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Multiphoton microscopy (MPM) is currently acknowledged as a very powerful method
for the visualization and analysis of tissues in biomedicine. It allows high resolution,
deep optical sectioning and reduced photodamage. MPM does not require labeling
and is deployable both in-vivo and ex-vivo, which simplifies the diagnostic procedure
compared to traditional histology approaches based on excisional biopsy, tissue fixation
and staining. Among the important applications of MPM in medicine, differentiation of
healthy from pathological tissues has gained massive interest over the past years, but
MPM is also very useful for acquiring new insights on how various pathologies originate
and progress. In this work we review the use of MPM in imaging assays focused
on investigating unlabeled oral tissues (teeth and oral mucosa) and discuss a series
of important results which hold potential for enabling a next generation of oral tissue
characterization/diagnostic frameworks. The surveyed literature shows that non-linear
optical imaging tools can significantly contribute to achieve a better understanding of
oral cavity tissues, by allowing the accurate analysis of morphological structures and
relevant biochemical processes.

Keywords: multiphoton microcopy, oral tissues, caries, enamel, dentine, squamous cell carcinoma

INTRODUCTION

The oral cavity represents the first part of the digestive tract, and the main entry for nutrients and
different environmental components in the human body. Its main function is to begin the process
of digestion by mastication, but speech or breathing are also important functions. Pathologies of
the oral cavity can result from a wide range of causes, one of the main sources consisting in harmful
components in ingested liquids or food. These may lead either to the genesis of oral diseases or,
after being dissolved by saliva and ingested, may cause other minor to major health problems with
respect to the gastrointestinal system, and not only. Besides toxic food, tobacco and alcohol, other
environmental factors may also be responsible for the occurrence of various oral diseases, ranging
from dental caries [1, 2] to oral squamous cell carcinoma [3-5]. In general, all the structures in the
oral cavity, including teeth and soft tissues will be at some point affected during one’s life by various
types of pathologies, or by age related modifications.

Although teeth have a damage resistant structure, this might fail due to environmental factors,
diseases or habits. The appearance of cavities may cause pain and other consequent oral problems.
However, these are not the most severed pathologies the oral cavity is exposed to. According to
current data, half of all cancers in humans appear in the squamous epithelium, which is also lining
the soft surfaces in the oral cavity [6]. More specifically, oral squamous cell carcinoma (SCC)
represents about 90% of the malignant lesions developed in the oral cavity [7].
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At present, various complementary imaging techniques are
being used for characterizing hard and soft tissues in the oral
cavity, each exhibiting its own strengths and limitations. Since
Rontgen discovered radiographs in the late 1800, radiation was
selectively used for the diagnostics and therapy of oral tissues
[8]. Periapical and cephalometric radiographs have been used
for detecting caries, analyzing bone structures and for planning
implantological interventions. Their main disadvantages relate
to the interposition of anatomic structures, and the potential
harmful effects of the ionizing radiation [9]. Even in latest
generation panoramic radiographs, direct ionizing damage and
indirect damage from the free radicals created during the
ionization of water molecules within cells is associated with
a risk of cancer. Computed Tomography (CT), first reported
experimentally in the 1970’s, combines the concepts of x-ray
imaging (performed under different angles) with the advantages
of computer technology to provide cross-sectional images of the
scanned tissue region, allowing its tomographic inspection [10].
A subsequent technology, Cone-Beam Computed Tomography
(CBCT) [11] allows faster acquisition speed and lower radiation
exposure, down to 10 times less compared to conventional
CT. This diagnostic imaging technology is now widely popular
for oral medicine being capable of providing three-dimensional
representations of teeth and jaws. Besides limitations in
resolution, its main shortcomings are exposure to ionizing
radiation (which is reduced, but still exists), and inability to
simultaneously image calcified and non-calcified dental tissues,
particularly important in regenerative endodontics [12, 13].
Another medical-imaging technique that has been shown to be
very valuable for imaging oral tissues is Magnetic Resonance
Imaging (MRI), which uses non-ionizing radiation from the
radiofrequency band of the electromagnetic spectrum, thus
reducing the irradiation hazards that the patient needs to face.
MRI can be used for imaging pulp attached to the periodontal
membrane, and obviously other soft tissues in the oral cavity.
However, it cannot easily visualize teeth because of their high
mineral content. Sweep Imaging with Fourier Transformation
(SWIFT) [14], an update to conventional MRI, overcomes these
limitations, enabling the three-dimensional visualization of both
soft and hard (enamel, denting, cortical bone) oral tissues, while
also reducing acquisition time [15]. SWIFT-based MRI has the
potential to precisely determine the extent of carious lesions
and simultaneously assess pulpal tissue [15]. The usefulness
of these aforementioned techniques is biased by their limited
resolution (lying in the millimeter range). To address this, several
safe and non-invasive optical techniques have been introduced
to the field of oral tissue imaging over the past couple of
decades. Among these, Optical Coherence Tomography (OCT)
has successfully been used for the detection and microscale
characterization of tooth and periodontal disorders. Applications
such as root canal imaging, diagnosis of vertical root fractures,
dental microstructure assessment, detection of recurrent caries
and loss of marginal integrity of fixed restorations demonstrate its
huge potential in dentistry [16-18]. Compared to conventional
OCT, Polarization-Sensitive OCT (PS-OCT) [19] provides better
resolution and can therefore image also early enamel lesions
and secondary caries. It can also be used for the assessment

of dentin and cement demineralization and remineralization,
representing a useful diagnostic instrument for prevention and
early intervention [20]. The resolution achievable with OCT
is positioned between the resolution available with ultrasound-
based techniques, and with point-scanning optical techniques,
e.g., Confocal Laser Scanning Microscopy (CLSM). This latter
technique, CLSM, is also well-suitable for in vivo clinical
studies (in implementations for endomicroscopy), being able to
non-invasively provide optical sections of both hard and soft
tissues in the oral cavity [21-23]. Importantly, the current gold
standard for the diagnostics of soft oral tissues remains the
histopathological exam, consisting on brightfield microscopy of
tissues that are excised, fixed and stained. However, this approach
presents important disadvantages such as long diagnosis time,
invasiveness, artifacts, sampling error, time consumption, high
costs, and interpretive variability [24-26]. In Figure 1, we present
a series of images that are representative for these techniques
above discussed.

During the past couple of decades, Multiphoton Microscopy
(MPM) has emerged as a powerful tool to explore the
structure and function of biological samples, and especially
of tissues. This is mainly because MPM techniques can
non-invasively acquire optical sections (virtual biopsies) in
unlabeled tissues, containing information that is very relevant
for diagnostic purposes. These non-linear techniques are based
on the theory of quantum transition through photons proposed
by Nobel Laureate Maria GoOppert-Mayer [32], and the first
MPM experimental implementation was demonstrated by Denk,
Strickler and Webb in Cornell University in 1990 [33]. During
the non-linear processes that take place, the sample absorbs two
or three infrared photons and emits a unique photon of shorter
wavelength. This can occur via different physical processes,
that may take place quasi-simultaneously, e.g., fluorescence or
harmonic generation, which have been thoroughly discussed
in previous reviews [34-36]. The MPM imaging modes are
Two-Photon Excitation Fluorescence (2PEF), Three-Photon
Excitation Fluorescence (3PEF), Second Harmonic Generation
(SHG) and Third Harmonic Generation (THG), all of these
being capable to image tissues in a label-free manner, based
on their endogenous contrast. The use of infrared light sources
allows deeper penetration into the tissues and reduced scattering
[37, 38], with reduced photodamage compared to other optical
sectioning techniques working in the visible range, such as
CLSM [39].

The aforementioned MPM modalities are complementary and
provide biological information that is relevant from different
perspectives, including morphology, structural organization and
cell metabolism. In brief, the energy (ie., light) released
by fluorophores during 2PEF allows the visualization of
different biological components, such as elastin, keratin,
melanin, nicotinamide adenine dinucleotide (NAD'/NADH)
or flavin adenine dinucleotide (FAD). Selective probing of
these autofluorescent tissue components by 2PEF followed by
arithmetic operations for distinct signals enable the non-invasive
assessment of important information such as cell morphology,
size variation of cell nuclei, blood vessel hyperplasia, or
inflammatory reaction related aspects [40-42]. 3PEF relies on the
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FIGURE 1 | Hard and soft tissues of the oral cavity imaged with routinely used investigation techniques. (a) Panoramic dental radiograph. (b) Sagital section through
MRI and (¢) CBCT images of the lower jaw. (d) Time-series OCT images of a healthy tooth obtained before and after demineralization (e) gross observation, and
brightfield microscopy images on hematoxylin and eosin (H&E) stained healthy and malignant tongue tissue. (f) Confocal laser endomicroscopy images collected on
various oral tissues. Artwork reuse permissions: (a) adapted from Kim et al. [27], (b,c) adapted from Fligge et al. [28], (d) adapted from Tsai et al. [29], (e) adapted
from Kosugi et al. [30], (f) adapted from Aubreville et al. [31], all under the Creative Commons CC BY license.

same principles as 2PEF, but usually uses longer laser wavelength ~ penetration [37, 43]. However, 3PEF on tissues is more difficult
to excite the fluorescent molecules, which translates to reduced  to achieve and collect, hence related studies are much scarcer
out of focus light, less tissue scattering, and hence higher = compared to the studies that deal with 2PEF imaging of tissues.
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We find important to mention here that the potential of
2PEF and 3PEF for probing unlabeled in-vivo, ex-vivo or
fixed tissues can be further augmented by equipping such
systems with time-correlated single photon counting options
to enable Fluorescence Life-Time Imaging Microscopy (FLIM)
measurements. In addition to the information gained from
the intensity of a fluorescent signal, its lifetime provides
information on the biophysical environment (e.g., ion and
oxygen concentrations, temperature, or pH) of the respective
fluorophore [44]. Furthermore, 2PEF/3PEF-FLIM can provide
information on a fluorophore’s conformational or molecular
binding state, whose assessment is also relevant in the context
of tissue characterization based on endogenous fluorescence. In
a very insightful recent review [45], the authors discuss the
importance of FLIM for evaluating cell metabolism.

SHG signals are exclusively originated by
centrosymmetric structures (e.g., fibrillar collagen, microtubules
and skeletal muscle) [35] and THG signal arises from interfaces
within the specimen exhibiting a refractive index mismatch
[46, 47]. The ability of SHG for probing at high spatial resolution
the collagen distribution in tissues facilitates a precise and
non-invasive assessment of extracellular matrix modifications
specific to various pathologies, enabling consistent diagnostic
possibilities [35]. As nicely demonstrated by Kuzmin et al.
[48] THG complements SHG, as a result of its ability to
image interfaces hosting lipid-rich molecules, allowing thus
the visualization of cells and nuclei, or the investigation of
vascularization related aspects.

Most MPM imaging studies performed to date on ex-vivo
and fixed tissues have been performed with tabletop systems,
either custom built/modified or commercialized. Such systems
can operate in both upright or inverted configurations and
require coupling with an appropriate laser source [49]. In-vivo
imaging on animal models can be done with MPM systems
adapted for intravital assays, which require that enough space
is available under the objective for positioning the subject of
investigation [50].

Most importantly, MPM imaging is also available at present
in the form of clinically validated multiphoton tomographs,
enabling in-vivo assessment of human skin [51]. In addition,
a compact non-contact clinically-adapted MPM system has
been recently used to image in-vivo the human eye [52].
This implementation offers real-time tissue visualization and
the possibility to perform objective analyses of pathological or
surgically modified ocular tissues [53-55]. Although, to the best
of our knowledge, in-vivo imaging has not been yet demonstrated
for organs positioned inside the human body (except for exposed
brain [56]), recent progress in multiphoton endomicroscopy [57]
suggests that such applications are within reach.

Given the advantages above discussed, MPM imaging
is likely to become soon one of the default tools for
tissue characterization. It can both augment conventional
histopathology (e.g., by enabling lower sampling errors), or
even replace it entirely in some scenarios. However, there
are still challenges on the road to achieving this. For
example, interpretation of MPM data can pose problems to
histopathologists (who are trained on conventional modalities,

non-

Dentine

FIGURE 2 | Photo of a longitudinal dental section. Courtesy of Dr. Stephen
Chin-Ying, Department of Preventive Dentistry, National University of
Singapore. Image size ~4 x 4 mm?.

e.g., brightfield microscopy of stained tissues). Collecting MPM
datasets inside the human body is difficult due to intrinsic tissue
movement that cannot be controlled. Non-invasive imaging
of deep tissues with MPM is difficult due to light scattering
and attenuation. However, despite of all these, there are still
many applications where MPM imaging was demonstrated to
be very useful. Therefore, MPM is currently regarded as a
highly efficient tool for the study of pathological tissues, ranging
from epithelial tissues [42], and internal organs [58] to ocular
structures [54, 59] or brain tissue [43, 46, 60]. In this article,
we review MPM applications focused on the study of oral
tissues, addressing previous efforts dealing with visualization and
analysis of different structures in the oral cavity, and objective
diagnostic methods that were reported to detect and discriminate
various oral diseases.

MULTIPHOTON MICROSCOPY OF THE
TOOTH

Tooth Structure

Enamel, dentine, cementum and pulp represent the structural
components of the tooth [61]. An example of a dental section is
presented in Figure 2.

Enamel is the hard and highly mineralized cover of the tooth
crown. It is the most mineralized tissue in the human body,
mostly made up of apatite crystals. When the tooth emerges
into the oral cavity, ameloblasts (cells that produce the enamel)
disappear; for this reason, enamel can’t be regenerated. The
dentin-enamel junction separates enamel and dentin.

Dentine is also a mineralized tissue, but elastic, avascular,
and composed of apatite and collagen. The dentine structure is
formed by packed tubules along its entire thickness. Tubules are
responsible for tooth hydration and transmission of the physical
signals and they are found along the entire structure, running
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FIGURE 3 | SHG image (in the forward direction) from a location near the dentine-enamel junction (left). THG image from the same location clearly showing the
dentinal tubules (center). Superposition of SHG and THG signals (right). It should be noted that the collected THG signals are much weaker compared to the SHG
signals and consequently higher incident laser power or higher detector gain was required for image acquisition. Artwork: courtesy of Prof. Fu-Yen Kao (Institute of
Biophotonics, National Yang Ming University, Taiwan), images were acquired during the experiment reported in [66].

Enamel

Enamel

Dentine

20 m

Combined

from the pulp to the enamel and cementum. The diameter and
density of the tubules increases toward the pulp [61].

The innermost part of the tooth is the pulp, formed
by connective tissue that feeds and regenerates the dentinal
collagen through the cells called odontoblasts. Moreover, it is
richly innervated with sensory afferents, mostly involved in
pain mediation.

The root is the part of the tooth covered by gingival tissue. At
this location, dentine is covered by a connective tissue, cementum
[62], made of a hard bone-like connective tissue that grows in
concentric bands, which increases in thickness throughout life.
The cementum also joins the periodontal ligament to the tooth,
fixing it to the alveolar bone.

The most common tooth disease is caries, which is
characterized by demineralization and degeneration of the
organic matrix (i.e., collagen denaturation) [1]. Microorganisms
in dental plaque are mainly responsible for caries initiation, but
caries have also been related to systemic diseases [63]. Caries
affect both enamel (coronal caries) and cementum (root caries)
and, in later stages, the dentine or even the pulp.

MPM of Tooth Components

Investigating at high resolution the highly mineralized
composition of the tooth typically requires processes of
decalcification and staining that may alter its natural structure.
This can be avoided by employing MPM to characterize the
structure of dental pieces, which has been demonstrated as an
important alternative tool.

To our knowledge, Kao et al. in 2000 were the first to
report that the tooth generates SHG signal in the back-scattered
direction (or epi-illuminated mode), but the details provided for
the employed samples were limited. Moreover, the quality of
the SHG images presented in that study was low compared to
current standards, and probably due to this, the SHG signal was
(erroneously) attributed to the highly organized structures of the
enamel that encapsulates the dentine [64]. Later, the same group
showed SHG and THG images of the dentine in transmission (or

forward-scattered) mode [65]. In this second effort the images
were acquired in areas near the dentine-enamel junction of a
dental section, which allowed observing that the enamel does not
generate any of the two considered non-linear signals. Instead,
THG images revealed the tubule structure of the dentine, since
this kind of MPM signal is sensitive to interfaces and boundaries,
while SHG images were found to simply exhibit dentinal collagen
content. The absence of SHG in enamel was also confirmed by a
wavelength-dependent study [66]. An example of SHG and THG
images collected near the dentine-enamel junction are depicted
in Figure 3.

Non-linear signals from dental structures have also been
explored in additional efforts dealing with other MPM imaging
approaches. For example, in Chen et al. [67, 68] the authors
focused on collecting submicron epi-illuminated MPM images
of the enamel, dentine and periodontal ligaments. It was found
that enamel exhibits a strong 2PEF signal, revealing the structures
of the enamel rods; the dentine presents not only 2PEF signal,
but also SHG. It is important to highlight here that the contrast
provided by SHG imaging was not only useful to analyze the
peritubular dentine structure, but also to distinguish the less
mineralized circumpulpal dentine areas that were found to
generate only SHG signal, and no 2PEF. That is, the more
mineralized the dentinal structure becomes, the higher the
2PEF emission. In addition, due to their dominant collagen-
based composition, clear observation of periodontal ligaments
was also possible with SHG. The complementarity of SHG
and 2PEF signals with respect to imaging hard oral tissues is
shown also in Figure 4 where we present a pair of SHG-2PEF
images collected on the dentinal area of a tooth. For a direct
comparison they are presented with the same color scale [69].
Noteworthy, the inherent confocality of MPM allows three-
dimensional (3D) projections to be built, which facilitates the
visualization of interesting features and their placement into a
relevant topographic context. In Figure 5 a 3D reconstruction of
the dentine from SHG imaging is shown, and tubules can clearly
be observed [69].
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50 pm

FIGURE 4 | SHG (left) and 2PEF (right) images recorded at the dentine. Since
images share the color bar, it can directly be observed how the former is much
dimmer compared to the latter. Adapted from Bueno et al. [69].

FIGURE 5 | 3D projection of the dentinal area. Adapted from Bueno et al. [69].

Elbaum and colleagues also reported high-resolution 3D
images of tooth dentine, but in their experiment this was
achieved based on SHG and THG images [70] in the forward-
scattered mode. In their quest to explore the architecture of
the dentine tubules and the surrounding collagen distribution,
they were able to image depth locations up to 200 microns
into the sample. The processed 3D reconstructions enabled the
visualization of individual tubules and the collagen fibrils mesh
around them with an optical resolution of about 1 micron.
An important conclusion of their work is that collagen fibrils
are organized perpendicularly to the tubules, however close to
the dentin-enamel junction they lie also along the long axis of
the tubules.

Another experiment, this time dealing with back-scattered
MPM, showed that no significant SHG signals can be collected
in this configuration on enamel, but THG images successfully
revealed its prism structure and distribution [71]. The employed
imaging configuration showed stronger THG signal compared
to those reported in previous studies performed in transmission
[65, 66], allowing thus a penetration depth exceeding 300 um
below the natural tooth surface. It was useful to observe that at the
superficial enamel layer, the prisms were found to be organized
in a honeycomb structure perpendicular to the tooth surface,
and that this direction becomes parallel to the surface as deeper
enamel layers are imaged.

In another effort focused on studying the dentin-enamel
junction with MPM [72], 2PEF and SHG signals were
simultaneously acquired in back and forward directions,
respectively. The superposition of image pairs allowed clearly
visualizing the junction. It should be noted here that 2PEF
images revealed the transitional zone of the enamel as a non-
fluorescent irregular line corresponding to the interface between
dentin and enamel. This line of dim intensity was associated
with very low concentration of protein and hence the lack
of endogenous fluorophores. Similar to previous studies, SHG
signal was not present in enamel, suggesting an absence of non-
centrosymmetric proteins. While enamel prisms were found to
exhibit high 2PEF signals, the inner aprismatic enamel (located
close to the junction) showed a homogeneous low 2PEF signal. In
the same experiment, dentine was observed to provide both SHG
and 2PEF signals. The latter was hypothesized to be related to
the odontoblast process which involves fluorescent proteins. SHG
signals were much weaker compared to 2PEF (see Figure 4), what
might indicate a low amount of highly non-centrosymmetric
molecular assemblies as collagen and microtubules. The dentinal
SHG intensity was found however to increase from the junction
toward the inner dentine.

The work by Pan et al. took MPM imaging of teeth one step
further by addressing tooth morphogenesis [73]. MPM images
were used to investigate the development of the tooth in neonate
mice from birth to the seventh day after. Results showed that
predentina emits solely SHG signal, but dentine structures were
observed to provide both SHG and 2PEF. Enamel, odontoblast
and ameloblast were also found to exhibit strong 2PEF signal.

Another component of the tooth, dental cementum, has also
been analyzed through SHG microscopy by H. Aboulfadl et al.
[74]. The work showed that collagen fibers are distributed along
two directions: radial (i.e., pointing more or less perpendicularly
to the root surface) and circumferential (perpendicular to the
radial and oriented parallel to the surface), which we regard as
an important finding.

Non-linear multimodal microscopy [75, 76] combining
Coherent Anti-Stokes Raman Scattering (CARS) [77], SHG,
THG, and 2PEF was able to provide information not only on
the tooth structure, but also on biochemical and biomolecular
aspects [75]. Multimodal imaging revealed the microtubule
structure nearby the dentin-enamel junction, and although
CARS did not add extra information to that showed by 2PEF
in dentine, this experiment demonstrated that its enhanced
optical sectioning capability makes it a useful alternative tool for
tooth analysis.

In preparation of future dental tissue engineering, Traphagen
et al. [78] demonstrated the ability of MPM microscopy
to characterize decellularized and demineralized teeth (while
preserving the natural extracellular matrix). 2PEF appeared to
be distributed throughout both natural decellularized tissue
samples, although it was more prominent in the former. In
addition, compared to the decellularized tooth tissue, SHG
showed (as objectively measured by means of parameters such
orientation index, entropy, and collagen density) higher collagen
fiber density, and lower degree of organization in the natural
one. Work related to demineralized teeth was also reported
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FIGURE 6 | 2PEF, SHG, and THG imaging of extant and fossil teeth of crocodilians. (a-d) Images of an extant Alligator tooth acquired under (a) 2PEF, (b) SHG, (c)
THG microscopies, and (d) overlay of three channels. (e~h) Images of a fossil Alligator (1.5 Ma) tooth under (e) 2PEF, (f) SHG, (g) THG microscopies, and (h) overlay
of three channels. (i-l) Images of a fossil Kem Kem crocodilian (93 Ma) tooth under (i) 2PEF, (j) SHG), (k) THG microscopies, and (I) 2PEF, SHG and THG overlay. Al
scale bars, 40 um. Ma, millions of years. Adapted with permission from Chen et al. [80] © The Optical Society.
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by Atmeh et al. [79], where the authors employed 2PEF
microscopy to investigate the remineralising potential of certain
materials on totally demineralised dentine. Although the signal
intensity depended on the sample, these showed microscopic
features of matrix remineralisation (including front, intra and
intertubular mineralisation).

Most of the previously discussed works propose MPM
microscopy as a very valuable tool to characterize various
aspects of extant teeth (i.e, extracted teeth from living
humans or animals). However, this technique has also
been reported to be very useful to explore the anatomy of
dentinal tubules in ancient fossil teeth [80]. In particular,
THG imaging yielded (unexpectedly) strong signals when
dealing with submicrometer level anatomy. When compared
to extant teeth, the visualization of fossilized dentine tubules
revealed a strong morphological correlation, confirming
that the dentinal tubule structures have remained relatively
constant through time. This is illustrated in Figure6,
which also very nicely demonstrates the complementarity
of the 2PEF, SHG, and THG signals for teeth imaging,
in general.

MPM for the Analysis of Dental Diseases

and Abnormalities
Enamel covers the tooth crown and protects the inner tissues
from bacterial infection, as well as from mechanical, thermal,
and chemical attacks. Any disorder of this most external dental
structure may allow acids and bacteria to penetrate into the inner
tissues, which can lead to dental diseases. In the previous section
of the manuscript we reviewed published works that aimed to
explore sources of non-linear optical contrast in the tooth and
the way they can be used to document various properties of this
structure. In this part, we review additional work that focused on
analyzing dental abnormalities and diseases, such as caries.
Girkin et al. were among the first to report an MPM image
showing early dental caries in an intact tooth and proposed MPM
techniques as a diagnostic tool in dentistry [81, 82]. In a different
effort, MPM microscopy allowed imaging the tooth from the
outer part up to a depth of ~500 microns [83]. The imaged lesion
depths compared well with the depths measured by physically
sectioning the teeth. While healthy tooth tissue exhibits strong
2PEF signal, as discussed also in the previous section, this is
available to a lesser extent in carious tooth tissue [84]. Caries
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FIGURE 7 | 2PEF-FLIM of dental tissues. (A) An epi-illuminated image of the investigated carious dental sample. (B) The corresponding 2PEF-FLIM image showing
carious regions with greatly reduced lifetime (blue) compared to healthy regions. The scale bar is 200 um. The intensity (black) and average lifetime (red) line profiles are
obtained from the 2PEF-FLIM image depicted in (B), for (C) dentin and (D) enamel, respectively. Reprinted with permission from Lin et al. [85] © The Optical Society.

appear as a dark spot within a brightly fluorescent tooth, so in
a 2PEF inverted image these will appear bright within a dark
background, hence the decayed tissue can be well-highlighted
with this imaging modality.

In another interesting work, the surfaces of teeth with
abnormal enamel were studied and compared to the surfaces
of intact human teeth as a basis for future clinical applications
[71]. The investigated samples included white spot lesions,
cracks, and the artificially-lased (irradiated) enamel. Since prisms
within dental enamel present a homogeneous structure of
hydroxyapatite crystals, the detected THG signal was thought
to originate from the organic-matrix-filled interprismatic space
rather than from inorganic crystalline regions inside the prisms.
In diseased enamel crystal inhomogeneity appears, and this
abnormality reflects in THG signals generated inside the prism.
It was hypothesized that white spot lesions are mainly caused
by mineral loss (with presence of crystal inhomogeneity), and
the THG images collected in this study were coherent with
this assumption, depicting different degrees of mineral loss.
Moreover, unlike in sound enamel, SHG signal was also found
in teeth regions harboring white spot lesions, which is believed
to occur due to a symmetry breakage taking place under certain
strain. In general, natural cracks may be a result from mechanical
damages, thermal stress, and the stress-strain around the cracks;
the MPM images were in agreement with this hypothesis.
As expected, SHG signals depicting strains originated at the
sites of the cracks. In addition, THG images revealed both the

cracks and the enamel prisms beside them. Finally, in irradiated
human tooth enamel, THG images collected on superficial layers
revealed heat-induced cracks. The THG signals originating from
the interprismatic space were observed to drastically decrease
due to the melting of this superficial layer that takes place
during irradiation. The strain at the cracks was also present in
SHG images, and both THG and SHG signals were observed
around the heat-induced cracks. At deeper locations (with
reduced energy absorption and lower prism melting effects)
strain sensitive SHG signals were found to become weaker but
THG generated from the interprismatic spaces recovered.

In other works, focused on investigating how MPM signals
can be used to indicate the tooths health state, Lin and
colleagues confirmed previous results on dental MPM sources
and used fluorescence lifetime analysis to differentiate normal
dental tissues from caries [85]. The latter were found to present
a noticeable decrease in the lifetime of present endogenous
fluorophores in both enamel and dentin (Figure 7). These results
suggest that 2PEF-FLIM’s usefulness for identifying carious
tissues based on their specific fluorescence lifetime signatures
represents an important asset that can potentially augment
the current ways of identifying and assessing early sub-surface
lesions that can be linked to teeth degradation during carries
development. Terrer et al. tackled a similar problem as well and
demonstrated that SHG and 2PEF intensities of human dentine
were strongly modified during the tooth caries process, as a
result of the degradation of the dentinal organic matrix [86].
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In addition, they proposed the SHG/2PEF ratio as a reliable
parameter to follow dental caries. The usefulness of combining
these two complementary MPM signals for detection and
classification of carious stages has been recently demonstrated
by Slimani et al. [87], who correlate the SHG/2PEF ratio
(which they regard as an indicator of the organic matrix
denaturation) with the International Caries Detection and
Assessment System (ICDAS).

Other important MPM efforts were focused on addressing
endodontic infections. The elimination of microbes from the
infected root canal system is currently completed by specific
medication, but the effectiveness of the disinfection may be
limited by microorganisms present in the dentinal tubules.
In this sense, ZnO and TiO, nanoparticles represent relevant
therapeutic agents, given their photoactive and bacterial
inhibiting properties. Trunina et al. proposed to use MPM
microscopy to visualize the penetration of these nanomaterials
in the human tooth tissue [88, 89], in the frame of an in-
vitro study. While ZnO nanoparticles produced SHG signal,
TiO, generated 2PEF. Using these two imaging modalities
it was observed that ZnO particles penetrate up to 45
microns into the enamel and dentine, respectively, while TiO,
nanoparticles only penetrated 5 microns. This study suggested
thus ZnO as a more promising material for penetration
imaging, indicating also that dentinal permeability is one order
of magnitude higher than that of enamel (for these types
of particles).

Another aspect investigated with MPM was mineral density
in the dentine collagen and enamel, which was shown to
increase with age [61]. In light of this, a number of methods
are emerging to estimate the age of an individual based
on the tooth’s composition [90]. Bueno et al. have recently
reported results on this idea, by using MPM signals as an
aging indicator [69]. The procedure relies on exploiting collagen
denaturation with age and combines SHG and 2PEF images
collected on dentine. The usefulness of such approaches is
especially important in forensics, as they can characterize
and help identify corpses that have been submerged in
water or exposed to high temperatures as a consequence of
natural disasters.

MULTIPHOTON MICROSCOPY OF THE
ORAL MUCOSA

Oral Mucosa

The oral mucosa is formed by two layers, epithelium and
connective tissue [7], and divided into three categories:
masticatory (keratinized epithelium), lining (non-keratinized
epithelium) and specialized mucosa. The mucosa surrounding
the teeth (gingiva), due to its permeability, may be easily passed
through by antigens.

One of the major diseases of the oral mucosa is cancer.
The golden standard for the diagnostics of this pathology
consist in biopsy under general anesthesia, combined with
histopathological analysis of the excised tissue following fixation
and staining. This method is very useful to evaluate histochemical

and morphological changes in the tissue. However, it is subjected
to the well-known disadvantages of traditional histopathology,
which we discussed in the Introduction. These issues can be
overcome or alleviated with the help of fluorescence spectroscopy
[91] and MPM [6, 92-94], which have been demonstrated over
the past years as very useful non-invasive tools to explore the
oral mucosa.

Multiphoton Microscopy of the Oral

Mucosa

One of the most important capabilities of MPM consists in
its efficiency to characterize the structure and composition of
tissues based on the fluorescence of endogenous fluorophores,
which has also been demonstrated in the case of the oral
mucosa. For example, Wu and collaborators found that
2PEF signals from NADH and FAD in the epithelium can
be achieved with an excitation wavelength of 810nm [95].
These autofluorescence signals are closely linked to cellular
metabolism, and their ratio (known as the metabolic redox
ratio) has been demonstrated in several landmark studies to
reveal metabolism aspects unavailable with other techniques
[41, 96]. The authors reported as well-significant SHG signals
in the stroma, which were proposed as a sensitive indicator
to separate the epithelial layer from underlying stroma. SHG
intensity depends on the content and organization of the
collagen fibers within the tissue [35, 40, 97], and in the
case of the oral mucosa stroma these were highly organized,
leading thus to consistent SHG signals. In a different study,
Zhuo et al. used MPM to obtain images of the elastin
fibers in the oral mucosa [98], and similar to the previous
publication, they reported NADH and FAD autofluorescence
in the epithelium under 810 nm excitation (however, the 2PEF
signal corresponding to NADH was found to be higher at
730 nm). They also found significant SHG signals arising from
the stroma and took SHG image analysis one step forward by
quantitatively studying the distribution of the collagen (based
on both number of fibers and inter-space measurements).
In addition, they were able to acquire images and study
the morphology of salivary glands, which are surrounded by
collagen. MPM signals achieved from NADH, FAD, and collagen
were also found to be important in light of their potential
utility as biomarkers in the precancerous development of the
epithelium [95].

In vivo MPM (yielding virtual biopsies) has also been
demonstrated in the human oral mucosa [99]. Images of the
epithelium and the lamina propria (connective tissue lying
beneath the epithelium) were recorded without producing any
damage. The performed measurements lasted about 30 min and
the deepest imaged plane was located at 280 pm, which proposes
MPM as an important tool for diagnosing pathologies of the
mucosa in vivo.

Other studies that we find important to mention were focused
on characterizing the vocal folds, which are located inside of
the vocal tract and vibrate due to the air exhaled by the lungs
to originate one’s voice. Any problem in the vocal folds might
limit the phonation mechanism and hence the treatment of
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FIGURE 8 | 2PEF images of normal (left) and cancerous (right) tissues. These
MPM images are courtesy of Prof. Nirmala Ramanujam (Duke Cancer Institute,
Duke University) and Dr. Melissa C. Skala (Dpt. Biomedical Engineering,
University of Wisconsin-Madison). They take part of the image set acquired
and classified during the experiment reported in Skala et al. [6].

specific diseases, such as nodules and polyps, and requires
thus immediate attention. Diagnosing such pathologies requires
efficient detection, accurate location and, after surgery, reliable
monitoring. In 2012, MPM was proposed as a tool for diagnosis
and monitoring of diseases in the vocal folds [100]. Both the
extracellular matrix and their overall morphological structure
were studied by complementary MPM modalities. SHG and 2PEF
images showed the geometry of the collagen and the elastin
within the lamina propria, respectively. Two other MPM studies
were focused on analyzing the healing process of the vocal
folds [101, 102], and very recently, a system combining MPM
and nanotomography has been successfully used for their 3D
restoration [103].

In a different type of contribution compared to the rest
discussed in this section, Sriram et al. [104] have recently
introduced a step-by-step MPM imaging and sample preparation
protocol for the non-invasive and label-free imaging of
monolayer and three-dimensional organotypic cultures of the
skin and oral mucosa.

Multiphoton Microscopy of Oral Mucosa

Pathologies
Oral SCC originates from a mutation and an uncontrolled
proliferation of keratocytes (located in the epithelium of the oral
mucosa) [105]. Epithelial dysplasia precedes SCC and involves
microscopic changes in the stratified squamous epithelium [106].
According to Vargas et al. [92], the stages of epithelial dysplasia
are classified into: mid (dysplastic cells are found in the basal
layer of the epithelium), moderate (dysplastic cells are extended
through epithelium) and high dysplasia (where cell invasion
occupies a large fraction of the epithelium). In carcinoma in
situ the entire epithelium is covered with dysplasia. In oral
SCC there is an alteration of the basement membrane due to
invasive cells entering the collagen-based stroma. As an example,
Figure 8 depicts representative MPM images of tissues diagnosed
as normal and cancerous.

In 2004, Wilder-Smith et al. explored the feasibility of
MPM to act as an efficient tool for oral SCC early detection,
and to represent a non-invasive (and faster) alternative to

traditional diagnostic approaches that involve biopsy [93]. A
variety of relevant structures were clearly noticeable in the
images they collected in an in vivo hamster model. Also, an
important finding of their study was the gradual reduction
of the collagen fibers and a loss of the collagen’s normal
structure. The achieved results were in agreement with traditional
histopathological assays that require biopsy, tissue fixation and
staining. Later, the same authors combined MPM and OCT to
increase the effectiveness of non-invasive oral SCC diagnostic
(also in a hamster model) [94]. In this study, blood vessels,
epithelial and subepithelial layers, the basement membrane and
even the epithelial invasion were imaged by means of OCT,
while the structure of collagen and elastin fibers, as well as
the vessels, were visualized with MPM. This approach was
demonstrated as being very useful with respect to the aimed
purpose, and MPM signals were found to be very valuable
for following (and understanding) the carcinogenesis process
based on changes in the collagen matrix, organization loss, and
reduction in length and number of collagen fibers. In a more
recent experiment, Elagin et al. [107] showed in an animal model
(7,12-dimethylbenz[a]anthracen (DMBA)-induced hamster oral
carcinoma) that the complementarity of MPM and OCT can
also be exploited for efficiently distinguishing in vivo between
benign papilloma and papilloma that are either dysplastic or
affected by SCC. While the MPM images presented in this
study allowed extracting important cellular features such nuclear-
cytoplasmic ratio or nuclear density, OCT was demonstrated to
provide microvascular maps which were also useful with respect
to assessing the pathological state of the characterized tissues.

In a different effort, this time dealing with a mouse model, a
protocol combining an established carcinoma model with MPM
imaging was used to quantify the invasion of tumor cells; a multi-
vectorial visualization of lingual tumor spread was reported
[108]. The incorporation of a spectroscopic system into an MPM
device also provided interesting results concerning the detection
of oral SCC at different precancerous stages. Autofluorescence
signals were found to decrease in dysplastic hamsters and
furthermore, the in vivo emission spectrum showed differences
as a function of depth and excitation wavelength, in mid,
moderate/high grade dysplasia animals compared to normal ones
[109]. The accurate evaluation of the 2PEF spectral characteristics
also enabled the identification of unique signatures that can be
used to delineate normal oral mucosa from neoplasia [110]. In
another study addressing oral carcinogenesis in hamsters, 2PEF
and SHG signals showed a significant increase in the epithelium
thickness and changes in the morphology and distribution of the
keratocytes during different stages of the addressed pathology
[92]. Skala et al. also found a similar increase occurring in the
epithelium thickness, as well as in the keratin layer thickness [6].

In order to increase the performance of MPM imaging of oral
mucosa tissues, the use of gold nanorods for targeting cancerous
cells was proposed and demonstrated in an animal model with
induced oral SCC [111, 112]. Gold is an inertial biocompatible
material and the nanorods require low beam power to be excited.
Injected gold nanorods reduced the background of 2PEF images
and enhanced contrast. In addition, these particles were also
shown to allow improved 3D reconstruction of the vessels [113].
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Besides studies on animal models, MPM imaging of oral
cancerous tissues was also carried out in humans. Tsai et al.
performed an ex vivo MPM study on the cancerous mucosa
of patients with oral SCC [114]. MPM revealed additional
histopathological features compared to traditional histology
(irregular epithelial stratification, cytological abnormalities
and basement membrane interruption, among others),
demonstrating thus the added value of such diagnostics
assays. The authors reported changes in the patterns of collagen
fibers and in the size and nuclei morphology of the parenchymal
cells from SCC tissues. In addition, compared to normal mucosa,
actin filamentous structures were more abundant in tumor cells,
and an increased damage in the squamous epithelium was found.
Also in a human model, Cheng et al. used in 2013 an intravital
multi-harmonic microscope to image oral SCC [115]. SHG and
THG signals of in vivo human tissues were acquired, and SHG
microscopy was found useful to image the distribution of the
collagen fibers in the lamina propria, whereas THG provided
information about the keratocytes present in the epithelium and
on the red blood cells in the capillaries.

In other studies, NADH and FAD fluorescence lifetime
changes have also been reported in oral SCC tissues relative
to healthy tissues, in both living and ex vivo experimental
conditions [96, 116-118]. As discussed in the introductory
part, FLIM relies on the measurement of the time it takes
for an excited fluorophore to return to its ground state. This
technique was found to be a valuable tool to extract information
about the glycolysis and the oxidative phosphorylation in the
cellular metabolism [117]. A decrease in the NADH fluorescence
lifetime (averaged over the entire epithelium) was found in
precancerous compared with normal tissues. On the opposite, a
FAD lifetime (averaged) increase was observed in precancerous
tissues [96]. However, intracellular variability of NADH and FAD
fluorescence lifetimes was found to increase when comparing
precancerous and normal cells. These results can be used in
identifying cues that precede oral SCC. Furthermore, time-
resolved 2PEF images were minimally affected by tissue
morphology, endogenous absorbers, and illumination [117],
which can significantly increase the robustness of MPM
diagnostic assays. In the work of Teh et al. [118], a reduction
in the lifetime of NADH fluorescence was found to occur in
precancerous tissues compared with healthy tissues. While 2PEF
intensity (excitation wavelength, 745 nm) of collagen increased
in precancerous tissues, SHG signal decreased. The 2PEF/SHG
ratio was found to be higher in precancerous tissues compared to
healthy ones, a finding that is also useful for diagnostic purposes.
Changes in 2PEF signals corresponding to tryptophan were also
shown in different layers of dysplastic epithelium, which can
contribute to a better understanding on how cancers of the oral
mucosa originate.

Noteworthy, recent efforts have showed that MPM imaging
can be significantly augmented by emerging techniques in
artificial intelligence. For example, Huttunen et al. have
recently demonstrated that MPM images collected on transversal
fragments of epithelial tissues can be classified with high
precision as being healthy or dysplastic by using a deep learning
method that does not require extensively large training datasets

[119]. Such methods can play an important role in facilitating
the spread of MPM modalities in clinical settings to enable novel
non-invasive in vivo diagnostic applications, including those
potentially addressing oral tissues. This will be further facilitated
by deep learning methods developed for virtual staining. Such
methods enable the representation of images collected based on
endogenous contrast (and not only) to the color schemes most
familiar to histopathologists [120], which is also likely to bring
significant added value to forthcoming clinical MPM imaging
applications addressing oral tissue assessment and diagnostics.

CONCLUSIONS

The aim of this work has been to review previous studies focused
on applying MPM to better understand oral tissues and to
develop related applications, placing main attention on MPM
imaging of dental pieces and oral mucosa, in both healthy and
pathological conditions.

Although teeth are made of different types of tissues, the
complementarity of available MPM techniques allows observing
in detail these distinct structural regions. 2PEF signals originating
from cellular constituents provide morphological and functional
information. Both enamel and dentin emit strong 2PEF signal,
helping to reveal various relevant features in detail (such as
enamel prisms and dentinal tubules). Even though the spectral
profiles of these signals are similar, they can be differentiated
by lifetime analysis. 2PEF emission in the dentine tubules is
thought to be associated with the odontoblast process containing
fluorescent proteins. 2PEF intensity will vary due to protein
content variation.

THG signals arise from interfaces with an abrupt change
in the index of refraction. In the case of tooth imaging, this
type of signal revealed the fine prism structure of the enamel
(interprismatic spaces) but could only be detected in the back-
scattered imaging direction. Unlike in enamel, both forward and
backward THG images can be acquired on the tooth dentine.
THG images showed the dentinal microtubule structure as a
result of the sensitivity of THG signals to structural boundaries.
While THG provides contrast for the observation of the tubules,
SHG can be observed throughout the dentine, due to highly
crystallized (and non-centrosymmetric) non-mineral organic
matrix based on collagen fibrils.

It is also important to highlight that previous work showed
that MPM imaging can be used to explore dental caries and
abnormal enamel. Morphological and biochemical modifications
suffered by teeth can be characterized by combining different
non-linear signals, proposing MPM as a tool capable of
significant clinical applications oriented toward the evaluation of
dental diseases.

MPMs utility for the characterization and diagnostics of oral
tissues has also been demonstrated in a series of important studies
focused on imaging soft tissues, both healthy and pathological
(mainly oral SCC), at high optical resolution and at different
depth locations. In soft oral tissues, 2PEF, SHG, and THG allow
the visualization of morphological structures, such as keratocytes,
collagen, erythrocytes, and monitoring tissue modifications that
occur due to various pathologies. We also find important to
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mention that 2PEF lifetime imaging of the NADH and FAD
endogenous chromophores provides inestimable information
about the metabolism state of the tissue, contributing thus to
the potential of MPM for monitoring changes produced in
living oral tissues during the progression of various pathologies,
including cancer.

In summary, the findings reviewed herein suggest that
MPM represents a valuable tool for the ex-vivo and in-vivo
characterization of hard and soft tissues of the oral cavity. With
respect to soft tissues, the diagnosis of cancers is the most widely
addressed problem so far, but other pathologies specific to the
oral cavity could equally benefit of the advantages offered by
MPM modalities. Furthermore, the field of dentistry can also
take profit of MPM’s valuable contrast mechanisms, exploiting
these for the diagnostics of early caries and for the accurate
visualization of enamel abnormalities.
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