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Abstract: We report a mechanistic analysis of photodamage in coherent
anti-Stokes Raman scattering (CARS) microscopy. Photodamage to the
myelin sheath in spinal tissues is induced by using the point scan mode and
is featured by myelin splitting and shockwaves with broadband emission.
Our measurement of photodamage rate versus the excitation power reveas
that both linear and nonlinear mechanisms are involved. Moreover, we
show that vibrational absorption induced by coherent Raman processes
significantly contributes to the nonlinear damage at high peak powers. For
CARS imaging of cultured cells, the photodamage is characterized by
plasma membrane blebbing and is dominated by a second order mechanism.
Our study suggests that for dense samples such as the myelin sheath, CARS
imaging induced photodamage can be minimized by using laser beams with
relatively long near |R wavelengths and a repetition rate of afew MHz. For
less dense samples such as cultured cells, laser pulses of higher repetition
rates are preferred.
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OCIS codes: (350.1820)Damage; (190.7110)Ultrafast nonlinear optics; (180.5810)Scanning
microscopy.
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1. Introduction

Nonlinear optical (NLO) imaging techniques including two photon excitation fluorescence
(TPEF) [1, 2], second harmonic generation (SHG) [3, 4], and coherent anti-Stokes Raman
scattering (CARS) microscopy [5], have opened a new window for 3D imaging of biological
samples. Among these tools, CARS microscopy permits molecular imaging without any
labeling [6-16]. CARS s a four-wave mixing process in which the interaction of a pump field
Ex(wp) and a Stokes field Efws) with a sample generates an anti-Stokes field E at frequency
205w [17, 18]. The CARS signal is significantly enhanced when wp—os is tuned to a Raman
band, creating the vibrational contrast. The coherent addition of CARS fields from the
vibrational oscillators in the focal volume results in a large signal, permitting molecular
imaging with a high speed. CARS microscopy has been used to study a broad range of
biological samples including lipid bilayers [19-21], lipid droplets [22], skin [23], biological
water [24, 25], myelin figures [26], and neuronal myelin sheath [27].

Ultrashort laser pulses with high peak power are needed for efficient signal generation in
NLO microscopy. The strong intensity at the focal center may generate plasma through multi-
photon processes and destruct the biological sample [28, 29]. TPEF studies of cells with
femtosecond (fs) laser pulses [30, 31] suggested that two-photon electronic absorption was
the main photodamage mechanism at low excitation powers and higher order processes might
occur at larger excitation powers [32]. So far no photodamage study has been reported for
CARS microscopy. The photodamage mechanisms in CARS microscopy could be different
from those in TPEF microscopy for the following reasons. First, fs pulses are widely used in
TPEF imaging, while CARS imaging usually uses picosecond (ps) pulses because their
spectral width matches most Raman bands [8]. Second, vibrational absorption occurs in
CARS microscopy through coherent Raman processes [33], which may contribute to
additional damage.

The goa of this paper is to characterize the photodamage in CARS microscopy and
further identify the optimal laser parameters to minimize it. One biological sample used in our
study was isolated spinal cord white matter segment containing largely myelinated axons.
Axona myelin contains a large content of lipids (70% of dry weight) [34]. The high-density
CH, groups in myelin produce a large resonant CARS signal at symmetrical CH, stretching
frequency of 2840 cm™. Recently we have applied CARS microscopy to image axonal myelin
of live spinal tissuesin its natural state [27]. Under the normal scan speed of 1.1 second/frame
and laser repetition rate of 3.9 to 7.8 MHz, very little photodamage was observed during
CARS imaging. To intentionally induce damage to the myelin sheath, we used the point scan
mode of the microscope in which the foci of two excitation beams were fixed on the sample
during scanning. The photodamage rate, defined as the inverse of the time needed to induce
damage, was measured to analyze the effects of various parameters including laser power,
Raman shift, excitation wavelengths, and repetition rate. The phenomena and mechanisms of
photodamage in CARS imaging of live cells have also been studied.

2. Materials and methods

2.1 Sample preparation

Fresh spinal cord samples were prepared following the procedurein [27]. The isolated ventral
white matter strip from guinea pig was mounted on a chambered glass coverslip and kept in
oxygen bubbled Krebs' solution (NaCl 124 mM, KCl 2 mM, KH,PO, 1.2 mM, MgSO, 1.3
mM, CaCl, 2 mM, dextrose 10 mM, NaHCO; 26 mM, and sodium ascorbate 10 mM).
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2.2 CARS microscopy

A schematic of our microscope can be found in [27]. The pump and Stokes laser beams were
generated by two tightly synchronized (Sync-Lock) ps Ti:sapphire oscillators (Mira 900,
Coherent Inc., Santa Clara, CA). The pump and Stokes laser wavelengths were about 704 nm
and 880 nm, respectively, with a pulse width of 2.5 ps. A Pockels' cell was placed in the laser
beams to reduce the repetition rate. The laser beams were collinearly combined and directed
into a laser scanning confocal microscope (FV300/1X70, Olympus America Inc., Melville,
New York). A 60X water immersion objective (numerical aperture (NA)=1.2) was used to
focus the excitation beams into the sample. The forward-detected CARS (F-CARS) signal
was collected by an air condenser (NA=0.55), while the epi-detected CARS (E-CARS) signd
was collected by the same water immersion objective. Both E-CARS and F-CARS signals
were detected with photomultiplier tubes. All experiments were conducted a room
temperature of 22°C.

3. Resultsand discussion
3.1 Photodamage in CARSimaging of myelin sheath

Fig. 1. CARS images of myelin sheath in spinal tissue. (a) Normal myelin sheath wrapping five
parallel axons labeled as“ax”. The middle axon displays a node of Ranvier (NR). Bar = 10 um.
(b) A Schmidt-Lanterman incisure. Bar = 5 um. The images in (a-b) were acquired with the
peak pump and Stokes power of 323 W and 129 W, respectively. (c) E-CARS image of a
damaged site acquired after x-y scanning for 22 s. (d) E-CARS and (€) F-CARS images of the
same damaged site as in (c) acquired after x-y scanning for 25 s. The damage shown in (c-€)
was induced with peak pump and Stokes power of 74 W and 60 W, respectively. f = 39 MHz.
Bar =5 um for images (c-€).

With og—as tuned to the peak of the CH, vibration band at 2840 cmt the myelin sheath
displays high contrast in both F-CARS and E-CARS images [27]. Fig. 1(a) shows five parallel
axons wrapped by compact myelin sheath. A node of Ranvier was observed in the middle
axon. With a lateral resolution of 0.28 um and an axial resolution of 0.70 um [27], the lateral
loops in Schmidt-Lanterman incisure were clearly resolved (Fig. 1(b)). These high quality
images were acquired with an average of 3 scans at a speed of 1.1 second/frame. The laser
repetition rate was 7.8 MHz and the average power in the sample was about 8.8 mW. No
photodamage was observed under these conditions.
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When the laser excitation power was increased to a certain degree and the scan time was
long enough, photodamage could be observed. Fig. 1(c) and (d) show the E-CARS images of
a damaged site after continuous scanning for 22 s and 25 s, respectively. The average power
was 13 mW. The damage was characterized by bright ring-shape emission expanding with
time. In the epi-channel, this emission could be detected with filters of different transmissions
and with only one excitation beam, indicating that it is a broadband luminescence. The
damaged site appeared as adark hole in the F-CARS image (Fig. 1(e)) because of the low NA
of the air condenser used for forward detection.

This kind of photodamage featured by shockwaves and cavitation is referred as
photodisruption [35]. Under high laser power density (~2 x 10 W/cm? in our case), one- and
multi-photon processes could ionize the tissue and generate a plasma [36] which could break
chemical bonds and induce localized ablation [28]. The high-density plasma strongly absorbs
laser energy and generates shockwaves which disrupt the tissue by a mechanical impact [35].
The collision of free electrons with atoms and ions or recombination of electrons and ionsin
plasma leads to continuum emission [37].

3.2 Point scan induced photodamage

0 5 10 15 20 0 5 10 15 20 25
Time (s) Time (s)

Fig. 2. CARS images of single myelin sheath before and after photodamage induced by point
scanning. The x-y imaging and point scanning were carried out at the same condition. (a-b)
results with high peak power of the pump (308 W) and Stokes (149 W) beams. f = 0.65 MHz.
(e) Intensity trace of point scanning at the position indicated by the red star in (a). (c-d) results
with low peak power of the pump (38 W) and Stokes (19 W) beams. f = 15.6 MHz. (f)
Intensity trace of point scanning at the position indicated by the red crossin (c). For all images,
bar =5 um.

In the point scan mode the laser foci were fixed on the myelin sheath, and the E-CARS
intensity from the foci was recorded as a trace over time. The photodamage induced by point
scanning tore the myelin sheath apart (Fig. 2(b, d)) and the signal at the focal point dropped
abruptly (Fig. 2(e, f)). The phenomena of damage were found to be dependent on the pulse
peak power and the repetition rate f. At f = 0.65 MHz and high peak powers (pump: 308 W;
Stokes: 154 W), the damage was featured by myelin splitting (Fig. 2(b)). The damage was
probably initiated by plasma induced ablation [28, 35], following which the plasma further
absorbed laser power, expanded, and split the myelin. At f = 15.6 MHz and relatively low
peak powers (pump: 38 W; Stokes: 19 W), bursts of signal after initial damage were observed
in addition to myelin splitting, as shown in the E-CARS image (Fig. 2(d)) and the intensity
trace (Fig. 2(f)). Because the average laser power used at f = 15.6 MHz was 3 times higher
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than the power used at f = 0.65 MHz, the plasma could absorb more laser power and produce
bursts of emission.

Using the point scan mode we were able to induce photodamage to the myelin sheath
repeatedly with specific laser powers and repetition rate. In the following, we use this method
to study the mechanisms underlying the observed photodamage and determine the optimal
experimental parameters for CARS imaging. We measure the photodamage rate under
different conditions to dissect the roles of various laser parameters in the induction of
photodamage. The photodamage rate (R) is defined as the inverse of the time (t) from scan
start to the initial intensity dropping (Fig. 2(e, f)). The average photodamage rate of at least
ten measurements was obtained under each experimental condition.

3.3 Dependence of photodamage rate on excitation power

We first measured the photodamage rate at different excitation powers to determine the order
of the damages. It has been claimed that the photodamage rate R is related to the laser peak
power P, by R Prfz, where f is the repetition rate; 7 is the laser pulse width; n is the order

of underlying mechanism [30]. The measured dependence of photodamage rate on the total
excitation power is shown in Fig. 3. In this experiment, the ratio of pump to Stokes power was
kept at 3.2. f was kept at 3.9 MHz. With the total peak power in the range of 97 to 219 W, the
measured photodamage rate increased nearly linearly with the total excitation peak power
with n = 1.10. With the total peak power in the range of 219 to 363 W, n was increased to
1.81. These results indicate the involvement of both linear and second order damages.
Additionally, using a 705 nm continuous-wave (CW) laser beam with an average power of
11.5 mW, we could also induce similar damage on the myelin sheath by the point scan mode,
further supporting the existence of linear damage.

0.5

_. 00

k)

c

g-05

10— : : .
2.0 2.2 2.4 2.6
Log(P,(W))

Fig. 3. Dependence of photodamage rate on the total excitation peak power on the sample. f = 3.9 MHz.
The power ratio of pump to Stokes lasers was kept constant at 3.2. The peak power of the pump and
Stokes beams were adjusted from 74 W to 277 W and from 23 W to 86 W, respectively.

Both linear and nonlinear damages have been reported in the literature. One-photon
absorption was suggested to be responsible for the linear damage observed in optical trap
study of cells with 870 nm or 1064 nm CW lasers [38]. Photodamage was found to associate
with the linear absorption of melanin granules in two-photon skin imaging [39]. Two-photon
absorption was suggested as a major second order mechanism for damage in TPEF
microscopy using ultrashort near IR laser sources [30-32, 40]. For example, n = 2.5 was
obtained in the TPEF imaging study of bovine adrenal chromaffin cells with a 190 fs laser
source [30]. In our CARS setup both laser sources had a pulse width of 2.5 ps. Therelatively
lower pulse peak power could account for the coexistence of both linear and nonlinear
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damage in our CARS experiments. In addition, as shown below, we have identified a new
second order photodamage mechanism that results from coherent Raman induced vibrational
absorption.

3.4 Coherent Raman induced photodamage

In CARS microscopy various coherent Raman processes including CARS, coherent Stokes
Raman scattering, stimulated Raman gain (SRG), and stimulated Raman loss (SRL) occur
simultaneously [18]. Recently Wang et al. have shown that coherent Raman processes can
induce vibrational absorption in the sample in the presence of Raman resonance [41]. The
absorption is principally caused by SRG and SRL due to their heterodyne nature. Accordingly
the absorbed power is proportional to the product of the pump and Stokes laser power.
Calculations have shown that tight focusing of the incident beams with a high NA objective
further enhances this Raman-induced absorption to 0.01% of the input power which is large
enough to cause photodamage [41].

The coherent Raman induced damage has been confirmed by our experiment. We fixed
the pump laser wavelength and peak power at 701nm/338 W. The Stokes laser has a fixed
peak power of 202 W while its wavelength was 843 nm, 857 nm, 875nm and 888 nm for the
Raman shift of 2400 cm?®, 2600 cm®, 2840 cm™ and 3000 cm®, respectively. The
photodamage rate a Raman resonance (2840 cm™) was two times of that off Raman
resonance (Fig. 4(a)). Based on the wavelength dependence study in the next section, longer
wavelength laser induces less damage. Therefore, we attribute the enhanced photodamage at
2840 cm™* to Raman resonance enhanced absorption but not the variation of the Stokes laser
wavelengths.

In another experiment with f = 15.6 MHz and low peak powers (pump: 32 W; Stokes: 19
W), the photodamage rate was found to be the same either on or off Raman resonance (Fig.
4(b)) These results indicate that with high peak powers coherent Raman induced absorption
significantly contributed to the damage, while with low peak powers it was reduced to a
negligible level. Because both second order processes including coherent Raman induced
vibrational absorption and two-photon electronic absorption were suppressed simultaneously,
linear photodamage prevailed in the low peak power region, as shown in Fig. 3.

N
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©
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© ©
§ &
o o
0 0.0

"72400 2600 2840 3000 T 72600 2840 3000
Raman shift (cm™) Raman shift (cm™)

Fig. 4. Dependence of photodamage rate on the Raman shift. The pump wavelength was fixed at 701 nm
and the Stokes beam was tuned to generate different Raman shifts. (a) Significant dependence observed
with high peak powers of pump (338 W) and Stokes (203 W) beams at f = 1.3 MHz. (b) No dependence
observed at low peak powers of pump (32 W) and Stokes (19 W) beams at f = 15.6 MHz.

To minimize the damage in CARS imaging of myelin sheath, below we study the
dependence of the photodamage rate on the excitation wavelength and repetition rate.
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3.5 Dependence of photodamage rate on excitation wavel ength

In our CARS imaging experiments, the pump and Stokes wavelengths were around 704 and
880 nm, respectively. To determine which laser beam was more prominent in the
photodamage processes, we varied the pump to Stokes power ratio from 0.37 to 2.0 and
measured the corresponding photodamage rate. The experiments were performed at f = 3.9
MHz. Thetotal average power was adjusted to maintain a constant CARS signal from myelin
sheath. The photodamge rate with pump to Stokes power ratio of 2 was found to be 3.68 times
of that with the power ratio of 0.37 (Fig. 5(a)). Because the CARS signal has a quadratic
dependence on the pump power and a linear dependence on the Stokes power, for a larger
pump to Stokes power ratio the total power was decreased to keep the CARS signal invariant.
Thus, a larger pump to Stokes power ratio accelerated the photodamage although the total
power was lowered. Similar result was observed in optical traps, wherein shorter wavelength
NIR beamsinduced cell damage more efficiently [42].

We have aso studied the wavelength dependence of linear photodamage rate with a
single excitation laser on myelin sheath. Based on Fig. 3, we fixed the laser peak power a 50
W on the sample, so that linear mechanism dominates photodamage. The laser repetition rate
was 39 MHz. Point scan was till used to induce photodamage. As no CARS signa was
generated with a single excitation beam, the bright plasma emission was used to identify the
onset of photodamage. We found that the myelin could be damaged within one minute with
<760 nm excitation, however with wavelengths from 780-880 nm we could no longer see
photodamage within 5 min. Because the water absorption is known to be peaked at 740, 840
and 970 nm, our results suggest that water absorption plays little role in linear photodamage
of myelin sheath.

Our observations indicate that excitation with longer wavelengths helps to photodamage
in CARS microscopy. On the other hand, the use of longer wavelengths lowers the image
resolution and may increase linear absorption of water. This tradeoff must be considered to
acquire good image quality and minimize the photodamage at the same time.

o
fee)
Q
N
(op

Damage rate (s™)
¢ o ¢
o i :
Damage rate (s™)
=

o

1:267 12 1.1 21 ) 1 4 10 40
1/l Repetition rate (MHz)
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Fig. 5. (a) Dependence of photodamage rate on the pump to Stokes power ratio under the
condition of constant CARS signal. f = 3.9 MHz. (b) Dependence of photodamage rate on the
repetition rate under the condition of constant CARS signal. The power ratio of pump to Stokes
was fixed at 2. f was varied from 0.65 to 39 MHz. To maintain the same CARS signal at
different repetition rates, the pump peak power was changed from 286 W to 52 W and the
Stokes peak power from 143 W to 26 W accordingly.

3.6 Dependence of photodamage rate on repetition rate

Under the condition of constant CARS signal and fixed pump to Stokes power ratio at 2, we
measured the photodamage rates at different pulse repetition rates. The photodamage rate was
found to be the lowest at f = 0.975 MHz (Fig. 5(b)). It increased significantly when increasing
the repetition rate and increased slightly when lowering the repetition rate. The increase of
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photodamage rate in the f > 0.975 MHz region can be explained by the equation R Pz

[30]. The condition of constant CARS signal in our experiments means a constant value of
Pf where P, is the total laser peak power. The photodamage rate (R Pp”fr) caused by

linear processes is proportiona to P f o £2°, and that caused by second order processes is
proportional to szf o f13, both of which increase with higher repetition rates. The slight

increase of photodamage rate in the f < 0.975 MHz region in Fig. 5(b) can be explained by
leaked laser power through the Pockels' cell which was used to reduce laser repetition rate by
suppressing unwanted pulses. However about 1% of the suppressed pulses were leaked
through it. These leaked pulses contributed very little to the CARS signa but added a
significant amount of average laser power at the sample when a low repetition rate was used.
Without any |eakage the average laser power (proportional to P,f o f 2/3) should decrease at

lower repetition rate, but experimentally the total average power at 0.65 MHz was measured
to be 0.70 mW, larger than the measured power of 0.69 mW at 0.975 MHz. We believe that
the increased laser leakage accounts for the increased photodamage rate through the linear
mechanism in the f < 0.975 MHz region.

In general the optimal repetition rate depends on the order of photodamage mechanism.
In TPEF microscopy, when damage is caused by linear absorption [39], low repetition rete is
preferable because high peak power and low average power excitation can provide good
TPEF efficiency and suppress linear absorption at the sametime. If damage is caused by two-
photon absorption which has the same order as the imaging method [31], under the condition
of constant TPEF signa the damage should be insensitive to repetition rate. If the
photodamage mechanism is of higher order than the imaging method [30], high repetition rate
should be preferable. In our CARS experiments, lowering the repetition rate reduced the
photodamage rate because the observed damage has lower order than the CARS process (third
order). We would mention that very high pulse peak power at very low repetition rate (e.g. a
few KHz) may induce even higher order damage to the sample. Additionally very low
repetition rate does not allow high speed scanning. For our CARS system, repetition rates
between 1 MHz and 4 MHz are optimal.

3.7 Photodamage in CARSimaging of live cdls

For photodamage of myelin sheath, plasma generation usually occurs due to the high packing
density of molecules in the sample. We have also studied less dense samples such as cultured
cells. To characterize the photodamage in CARS imaging of cells, we continuously scan a
29.4 x 29.4 ym? area containing live KB cells (Fig. 6(a)). The pump to Stokes peak power
ratio is kept at 3.8 and the repetition rate is kept at 7.8 MHz. With the maximum laser peak
intensity of 0.76 TW/cm? for the pump and 0.21 TW/cm? for the Stokes, the photodamage
usually does not generate plasma. Instead, the damaged cell often shows blebbing of the
plasma membrane as in Fig. 6(b). With the full pump and Stokes peak power of 373 W and
101 W at the cell respectively (the total average power is 9.24 mW), it took about one minute
to induce blebbing. When the pump and Stokes peak power are 92.3 W and 24 W (the total
average power is 2.3 mW), the damage is not observed even after 10 min continuous scanning
of the same size of area. Therefore, laser scanning CARS microscopy is generaly safe for
imaging live cells as an image can be acquired in one second. The time needed to induce
blebbing is recorded and its inverse is used as the photodamage rate. The dependence of the
photodamage rate on the excitation power is plotted in Fig. 6(c). The data are fitted using the
model R« P fz with n = 2.29, indicating a second-order damage mechanism. The observed

nonlinear damage is probably due to two-photon excitation of endogenous cellular absorbers
which generate oxygen radicals and singlet oxygen and further induce cell apoptosis[43]. Ina
control experiment using the CW mode of our Ti:sapphire lasers at the same wavelengths, we
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did not see any blebbing in 10 min at the total average power of 9.24 mW. Therefore, being
different from the highly dense myelin sample, linear absorption of near IR beam is negligible
for the cultured cells.

n=229
24 26
Log(P (W)

Fig. 6. Photodamage in CARS imaging of live KB cells. (&) CARS image of a KB cell under normal
conditions. (b) CARS image of the same KB cell after 3min of scanning with the pump peak power 373W
and Stokes peak power 101W. Bar = 10 um. (c) Dependence of photodamage rate on the total excitation
peak power. f = 7.8 MHz. The power ratio of pump to Stokes lasers was kept at 3.8. The peak power of the
pump and Stokes beams were adjusted from 138.4 W to 373 W and from 36 W to 101 W, respectively.

4, Conclusions

We have performed a systematic study on the photodamage in CARS imaging of live spinal
tissues with two Ti:sapphire lasers with a 2.5 ps pulse width. The photodamage was featured
by plasma induced myelin splitting and shockwave generation with broadband emission. We
have measured the photodamage rate induced by point scanning under different excitation
conditions. With a pump to Stokes power ratio of 3.2 to 1.0, our results show that both linear
and second order mechanisms are involved within the total peak power range from 97 W to
363 W, and that the linear mechanism prevails at total peak power lower than 219 W. At high
laser peak powers, we found an important second order photodamage mechanism that is due
to coherent Raman induced vibrational absorption. Under the condition of constant CARS
signal, excitation with longer near IR wavelength and repetition rate of a few MHz reduces
the photodamage. For CARS imaging of cultured cells, the photodamage is characterized by
plasma membrane blebbing and is dominated by a second order mechanism. Our results
provide a guideline to acquire high quality CARS images while minimizing photodamage on
biological samples.
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