT. This is possibly due to light penetration and drug dif-
fusion impairment [24]. Furthermore, studies have shown that the
phototoxic effect is dependent on the curcumin concentration [32,33].
However, the microcosm model, which uses saliva as inoculum, con-
stituting an artificial caries protocol by multi-species biofilm, was also
used to evaluate the aPDT activity. Reductions were observed of total
microorganisms, total streptococci, mutans streptococci and lactobacilli
[69,70].

Some studies have focused on the potential effects of erythrosine
associated with white light or LED, demonstrating a significant decrease
in vitro S. mutans biofilm (reduction of 3.7 log;o CFU/mL) [34,35,37].
The antimicrobial effects of ERI associated with LED were demon-
strated by reductions in microbial counts of C. albicans and S. sanguinis
grown alone or in dual-species biofilms. Biofilms of S. sanguinis alone
were more sensitive, with reduction of 4.48 log;o, whereas when the
microorganisms were grown in association, the S. sanguinis decrease
was only of 2.67 log;o, indicating that aPDT is less effective against
more complex biofilms [71].

Similar promising results of aPDT protocols mediated by erythrosine
associated with three different light sources commonly used in dental
practice (halogen, LED, and, plasma arc) were observed when applying
the same amount of energy on planktonic and biofilm populations of S.
mutans [72]. However, the outcome was different when comparing the
planktonic and biofilm states, where the planktonic state was much
more susceptible to bacterial viability reductions [72].

Considering that aPDT efficacy depends on the photosensitizer and
the light used and that white light has a broad emission spectrum,
covering the wavelength of various dyes [37], the antimicrobial effect
of the combination of the erythrosine/methylene blue activated by a
white halogen light device on S. mutans biofilm showed better results
for the PS combination regardless of the dye concentration [37]. Con-
sequently, the combination of different photosensitizers and white
lights can be a promising approach to treat biofilm-dependent diseases
like dental caries, due to higher ROS production caused by broad
coverage of the light absorption and light emission spectrum combi-
nation [14].

Clinical and in vitro studies have evaluated aPDT mediated by alu-
minum-chloride-phthalocyanine against cariogenic bacteria in caries
lesions and showed that bacterial cells compared to eukaryotic dental
pulp cells preferentially absorbed aluminum-chloride-phthalocyanine.
The process was efficient in the reduction of microbial load from bac-
terial cultures. In addition, the clinical study showed a mean reduction
of 82% for total bacteria in the treated cavities after aPDT application.
Taken together, the results showed that aPDT mediated by aluminum-
chloride-phthalocyanine is safe for clinical application and is effective
in reducing bacterial load in caries lesions [28].

Most studies that have evaluated aPDT have used LED, since it is a
durable light source that is neither coherent nor collimated, besides
being inexpensive and easy to install. Moreover, the LED sources are
already present in dental routine and can be used in aPDT, without
requiring the purchase of new equipment [4,26]. The ideal light source
for aPDT should be located in the visible portion of the electromagnetic
spectrum and the specific wavelength of dye absorption [46].

With regard to safety, since aPDT is applied using light sources that
are able to produce pulpal temperature increases, a study showed LED
combined with TBO is a safe and effective approach for dentine caries
disinfection because temperature rises lower than 2 °C were observed
for both pulp and periodontium sites [25]. In addition, more recent
study compared the effect of aPDT using TBO associated with two
different red lights (Laserbeam® and LumaCare) on in vitro S. mutans
biofilms. The two red light sources, with equal energy density, did not
show significant statistical difference to each other [73] and also de-
monstrated that this therapy is minimally invasive and harmless to
tooth structures, with safe pulpal temperature increases [73].
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As a phototherapeutic agent, the PS must have high molar absorp-
tion in the spectral region between 600-950 nm, known as the “pho-
totherapeutic window”. Irradiation by light sources at these wave-
lengths provides a therapeutic effect because the cell membrane has
considerable transparency to electromagnetic radiation [17,18,74].

Despite the extensive investigation, many dentists lack confidence
to use novel approaches for the treatment of caries. This is one of the
biggest issues working against the introduction of aPDT in dental
practice [16,57]. Besides that, another limitation to using this approach
is the need for long exposure times to attain significant inhibitory ac-
tion against microorganisms related to oral diseases [59]. However,
results showed that a high intensity dental light source applied for a
short period of time effectively caused the death of S. mutans [59].

This review showed that aPDT is a potential antimicrobial therapy
capable of inducing death of microorganisms by oxidative damage. This
suggests that aPDT is complementary to other therapies, such as the use
of chlorhexidine [59] or selective caries removal [78]. It should be
noted that there have been no reports of the development of bacterial
resistance after the application of photodynamic therapy, unlike
chlorhexidine [59].

Most of the studies found used dentin caries models in vitro, which
are not the best ones to yield strong scientific evidence
[11,12,14,50,54]. Although they have made a substantial contribution
to advances in the study of the oral biofilm, in vitro models only allow
for the study of a small number of species interactions in controlled
laboratory conditions, which may not accurately reflect the physiolo-
gical situation of the oral cavity, such as salivary flow [4,13,39,52]. In
general, antimicrobial photodynamic therapy is satisfactory when ap-
plied to oral biofilms, showing positive results, so it can be used as
adjunct therapy to conventional clinical methods.

5.1. Perspectives

Microbiological control is the main purpose of aPDT. Therefore, this
therapy is applicable to dental caries treatment and the results are
promising so far. aPDT has good perspectives in clinical practice, with
inclusion of lasers, LEDs and novel technologies in modern dentistry.
The intention here is to provide information for researchers and to a
wider readership, as well as to serve as a tool to promote appropriate
discussion on the ideal use of the components of this therapy.
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