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Abstract: The femtosecond laser ablation in biological tissue produces highly fluorescent
compounds that are of great significance for intrinsically labelling ablated tissue in vivo and
achieving imaging-guided laser microsurgery. In this study, we analyzed the molecular
structures of femtosecond laser-ablated tissues using Raman spectroscopy and transmission
electron microscopy. The results showed that though laser ablation caused carbonization, no
highly fluorescent nanostructures were found in the ablated tissues. Further, we found that the
fluorescence properties of the newly formed compounds were spatially heterogeneous across
the ablation site and the dominant fluorescent signals exhibited close similarity to the tissue
directly heated at a temperature of 200 °C. The findings of our study indicated that the new
fluorescent compounds were produced via the laser heating effect and their formation
mechanism likely originated from the Maillard reaction, a chemical reaction between amino
acids and reducing sugars in tissue.
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1. Introduction

Laser surgery has been widely used for precise ablation of targeted biological tissues [1]. Due
to the highly localized nonlinear photo-ionization process, femtosecond laser surgery
provides a considerably better spatial precision in tissue ablation than that of continuous-wave
or long-pulsed irradiation [2]. Interestingly, it has been reported that the biological tissues
such as brain tissue of rats [3], porcine cornea [4], epithelial tissue of Drosophila embryos [5]
and bovine tendon collagen [6] became highly fluorescent after ablation using a femtosecond
laser of high repetition rate. Therefore, sharing the same femtosecond laser source, it is
desirable to combine the laser ablation with a multiphoton fluorescence microscopy and to
achieve imaging-guided laser microsurgery [3]. Recently, we have demonstrated laser
microsurgery guided by the two-photon fluorescence microscopy in a variety of tissues in
vivo [7]. The results showed that the fluorescent compounds produced by the femtosecond
laser are of great significance for intrinsically labelling ablated tissue in vivo. Furthermore,
we characterized the fluorescence properties of the femtosecond laser ablated biological
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samples and found that the fluorescent compounds could originate from the interaction of
laser and protein. However, their formation mechanisms remain unclear [7].

Since femtosecond laser surgery is mainly based on multiphoton ionization and plasma
mediated ablation [2], it is reasonable to hypothesize that the new fluorescent compounds
could be formed via certain photochemical process induced in the interaction between
femtosecond laser and tissue. However, it has been also reported that organic materials, such
as protein [8,9], glucose and poly(vinyl alcohol) [10], can become fluorescent after thermal
treatment. It should be noted that although femtosecond laser surgery is considered as a “non-
thermal” procedure, the post-pulse equilibration is still a thermal process in nature. The
ablation with a femtosecond laser of MHz repetition rate can cause an obvious heat
accumulation effect increasing the local temperature in the treated areas [11,12]. Therefore, it
is possible that the new fluorescent compounds originate from the heat accumulation effect of
femtosecond laser ablation. It was reported that thermal treatment of biological samples could
be used to produce highly fluorescent carbon dots [8]. Therefore, carbon dots might be
responsible for the new fluorescence during femtosecond laser ablation. In addition, the new
fluorescent compounds could also be the conjugated fluorophores produced via Maillard
reaction, a chemical reaction between amino acids and sugars. In this study, we systematically
examined these hypotheses and aimed to reveal the fundamental formation mechanism(s) of
laser-ablation produced fluorescent compounds. In details, we first conducted imaging-guided
fluorescence spectroscopy of laser-ablated biological samples (tissue and protein samples) to
explore whether photochemical or thermal effect is responsible for the formation of new
fluorescent compounds. Next, to address the thermal effect on the formation of new
fluorescent compounds, we directly heated the biological samples at different temperatures
and compared their fluorescence properties with the laser-ablated samples. Furthermore, we
studied the chemical changes in the laser-ablated and thermal-treated samples using Raman
spectroscopy and transmission electron microscopy. Finally, we investigated the role of
Maillard reaction in the formation of new fluorescent compounds in biological samples. The
experimental results of our study provided important insight into the formation mechanisms
of fluorescent compounds produced by femtosecond laser in biological tissues.

2. Materials and methods
2.1 Imaging-guided fluorescence spectroscopy

Details of an integrated single-photon confocal and two-photon fluorescence spectroscopy
imaging system have been described in our previous work [7]. Briefly, a femtosecond
Ti:sapphire laser (Mira900-S, Coherent) with 140 fs pulse duration was used for two-photon
fluorescence excitation and its second harmonic generation (SHG) from a p-barium borate
(BBO) crystal was used for single-photon excitation. Since the single-photon excitation
wavelengths were determined by the SHG range from 370 nm to 440 nm, the corresponding
two-photon fluorescence excitation was set in the range from 740 nm to 880 nm. The two
excitation beams were combined using a dichroic mirror and directed into a home-built
upright laser scanning microscope with a descanned fluorescence collection configuration. A
water immersion objective (UAPON 40XW340, 1.15 NA, Olympus) was used to focus the
excitation beams into sample and collect the backward fluorescence signals. The fluorescence
signals via both single- and two-photon excitation were analyzed by a spectrograph equipped
with a 16 photomultiplier tube (PMT) array and a time-correlated single photon counting
(TCSPC) module (PML-16-0 and SPC-150, Becker & Hickl). The system is capable to record
signals of wavelengths ranging from 403 nm to 598 nm with a 13 nm spectral resolution and
about 200 ps temporal resolution. Using this setup, we are able to study the time- and
spectral-resolved single- and two-photon excited fluorescence emissions at the same location
of sample.
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2.2 Raman spectroscopy and transmission electron microscopy

Raman spectra of laser-ablated and thermal-treated samples were measured using a
commercial Raman spectrometer (Renishaw RM 3000). A 633 nm 5 mW helium-neon laser
was focused on the samples with a microscope objective (50%, 0.55 NA). The integration time
was ~50 seconds for a single Raman spectrum ranging from 1000 cm™ to 3000 cm™. The
fluorescence background of the Raman spectra was subtracted using an open source software
(http://cares.wayne.edu/rp/download.html) [13]. For high-resolution transmission electron
microscopy (HRTEM) experiments, the biological samples were finely ground in an agate
mortar and dispersed in ethanol. A drop of dispersion was placed on a copper grid and
visualized with the analytical HRTEMs (JEM ARM200F and FEI Talos F200X) equipped
with energy-dispersive X-ray spectroscopy (EDX).

2.3 Sample preparation

The biological tissue samples were freshly isolated skin, muscle and brain from mice. The
surgery procedure followed NIH guidelines and was approved by University Animal Ethical
Committee. To prepare the protein samples, albumin (A7906, Sigma) was first dissolved in
Milli-Q water at a concentration of 0.2 g/ml. A drop of solution was placed on a cover glass
that was then put in a dry box until completely dried and an albumin film was formed on the
cover glass. In the following study, half of the samples were ablated with a femtosecond laser
at different powers and the rest were thermally heated with a hot plate at given temperatures
from 100 °C to 400 °C for ~15 minutes. The laser-ablated and thermal-treated samples were
characterized based on single- and two-photon fluorescence spectroscopy, Raman
spectroscopy and HRTEM analysis, respectively. To study the contribution of individual
amino acid to the formation of fluorescent compounds, lysine (L5501, Sigma), serine (S4500,
Sigma), tryptophan (T0254, Sigma) and glycine (IB7019, IBI Scientific) were dissolved in
Milli-Q water at a concentration of 0.2 g/ml (tryptophan cannot be fully dissolved at 0.2 g/ml
and therefore its saturated solution was used). To study the effect of sugar in the fluorescence
emission, glucose (G6142, Sigma) was dissolved in Milli-Q water at 0.2 g/ml and mixed with
the albumin/amino acid solution (0.2 g/ml) at 1:1 ratio (v:v). The procedure for thermal
treatment was the same as albumin samples.

3. Results and discussion
3.1 Formation of fluorescent compounds: photochemistry vs. thermal effects

Our previous work revealed that the laser ablated albumin and biological tissues (mouse skin,
muscle and brain) exhibited similar fluorescence properties, suggesting that the fluorescent
compounds in tissues could originate from the interaction between laser and proteins [7]. To
understand how protein molecules become fluorescent via interaction with femtosecond laser,
we ablated albumin samples along straight lines with laser power at different levels and then
took the fluorescence images of the treated sites. Interestingly, we found that the fluorescent
regions were not co-localized with the focal lines of ablation laser as shown in Fig. 1. They
distributed in broad regions on both sides of the laser cutting lines defined by the laser focal
spot of ~0.4 um in diameter (740 nm laser, 1.15 NA objective). Similar results were also
obtained in the femtosecond laser ablation in biological tissues (Appendix Fig. 10). These
evidences demonstrate clearly that the fluorescent compounds are not produced via photon-
induced chemical reaction which must be strictly confined in the laser focal volume.
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60 mW

100 mW

Fig. 1. Fluorescence image of line cutting in albumin sample by using 740 nm femtosecond
laser with different powers. Red dashed line: laser cutting path. Laser cutting speed: 100 um/s.
Field of view: 50 pm X 50 pm.

In femtosecond laser ablation, the energetic plasma initiated by nonlinear multiphoton
ionization in the laser focal region interacts with surrounding substances, resulting in the
chemical bond breaking [2,11]. Therefore, the femtosecond laser surgery is generally
considered as a non-thermal process. However, heating is a considerable effect in the post-
pulse process, especially when the pulse interval of the laser is shorter than the heat diffusion
time. The pulse interval of a standard Ti:sapphire femtosecond laser is 12.5 ns (80 MHz),
which is far below the heat diffusion time out of the focal volume (typically ~1 ps) [11,12].
Heat generated from each pulse will accumulate in the focal volume and diffuse to the
surrounding region, which can cause the temperature rise. Therefore, we hypothesize that the
fluorescent compounds are produced by the laser heating effect and the heat diffusion results
in the fluorescent regions much larger than the focal spot, particularly when the ablation laser
power is high (Fig. 1 and Appendix Fig. 10). However, an interesting question is why there
was no strong fluorescence observed from the regions close to laser focal spot.

(a) (b)
1.2 1.2
1.04 Il Skin 1.0 I Skin
B Muscle Il Muscle
0.8 Il Brain 0.84 Il Brain )
I Albumin I Albumin
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o
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Fig. 2. Fluorescence intensities of mouse skin, muscle, and brain tissue and albumin without
treatment (origin) and thermally treated at 100 °C, 200 °C, 300 °C and 400 °C. (a) Single-
photon (440 nm) excited fluorescence intensities. (b) Two-photon (880 nm) excited
fluorescence intensities. The intensities are normalized to the maximum (i.e., intensity at 200
°C) respectively. *: the signals from 400 °C-heated samples via single-photon excitation were
too weak to be detected. Error bars represent + SD.

To address the thermal effect on the formation of fluorescent compounds in biological
samples, we directly heated tissues and albumin samples at different temperatures (ranging
from 100 °C to 400 °C) and compared their fluorescence properties with laser ablated
samples. As described in our previous work [7], the laser ablated samples possess a unique
fluorescence property, exhibiting a large discrepancy in the emission spectra via single- and
two-photon excitation. Therefore, we investigated the fluorescence properties of thermally
treated samples using the same single- and two-photon fluorescence spectroscopy system.
The fluorescence intensities of samples heated at different temperatures are shown in Fig. 2.
We found that the samples became highly fluorescent when thermally treated at 200 °C. Their
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fluorescence emission spectra and lifetimes are displayed in Fig. 3. The peak of single-photon
excited fluorescence emission spectra shifted from blue to red as the excitation wavelength
redshifted and the two-photon excited fluorescence spectra all showed peaks at long
wavelength range (> 510 nm). The fluorescence lifetimes were all approximately 1 ns and not
sensitive to excitation wavelength. These fluorescence properties were consistent with those
of the laser treated tissues. However, the fluorescence properties of the samples heated at
other temperatures (room temperature, 100 °C, 300 °C and 400 °C, shown in Appendix Figs.
11-14) were much different from the laser-ablated samples and the samples directly heated at
200 °C. The results suggest that the fluorescent emission from the laser ablated tissue could
be dominated by the tissue regions heated to about 200 °C.
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Fig. 3. Fluorescence properties of biological tissues and protein heated at 200 °C. (a) Mouse
skin, (b) muscle, (c¢) brain tissue and (d) albumin. Left column: single-photon excited (370 nm
to 440 nm) fluorescence emission spectra; middle column: two-photon excited (740 nm to 880
nm) fluorescence emission spectra; right column: single- and two-photon excited fluorescence
lifetimes. Error bars represent + SD.

During laser ablation, the heat diffusion process produces a temperature gradient from the
laser focal spot, the heating center, to its surrounding region. We measured the fluorescence
properties of the laser ablated samples at different distances away from the laser heating
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center and compared them with those measured from the samples thermally heated at
different temperatures. As representative results, the properties of two-photon excited
fluorescence from the laser-ablated and thermal-treated albumin samples are shown in Fig. 4.
As can be seen in Fig. 4(a), although the temperature in tissue should decrease monotonically
with the increase of distance away from the focal point of ablation laser due to the nature of
heat diffusion, the intensity of fluorescence measured from the heating center was much
lower than the surrounding region. Specifically, the signal intensity reached to the peak at the
distance about 1.88 pm away from the laser focal point. This is consistent with the results
from the thermally treated sample displayed in Fig. 4(d). The fluorescence intensity measured
from the sample heated at high temperature (> 300 °C) were much lower than that heated at
moderate temperature (~200 °C). The further analysis revealed that the fluorescence signal
measured from the location close to the laser focal point had an obvious redshift and shorter
lifetime (Fig. 4(b-c)), comparable to the sample thermally treated at a high temperature over
300 °C (Fig. 4(e-f)). However, the fluorescence spectrum and lifetime measured at 1.88 pm
away from the laser focal point where the fluorescence intensity reached to peak was similar
to those measured from the sample heated at 200 °C. In addition, the study with the laser-
ablated and thermal-treated tissue samples also produced the similar results and the details are
presented in Appendix Fig. 15. Based on the strong evidences, a conclusion can be drawn that
the new fluorescent compounds originate from the laser heating effect and their major
distributions are in the regions of heating temperature around 200 °C. Finally, it should be
noted that we did not conduct the similar study with the single-photon fluorescence
spectroscopy because the axial resolution of the homemade confocal system (~3.5 um) was
not adequate to reject the interference from the out-of-focus signals.
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Fig. 4. Two-photon excited fluorescence properties of laser-ablated and thermal-treated
albumin samples (740 nm excitation). Fluorescence intensity (a), spectra (b) and lifetimes (c)
of the laser ablated albumin sample measured at different distances away from the focal point
of ablation laser. Inset of (a) shows the image of laser ablated albumin sample (ablation laser
power: 250 mW, details in Fig. 1). The fluorescence properties (intensities, spectra and
lifetimes) were averaged along the dashed line and moved downwards from the center of laser
ablation line. Fluorescence intensity (d), spectra (e) and lifetimes (f) of albumin sample heated
at different temperatures. * The fluorescence decay curves are the same as system response
(~200 ps), meaning that the lifetimes are much shorter than 200 ps. Error bars represent + SD.

3.2 Raman spectroscopy and transmission electron microscopy

To identify the laser induced chemical changes in biological tissues, we first conducted
Raman spectroscopy of the samples before and after laser ablation. As can be seen from the
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Raman spectra shown in Fig. 5, the original tissue samples before ablation showed two strong
Raman peaks corresponding to CHj stretching (2930 cm™) and amide I vibration (1650
cm™"), which are the signatures of protein molecules. After laser ablation, two strong peaks
appeared at 1356 cm™' and 1600 cm™ in the Raman spectra of all samples, corresponding to
the D and G bands of carbon materials. The D-mode vibration in carbon materials is from the
sp> defect structure, and the G-mode is due to the E,, in-plane vibration of sp® carbon [14].
These two Raman bands of carbon provide direct evidence that the femtosecond laser ablation
process can induce carbonization in tissue, which has been reported in both biological tissues
[15] and organic polymers [16,17].
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Fig. 5. Normalized Raman spectra of (a) mouse skin, (b) muscle, (c) brain tissue and (d)
albumin before (blue line) and after (red line) laser ablation.

In the Raman spectroscopy study of thermally treated samples, we found that Raman
spectra of samples heated at 100 °C, 200 °C and 300 °C did not show any Raman features of
D and G bands. However, strong D and G bands appeared in the Raman spectra measured
from all samples heated at 400 °C (Appendix Fig. 16). The results indicate that carbonization
only occurs at high temperature, consistent with previous work which reported that protein
can be carbonized when heated at temperatures higher than 350 °C [18]. However, the fully
carbonized tissue by thermal treatment does not contribute to fluorescence emission because
the fluorescence intensity measured from the samples heated at 400 °C is low and negligible
in comparison with the samples heated at 200 °C (Fig. 2).

Recently, a new kind of highly fluorescent nanomaterial known as carbon dots has been
reported [19-21]. Although their photoluminescence mechanisms are not fully understood,
the carbon dots exhibit properties similar to highly fluorescent quantum dots. It has been
reported that the carbon dots could be produced from the carbonization of many organic
materials, such as carbohydrates [22], polymers [10], and proteins [8]. To address whether
carbon dots were formed during laser ablation or thermal heating, we studied the
nanostructures of all laser-ablated and thermal-treated samples using the high-resolution
transmission electron microscopy (TEM). The representative results are shown in Appendix
Fig. 17. As can be seen, the TEM images demonstrate that both laser-ablated and thermal-
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treated samples were dominated by amorphous bulk structures. When the heating temperature
was higher than 300 °C, several amorphous nanoparticles were indeed observed in the
biological tissues as shown in Fig. 6(a). However, as demonstrated in Fig. 6(b-c), the energy-
dispersive X-ray (EDX) spectroscopy of the samples clearly confirmed that these amorphous
nanoparticles were abundant with phosphorus and metals (e.g., magnesium and potassium),
indicating that they could belong to phosphate salts. Therefore, we conclude that the
fluorescent compounds are not carbon dots produced in carbonization. Based on the study of
Raman spectroscopy and TEM, the fully carbonized tissue is not fluorescent and the
carbonization process induced by laser ablation does not produce fluorescent carbon dots in
tissue. This explains that in the fluorescence image of ablated tissue the region close to the
focal point, where laser heating temperature reached to the maximal level, appears dark in
comparison with surrounding regions (Fig. 1 and Appendix Fig. 10).

(a) (b)

Counts

Energy (keV)

©

Counts

Pp 3

20 30 40
Energy (keV)

Fig. 6. TEM image and its EDX spectra in skin tissue heated at 400°C. (a) TEM image of
several amorphous nanoparticles. (b) The EDX spectrum of an amorphous nanoparticle (red
arrow head in (a)). (c) The EDX spectrum of amorphous bulk areas. Cu signals in (b) and (c)
are from the copper grid used in the TEM measurement.

3.3 Maillard reaction

In heating experiments, the samples become browning first before carbonization with the
increase of heating temperature (Appendix Fig. 18). Browning of heated tissue is a signature
process attributed to the Maillard reaction that was first discovered in the mixture of sugar
and amino acids. The most important functional groups in this reaction are carbonyl and
amino group [23]. Briefly, the first step of Maillard reaction is condensation between
carbonyl and amino group to form a Schiff base [23]. A variety of reactions then occur,
forming the brown and fluorescent products such as melanoidins [24]. In addition, it was
reported that carbonyl group, one of key reactants in Maillard reaction, can also be directly
generated from proteins via thermal oxidation at the temperature over 180 °C [9], meaning
that the amino group in proteins can react with their own carbonyl oxidation products to form
the fluorescent compounds via Maillard reaction. In summary, the carbonyl group required by
Maillard reaction are present in various sugars in tissues and can be also produced in
thermally heated proteins. Although the detailed reactions are still not fully understood and
the structures of fluorescent products have not been clearly identified [23,25], we hypothesize
that the fluorescent compounds produced in the laser-ablated and thermal-treated samples
could be directly related to the fluorescent products of Maillard reaction.

Amino acids are the basic building blocks of proteins in tissue. To explore which amino
acids play an important role in the formation of fluorescent compounds via Maillard reaction,
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we directly heated the samples of four amino acids: lysine, serine, glycine, and tryptophan,
respectively. They are the representatives of amino acids with polar charged, polar uncharged,
nonpolar aliphatic and nonpolar aromatic side group [26]. We found that among these four
amino acids, lysine and serine became browning after thermal treatment at 200 °C (Appendix
Fig. 19(a)), but only lysine was highly fluorescent (Appendix Fig. 19(b-c)). The results are
consistent with other work that lysine had the strongest fluorescence emission among 20
amino acids after heated at 180 °C [9]. This also confirms that Maillard reaction of certain
amino acids can occur without presence of sugar with carbonyl group. In addition, we found
that the fluorescence properties of 200 °C heated lysine sample shown in Fig. 7 were similar
to the those measured from laser-ablated and 200 °C heated biological samples.
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Fig. 7. Fluorescence properties of lysine heated at 200 °C. (a) Single-photon excited (370 nm
to 440 nm) fluorescence emission spectra; (b) two-photon excited (740 nm to 880 nm)
fluorescence emission spectra; (c) single- and two-photon excited fluorescence lifetimes. Error
bars represent + SD.

Next, we studied the effect of sugar on Maillard reaction and fluorescence emission of the
reaction products. Glucose, the most abundant sugar in tissues in general, was used as the
representative sugar in this study. We first heated the glucose and albumin at 100 °C. Both
samples remained the same color and was not fluorescent (Fig. 8(a)). However, when the
mixture of glucose and albumin was heated under the same condition, the sample became
dark brown (Fig. 8(a)), similar to pure albumin sample was heated at 200 °C. The results
indicate that the Maillard reaction occurred. The heated mixture became highly fluorescent,
and the fluorescence intensity was comparable to the intensity of pure albumin heated at 200
°C (Fig. 8(b)). As shown in Fig. 9(a), the fluorescence emission spectra of the Maillard
reaction products in the mixture of glucose and albumin also exhibited the excitation
dependence via single-photon excitation and a large difference between single- and two-
photon excitation, especially for short-wavelength excitation. Moreover, the fluorescence
lifetimes were approximately 1.3 ns. All the fluorescence properties were similar to the
directly heated samples at 200 °C and laser ablated samples.
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Fig. 8. (a) Photos of albumin, glucose and their mixture heated at different temperatures; (b)
fluorescence intensity of albumin and glucose mixture heated at 100 °C. The single-photon
(440 nm) and two-photon (880 nm) excited fluorescence intensities are normalized to the
intensities of albumin heated at 200 °C, respectively. Error bars represent SD.
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Fig. 9. Fluorescence properties of (a) mixture of albumin and glucose heated at 100 °C; (b)
mixture of lysine and glucose heated at 65 °C. Left column: single-photon excited (370 nm to
440 nm) fluorescence emission spectra; middle column: two-photon excited (740 nm to 880
nm) fluorescence emission spectra; right column: single- and two-photon excited fluorescence
lifetimes. Error bars represent = SD.

We conducted similar experiments on the mixtures of amino acids and sugars.
Specifically, four amino acids (lysine, serine, glycine, and tryptophan) were mixed with
glucose respectively. Each mixture sample was then heated to different temperatures for
fluorescence measurement. Except tryptophan, all other three amino acids mixed with glucose
became brown and highly fluorescent after heated blow 100 °C (Appendix Fig. 20). The
reason why tryptophan samples could not become fluorescent as other amino acids is
unknown. As a representative result, the fluorescence properties of lysine and glucose mixture
heated at 65 °C are shown in Fig. 9(b). The results demonstrate that sugar of carbonyl group
can significantly enhance the Maillard reaction of proteins/amino acids and increase the
production efficiency of fluorescent compounds at low heating temperature. Finally, in the
study of browning process in protein and tissue samples, we found that the browning in
biological tissues can start at a temperature as low as 100°C while the browning of pure
protein requires the temperature close to 200 °C (Appendix Fig. 18). This should be due to the
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fact that tissue is not only rich in protein, but also contains sugar with reactive carbonyl
group. The sugar can directly react with amino group in the protein via Maillard reaction
resulting in the tissue browning at lower temperature.

4. Discussion and conclusion

In this work, we investigated the formation mechanism of new fluorescent compounds
produced by femtosecond laser surgery in biological tissues. The experimental results
demonstrate that they are produced via thermal effect based on post-pulse or pulse-interval
thermal accumulation from the ablation laser of MHz repetition rate, instead of any
photochemical process. We characterized the fluorescence properties of laser ablated and
thermally heated biological samples including tissues and protein using the single-photon
confocal and two-photon fluorescence spectroscopy. Our findings show that the laser-ablated
and thermal-treated samples exhibit similar spectral and temporal fluorescence properties.
Particularly, the fluorescence of laser ablated samples should be dominated by the signals
from the region heated to about 200 °C. The appearance of D and G carbon bands in the
Raman spectra indicates that carbonization occurs in the ablation process when laser power is
at high level. This results in a dark region near the focal point. The TEM study confirms that
the laser produced fluorescent compounds are not from highly fluorescent nanostructures.
Finally, the findings of our study indicate that the fluorescent compounds are likely formed
via Maillard reaction.

Although the detailed reaction process and fluorescent mechanisms remains unknown, the
fluorescent centers of these compounds may be conjugated fluorophores produced via
Maillard reaction. A recent study reported that even the degree of carbonization is very low
when organic materials are heated at about 200 °C, there could be sufficient energy to
crosslink chemical bonds to produce a new type of fluorescent compound [27]. The
fluorescent compounds could be formed via crosslink from non-fluorophore units (called sub-
fluorophores), such as C = O, C = N and N = O groups, instead of via typical conjugated
fluorophore groups. The photoluminescence in sub-fluorophore is normally low, but can be
increased through the chemical crosslinking or physical immobilization of polymer chains,
which is named as the crosslink-enhanced emission (CEE) effect [27]. More recent
experimental evidences also demonstrated that cocoon silk [28], glucose and glycine [29], and
chitosan [30] can become fluorescent after heated at ~200 °C. Therefore, the crosslink of sub-
fluorophores with the CEE effect could be responsible for the fluorescence emission from the
laser-ablated biological samples. Further chemical analysis is required to identify the exact
molecular structures of the new fluorescent compounds.

Appendix

Fig. 10. Fluorescence image (740 nm excitation and 400-600 nm detection) of laser-ablated
muscle tissue. The laser ablation was performed using a 740 nm femtosecond laser (250 mW)
focused at a fixed point for 2 seconds. Field of view: 35 um X 35 pm.
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Fig. 11. Fluorescence properties of biological tissues and protein before laser ablation and
heating treatment. (a) Mouse skin, (b) muscle, (c) brain tissue and (d) albumin. Left column:
single-photon excited (370 nm to 440 nm) fluorescence emission spectra; middle column: two-
photon excited (740 nm to 880 nm) fluorescence emission spectra; right column: single- and
two-photon excited fluorescence lifetimes. Error bars represent + SD.




search Article

.9, No. 7|1 Jul 2018 | BIOMEDICAL OPTICS EXPRESS 3386

Biomedical Optics EXPRESS

(a) Skin L 370 385 400 415 430 445
8 1.0 8 1.04 - . 2700] = _Lifetime(Single-photon)
= {

Soa 8 0 2400 {

8 8 " 2100

S 0.6+ S 0.6 g 1800

= = o 1500] { .

8 0.4 |—a— 370nm EX' 8 0.44 g 12004 g

N |—e—385nm EX N £ g00] " i x

[} —a—400nm EX ] e}

E0.2 48 EX £ 0.2 600

S —<—430nm EX o 300 SR T |

z [=>—440nm EX| z —>—2880nm EX| = Lifetime(Two-photon)
0.0 T T T T T T 0.0-4— T T T T T T 0 T T T T T

420 450 480 510 540 570 600 420 450 480 510 540 570 600 740 770 800 830 860 890
Emission Wavelength (nm) Emission Wavelength (nm) Excitation Wavelength (nm)

(b) Muscle Lo 370 385 400 415 430 445
§1-° b § 1.04 2700] = Lifetime(Single-photon) |
Bos 80354 2400
3 8 = 2100
Soe S 0.6 g 1800
= = o 1500 } i
Rl > o £ 3] i i
0.4 —=—2370nm EX D 0.4 = 1200 i i E
N —e—3850m EX 8 £ 900 3 i .

[} —a—400nm EX o] = L
Eo.2- ——4150m EX £ 0.2 600 ]
S ——430nm EX S
z |—>— 440nm EX b4 —»—880nm EX 300 = Uietme(Twophaton) ]
0.0 . : : x ; , 0.0l , r r , r : ol - . : . -
420 450 480 510 540 570 600 420 450 480 510 540 570 600 740 770 800 830 860 890
Emission Wavelength (nm) Emission Wavelength (nm) Excitation Wavelength (nm)

(C) Brain Lo 370 385 400 415 430 445
§1'°' § 1.0 2700] = Lifetime(Single-photon) |
8o 2 0.8 2400] i
n 0 4
3 8 - 2100 i
S 0.6 S 0.6 3 18004 i
= = o 15004 i
8 0.4 [—=—370nm EX; 8 0.44 § 12004 ¥ L N 2 N i
N |—e—3850m EX N £ g00]

) (—a— 400nm EX| [ i |
E0.2 |—v—415nm EX £ 0.2 600]
o [=—<—430nm EX o
z —>— 440nm EX. z —>—880nm EX| 3007 = Lifetime(Two-photon)
0.0 T T T T T T 0.0-1— T T T T T T 01— T T T T T
420 450 480 510 540 570 600 420 450 480 510 540 570 600 740 770 800 830 860 890
Emission Wavelength (nm) Emission Wavelength (nm) Excitation Wavelength (nm)

(d) Albumin Lo 370 385 400 415 430 445
8 109 Vo 3 1.0 2700] * { = Lifetime(Single-photon) |
| =1  —

B 0.8 2 0.8 2400 .

8 8 - 2100

So.- S 0.6 2 1a00q § i { i

= = o 1500 .

° o

0.4 —=—370nm EX| D 0.4 g 12004

N —e—385nm EX = £ 900

[ —a— 400nm EX [ )

E0.2 —v— 415nm EX € 0.2 600

S —<—430nm EX| ] 300 s e |

z —»— 440nm EX z —»—880nm EX| = Lifetime(Two-photon)
0.0 0.0 0l ; - r e —

420 450 480 510 540 570 600 420 450 480 510 540 570 600 740 770 800 830 860 890
Emission Wavelength (nm) Emission Wavelength (nm) Excitation Wavelength (nm)

Fig. 12. Fluorescence properties of biological tissues and protein heated at 100 °C. (a) Mouse
skin, (b) muscle, (c) brain tissue and (d) albumin. Left column: single-photon excited (370 nm
to 440 nm) fluorescence emission spectra; middle column: two-photon excited (740 nm to 880
nm) fluorescence emission spectra; right column: single- and two-photon excited fluorescence
lifetimes. Error bars represent = SD.
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Fig. 13. Fluorescence properties of biological tissues and protein heated at 300 °C. (a) Mouse
skin, (b) muscle, (c¢) brain tissue and (d) albumin. Left column: single-photon excited (370 nm
to 440 nm) fluorescence emission spectra; right column: two-photon excited (740 nm to 880
nm) fluorescence emission spectra. The fluorescence decay curves are the same as system
response (~200 ps), meaning that the lifetimes are much shorter than 200 ps. Error bars
represent + SD.
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Fig. 14. Two-photon excited (740 nm to 880 nm) fluorescence emission spectra of biological
tissues and protein heated at 400 °C. (a) Mouse skin, (b) muscle, (c) brain tissue and (d)
albumin. The signals via single-photon excitation were too weak to be detected. The
fluorescence decay curves are the same as system response (~200 ps), meaning that the
lifetimes are much shorter than 200 ps. Error bars represent + SD.
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Fig. 15. Two-photon excited fluorescence properties of laser-ablated and thermal-treated
mouse muscle tissue (740 nm excitation). (a) Fluorescence intensity as a function of distance
from the focal spot of ablation laser (Inset shows the image of laser ablated muscle tissue and
details are shown in Fig. 10). Fluorescence spectra (b) and lifetimes (c) of the laser ablated
muscle sample measured at different distances away from the focal point of ablation laser.
Fluorescence intensity (d), spectra (e) and lifetimes (f) of the muscle sample heated at different
temperatures. *The fluorescence decay curves are the same as system response (~200 ps),
meaning that the lifetimes are much shorter than 200 ps. Due to the inhomogeneity of heat
diffusion in muscle tissue, the laser produced fluorescent compounds are not as even
distributed as in albumin sample (Fig. 4). In addition, endogenous fluorophores such as NADH
caused interference to the characterization of fluorescence properties in the region far from the
heating center. This results in that fluorescence properties in the region far away from the
heating center are not identical to the low temperature heated samples (100 °C). Error bars
represent + SD.
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Fig. 16. Raman spectra of mouse skin, muscle, brain tissue and albumin heated at 400 °C.
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Fig. 17. TEM images of (a) skin, (b) muscle, (c) brain tissue and (d) albumin heated at 200 °C.
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Fig. 18. Photos of biological tissues and albumin heated at different temperatures.
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Fig. 19. Photos and fluorescence intensities of amino acid samples heated at different
temperatures. (a) Photos of amino acid samples; (b) single-photon (440 nm) excited
fluorescence intensities; (c) two-photon (880 nm) excited fluorescence intensities. All single-
and two-photon fluorescence intensities are normalized to the intensities of albumin heated at
200 °C respectively. Error bars represent = SD.
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Fig. 20. Photos and fluorescence intensities of amino acid and glucose samples heated at
different temperatures. (a) Photos of samples heated at different temperatures; (b) single-
photon (440 nm) excited fluorescence intensities; (c) two-photon (880 nm) excited
fluorescence intensities. All single- and two-photon fluorescence intensities are normalized to
the intensities of albumin heated at 200 °C respectively. Error bars represent + SD.

Funding

Hong Kong Research Grants Council (662513, 16103215, 16148816, T13-607/12R, AOE/M-

09/12, C6002-17G); Hong Kong University of Science & Technology (RPC10EG33).

Disclosures

The authors declare that there are no conflicts of interest related to this article.





