N

N
N

HAL

open science

Autofluorescence Loss in Photobleaching for Human
Dentin ex vivo

Seunghwan Goldmund Lee, Minwoo Kim, Sunghee Jeong, Jaejoon Hwang,

Jisu Kim, Aurélien Gourrier, Jean-Claude Vial, Kwangseuk Kyhm

» To cite this version:

Seunghwan Goldmund Lee, Minwoo Kim, Sunghee Jeong, Jaejoon Hwang, Jisu Kim, et al.. Autoflu-
orescence Loss in Photobleaching for Human Dentin ex vivo. Current Optics and Photonics, 2022, 6

(1), pp.86-91. hal-03704166

HAL Id: hal-03704166
https://hal.science/hal-03704166

Submitted on 25 Nov 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-03704166
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Vol. 6, No. 1, February 2022, pp. 86-91

Current Optics and Photonics

Regular Paper

Autofluorescence Loss in Photobleaching for
Human Dentin ex vivo

Seunghwan Goldmund Lee***", Minwoo Kim'", Sunghee Jeong?, Jaejoon Hwang®, Jisu Kim*,

Aurélien Gourrier*®, Jean Claude Vial***, and Kwangseuk Kyhm

l1kx

'Department of Opto-mechatronics and Cogno-mechatronics Engineering,
Pusan National University, Busan 46241, Korea
’Department of Oral Medicine, School of Dentistry, Pusan National University, Busan 50612, Korea
*Department of Oral and Maxillofacial Radiology, School of Dentistry,
Pusan National University, Dental and Life Science Institute, Yangsan 50612, Korea
*University Grenoble Alpes, Laboratoire Interdisciplinaire de Physique, F-38000 Grenoble, France
°CNRS, Laboratoire Interdisciplinaire de Physique, F-38000 Grenoble, France

(Received November 16, 2021 : revised January 5, 2022 : accepted January 10, 2022)

Two-photon fluorescence microscopy was performed on the enamel-dentin junction area of a human
tooth using a femtosecond pulsed laser. We obtained a clear image contrast between the bright dentin
and dark tubules with the autofluorescence generated from the endogenous fluorophores in dentin. The
autofluorescence shows a broad spectrum due to complex cross links between dentinal collagens, which
extend from blue to orange wavelengths (470-590 nm), but a gradual autofluorescence loss in pho-
tobleaching was observed for a long-term exposure under strong excitation. For increasing excitation
power, we found that two-step decay becomes significant in the spectrally integrated autofluorescence.

Keywords : Autofluorescence, Dentin, Fluorescence loss in photobleaching, Two-photon fluorescence

microscopy

OCIS codes : (170.2520) Fluorescence microscopy; (170.6280) Spectroscopy, fluorescence and
luminescence; (250.5230) Photoluminescence

I. INTRODUCTION

Currently, fluorescence microscopy is widely used for
biological imaging with various high-resolution techniques.
Since most biological specimens require an extra process of
dying for fluorescence, the toxicity of fluorescent dye mol-
ecules becomes an issue. A few different techniques are ap-
plied to avoid toxicity, such as second harmonic generation
(SHG) imaging. However, the SHG imaging requires speci-
mens with a crystalline and well-aligned structure to ac-
quire images with good quality. Securing the structural ho-
mogeneity of a biological specimen often requires an extra

chemical process. Due to this limitation, autofluorescence
has gained much attention as an alternative method. Col-
lagen is known to show autofluorescence and is contained
in human teeth. Although the entire mechanism of dentinal
autofluorescence has not been clarified yet, the cross link
of collagens is considered the main origin [1-4]. Since the
dentin of human teeth contains collagen-I, autofluorescence
microscopy can be used for dentinal studies [5-9].
However, it is known that autofluorescence images are
vulnerable to laser excitation. The fluorescence was sup-
pressed for long-term exposure to laser excitation, resulting
in poor image contrast, and even permanent damage was
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often observed with intense excitation. After the absorption
of pulsed laser excitation, the initially excited carriers re-
laxed into the ground state. During the intra-relaxation, the
excess energy of the excited carriers gives rise to various
non-radiative processes, during which molecular vibrations
are enhanced, and the carriers are trapped by various non-
radiative states. When a biological specimen is exposed to
strong laser excitation for a long time, the intra-relaxation
processes likely modify the photochemical environment
such as the molecular structure and fluorescence energy
levels. Consequently, photo-bleaching occurs with a de-
creased fluorescence efficiency [10-13], and the phenom-
enon is studied by fluorescence loss with the photobleach-
ing (FLIP) method. Nevertheless, the photo-bleaching in
dentinal collagens has rarely been investigated.

FLIP is a highly efficient tool to evaluate the photo-
bleaching of specimens, where repetitive scanning of the
same region of interest (ROI) gives rise to a gradual de-
crease in average fluorescence intensity [14-17]. In this
work, we obtained auto-fluorescence from a human tooth
(molar) and a two-photon microscopy image of the enamel-
dentin junction. We also found that the auto-fluorescence is
gradually suppressed through FLIP. The fluorescence decay
tended to behave as a two-step decay process with increas-
ing excitation power. Therefore, we were able to obtain
both fast and slow decay times against initial excitation

Two photon absorption
Fluorescence

power. These results will provide important conditions for
fluorescence microscopy on human teeth.

Il. METHODS

A human tooth (molar) was donated by Pusan National
University Dental Hospital for the purpose of scientific
research. Since the optical experiment on the extracted
tooth was harmless and noninvasive regarding the donor,
this research was exempt for pre-experiment IRB approval;
PNUDH-2020-036 Pusan National University Dental Hos-
pital. It was kept in saline solution at 5 °C, then dried at
room temperature for 72 hours and stored in a resin solution
for 24 hours. Finally, the tooth sample became embedded in
the solidified transparent resin, as shown in Fig. 1(a). The
enamel outside inhibits the resin medium from percolating
inside. A slice of the tooth was obtained using a diamond
cutter as shown in Fig. 1(b), and the sample surface was
polished with sandpaper. To remove possible residues, we
cleaned the slice with distilled water and dried it again for
72 hours at room temperature. Figure 1(c) shows an image
of the prepared sample, where the enamel area is distin-
guishable from the dentin area.

In Fig. 1(d), the fluorescence via two-photon absorption
is shown schematically. Although the one-photon energy
of the fundamental laser wavelength is transparent to the
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FIG. 1. Human tooth sample preparation and two-photon fluorescence microscopy: (a) a human tooth (molar) is stored in clear
resin, (b) a layer is obtained through a longitudinal cutting process, (c) confocal microscope image of a cross-sectional tooth area
attached to a slide glass, (d) fluorescence (dotted) via two-photon absorption (hatched) is generated only at the intense area of a
focused laser spot, by which an improved spatial resolution is achieved, and (e) two-photon fluorescence microscope image of the
dentin-enamel junction area, where auto-fluorescence is generated from the collagen in dentin (bright), while the dentinal tubules are
seen dark. Inset shows a partial suppression of auto-fluorescence in the dentin (photo-bleached).
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bandgap, absorption can be induced with a large excitation
intensity, where the transition energy of the nonlinear optics
corresponds to twice the one-photon energy. Two-photon
fluorescence occurs only in the relatively intense area of
a spot, while one-photon fluorescence appears over the
whole excited spot. Therefore, the spatial resolution of two-
photon fluorescence microscopy is significantly improved
by avoiding unwanted excitation.

To induce a two-photon absorption in the dentin area,
a Ti:sapphire laser with a central wavelength of 780 nm
was used, which generates 200 fs pulses at an 80 MHz
repetition rate. The resolution of an image is inversely pro-
portional to the excitation wavelength. To find the optimal
wavelength condition, we tested excitation wavelengths of
680 nm to 1064 nm. We concluded that an excitation wave-
length of 780 nm shows optimal brightness and resolution.
For repetitive fast scanning, the scanning time and ROI
were controlled by a Galvano mirror system and objective
lens. Slowing the scanning speed leads to an increase in the
dwell time of each pixel. A higher dwell time offers higher
brightness, but also it causes photodamage to the specimen.
Therefore, we acquired 0.55 seconds for each image with a
dwell time of 0.03 ms. The fast scanning speed gives higher
temporal resolution in the FLIP measurement. The poor
quality due to low brightness was compensated by collect-
ing multiple images of the same ROI. The fluorescence
signal was separated by bandpass filters into three different
channels and detected by photomultiplier tubes (PMTs). In

Fig. 1(e), a two-photon fluorescence microscope image was
obtained from the dentin-enamel junction area, where the
endogenous collagen in dentin generates auto-fluorescence.
Since the dentinal tubules are hollow, they appear as dark
lines. In the magnified inset image of Fig. 1(e), a dark
square area is seen where the fluorescence is suppressed
compared to the surroundings. This can be attributed to a
photobleaching section. The selected ROl was investigated
by the FLIP experiment.

We also measured the auto-fluorescence spectrum of
dentin under a direct one-photon excitation of 404 nm,
which was generated by a picosecond pulsed laser operat-
ing at a repetition rate of 40 MHz. The excitation power
(~150 pW) was moderate, and the focused beam spot diam-
eter was 1 pum.

1. RESULTS & AND DISCUSSION

As shown schematically in Fig. 2(a), photobleaching
occurs gradually when fluorophores are exposed to strong
excitation. Some fluorophores lose their original nature,
and the number of active fluorophores decreases. In Fig.
2(b), the FLIP in two-photon fluorescence microscope im-
ages was observed under 74 mW excitation for the 780 nm
central wavelength. To have a single image of the same
ROI, 0.55 seconds was necessary for scanning. For the
initial few seconds of laser excitation, most of the collagen
fluorophores were activated. The bright dentin (red) and the
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FIG. 2. Fluorescence lost in photobleaching and two-photon fluorescence microscope images of human dentin: (a) as a consequence
of long-term exposure to strong excitation, photobleaching occurs gradually, where some fluorophores lose their original feature
(dashed) and the number of active fluorophores decreases and (b) the fluorescence loss with the photobleaching (FLIP) measurement
with a two-photon fluorescence microscope. The images were obtained for 40 seconds under 0.55 seconds of each scanning. The
dark tubules and bright dentin are shown in blue and red, respectively.
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FIG. 3. Excitation power dependence fluorescence loss with the photobleaching (FLIP) measurement in human dentin: (a) auto-
fluorescence spectrum of human dentin, (b) for increasing excitation power, the photobleaching occurs significantly, where a gradual
suppression of fluorescence was observed up to 200 seconds, () excitation power dependence of the two characteristic times, where
7, and t, are fast and slow decay times, respectively, and (d) as excitation power increases, the weight factor of the fast component (A,)
is enhanced, but the weight factor of the slow component (A,) decreases.

hollow tubules (blue) show a clear contrast in the image.
However, as the scanning was repeated for 40 seconds, we
observed that the image contrast gradually deteriorated. It
was suggested that the cross link of dentinal collagen and
chemical compositions such as tyrosine, tryptophan [2, 3],
and pyridinoline [4] could emit fluorescence, but the exact
autofluorescence mechanism is still unknown due to the
complexity of endogenous fluorophores in dentin.

In Fig. 3(a), we found that the dentinal collagen gives
rise to a broad fluorescence spectrum due to the complex
endogenous fluorophores of the dentinal collagen, which
extends from blue (~480 nm) to yellow (~580 nm) via the
dominant green (~530 nm). When a two-photon fluores-
cence image was obtained, we used a PMT. Therefore, the
image intensity is determined through spectral integration.

To enhance the contrast of a microscope image, one may
increase the detection integration time. In this case, a whole
image takes a long measurement time for spatial scanning.
The other may often increase excitation power instead of
the detection integration time. However, for both increas-
ing excitation power and exposure time, it likely that more
fluorophores are photobleached.

In Fig. 3(b), we found that gradual fluorescence sup-
pression occurs for increased excitation where we used the
spectrally integrated autofluorescence. The normalized in-
tensity decay proceeds up to 200 seconds. For the spectral
integration over the broad autofluorescence spectrum, we
used three detection channels of PMTs. The fluorescence
signal was separated by bandpass filters. Each separated
signal was detected by the three PMTs. which were opti-
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mized near 460 nm, 520 nm, and 590 nm, respectively. We
also considered the relative signal ratio of the three PMTs.
The multiple endogenous fluorophores have different pho-
tobleaching damage thresholds. As excitation power in-
creases, the one with the higher damage threshold will start
to decay. Consequently, the result shows that the double
exponential decay becomes significant at higher excitation
power. For quantitative analysis, we used a fitting function:

I=Ae™+Ae"™+1, 1)

where the fast and slow decay terms were characterized
with the two fitting parameters of decay time (r; and z,)
and weight factor (A, and A,), respectively. We also used an
offset (l,) for the background signal. The excitation power
dependence of the two decay times and weight factors
are shown in Figs. 3(c) and 3(d). With 20 mW excitation
power, the normalized intensity shows a monotonic decay.
Therefore, there is no contribution of the fast decay term
(A, = 0), and only the slow decay time (z, — 180 s) was
obtained. However, the fast component emerges with 25
mW excitation power. With increasing excitation power,
A, shows a gradual increase. At the same time, the weight
factor of the slow decay term (A,) decreases. Interestingly,
the fast decay time (z; — 10 s) barely depends on excitation
power. The slow decay time (z,) is shortened when excita-
tion power is larger than 40 mW but remains near ~130 s
when the excitation power is larger than 62 mW fluoro-
phores to be photobleached.

The main advantages of autofluorescence imaging are
its label-free and chemically nontoxic nature. However, the
damage from interaction between the specimen and high
flux of photons has hardly been studied. Therefore, in this
study, we have measured the photon-induced damage of a
two-photon FLIP process on human dentin. The decay of
signal intensity over time suggests a potential hazard of the
two-photon microscopy process. Moreover, the double ex-
ponential decay of human dentin over 25 m\W of excitation
implies the existence of two or more endogenous molecules
with different populations that are being damaged during
the process [18]. However, further study on photobleaching
simulation and spectroscopy is required to determine the
photobleaching thresholds of each individual fluorophore.

IV. CONCLUSION

We found that dentinal collagen generates a broad auto-
fluorescence spectrum, which extends from blue (~480 nm)
to yellow (~580 nm) via the dominant green (~530 nm).
Therefore, two-photon autofluorescence microscopy can
be a useful tool to investigate the structure of human teeth;
the hollow tubules are seen as dark branches in the bright
collagen-rich dentin with clear contrast without chemical
toxication. However, we found that photobleaching occurs
when the dentin is exposed to strong excitation through
fluorescence loss in the photobleaching method. The inten-

sity of fluorescence decreased exponentially over time with
0.03 ms of dwell time. The gradual suppression of autofluo-
rescence proceeds up to 200 seconds, and the decay occurs
in a double exponential manner at high excitation intensi-
ties. The results suggest that acquiring an autofluorescence
signal under strong excitation not only decreases image
quality over time but also damages multiple endogenous
fluorophores.

FUNDING

This research was supported by PNU-RENovation
(2020-2021).

REFERENCES

1. J. Gaar, R. Naffa, and M. Brimble, “Enzymatic and non-
enzymatic crosslinks found in collagen and elastin and their
chemical synthesis,” Org. Chem. Front. 7, 2789-2814 (2020).

2. K. C. Hoermaan and S. A. Mancewicz, “Fluorometric dem-
onstration of tryptophan in dentin and bone protein,” J. Dent.
Res. 43, 276-280 (1964).

3. Y. Shen, D. Zhu, W. Lu, B. Liu, Y. Li, and S. Cao, “The char-
acteristics of intrinsic fluorescence of type I collagen influ-
enced by collagenase I,” Appl. Sci. 8, 1947 (2018).

4. D. Fujimoto and T. Moriguchi, “Pyridinoline, a non-reducible
crosslink of collagen,” J. Biochem. 83, 863-867 (1978).

5. A. C. Croce and G. Bottiroli, “Autofluorescence spectroscopy
and imaging: a tool for biomedical research and diagnosis,”
Eur. J. Histochem. 58, 2461 (2014).

6. P-Y. Lin, H.-C. Lyu, C.-Y. S. Hsu, C.-S. Chang, and F.-J. Kao,
“Imaging carious dental tissues with multiphoton fluorescence
lifetime imaging microscopy,” Biomed. Opt. Express 2, 149—
158 (2011).

7. H. Mastumoto, S. Kiatmura, and T. Araki, “Auto fluorescence
in human dentine in relation to age, tooth type and temperature
measured by nanosecond time-resolved fluorescence micros-
copy,” Arch. Oral Biol. 44, 309-318 (1999).

8. M.-H. Chen, W.-L. Chen, Y. Sun, P. T. Fwu, and C.-Y. Dong,
“Multiphoton autofluorescence and second-harmonic genera-
tion imaging of the tooth,” J. Biomed. Opt. 12, 064018 (2007).

9. T. Cloitre, 1. V. Panayotov, H. Tassery, C. Gergely, B. Leval-
lois, and F. J. G. Cuisinier, “Multiphoton imaging of the den-
tine-enamel junction,” J. Biophotonics 6, 330-337 (2013).

10. L. Marcu, W. S. Grundfest, and J.-M. I. Maarek, “Photobleach-
ing of arterial fluorescent compounds: characterization of
elastin, collagen and cholesterol time-resolved spectra during
prolonged ultraviolet irradiation,” Photochem. Photobiol. 69,
713-721 (1999).

11. D. M. Benson, J. Bryan, A. L. Plant, A. M. Gotto, and L. C.
Smith, “Digital imaging fluorescence microscopy: spatial
heterogeneity of photobleaching rate constants in individual
cells,” J. Cell Biol. 100, 1309-1323 (1985).

12. G. H. Patterson and D. W. Piston, “Photobleaching in two-
photon excitation microscopy,” Biophys. J. 78, 2159-2162
(2000).



Current Optics and Photonics, Vol. 6, No. 1, February 2022

91

13. J. Ma, J.-Y. Chen, J. Guo, C. C. Wang, W. L. Yang, L. Xu, and P.
N. Wang, “Photostability of thiol-capped CdTe quantum dots
in living cells: the effect of photo-oxidation,” Nanotechnol-
ogy 17,2083 (2006).

14. H. C. Ishikawa-Ankerhold, R. Ankerhold, and G. P. C. Drum-
men, “Advanced fluorescence microscopy techniques—FRAP,
FLIP, FLAP, FRET and FLIM,” Molecules 17, 4047-4132
(2012).

15. L. Song, E. J. Hennink, I. T. Young, and H. J. Tanke, “Photo-
bleaching kinetics of fluorescein in quantitative fluorescence
microscopy,” Biophys. J. 68, 2588—-2600 (1995).

16. N. B. Vicente, J. E. D. Zamboni, J. F. Adur, E. V. Paravani,
and V. H. Casco, “Photobleaching correction in fluorescence
microscopy images,” J. Phys. Conf. Ser. 90, 012068 (2007).

17. T. Bernas, M. Zargbski, and J. W. Dobrucki, Minimizing
photobleaching during confocal microscopy of fluorescent
probes bound to chromatin: role of anoxia and photon flux,” J.
Microsc. 215, 281-296 (2004).

18. D. Wastner, T. Christensen, L. M. Solanko, and D. Sage,
“Photobleaching kinetics and time-integrated emission of
fluorescent probes in cellular membranes,” Molecules 19,
11096-11130 (2014).





