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Abstract We study the creation of fluorescence patterns in-
side a gelatin gel by way of two-photon photoactivation of 7-
azido-4-trifluoromethyl-1,2-benzopyrone (azidocomarin 151)
contained in the gel matrix. As ultrafast light pulses are
focused into the gel, onset of two-photon fluorescence, highly
nonlinear in the applied optical power, is observed as azido-
coumarin is converted into a fluorescent dye that binds to the
gelatin. We fit the time dependence of the fluorescence to a
model that incorporates the competition between coumarin
photoactivation and photobleaching as well as the gradual
degradation of the gel when it is exposed to the high intensity
laser light. The model predicts that the initial rate of fluores-
cence onset should scale as the P4, where P is laser power,
while the signal at long exposure time should scale as P>
The observed exponents are 4.18 and 1.34, respectively. The
model allows us to estimate the cross section and quantum
yield of two-photon induced photobleaching of azidocou-
marin 151. The numerous technical uses of gelatin and the
collagen from which it derives in areas ranging from photog-
raphy to tissue engineering provide possible applications for
the techniques described in this paper.

Keywords Photoactivation - Photobleaching - Fluorescence
patterning - Azidocoumarin - Gelatin
Introduction

Photoactivatable fluorophores, i.e. compounds and other
entities that may transform into a fluorescent form on
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absorption of a photon, have gained in interest in the last
few years due to their use in optical superresolution micros-
copies such as PALM [1], FPALM [2] and STORM [3]. The
toolbox of controllable emitters includes fluorescent pro-
teins [4, 5], various types of small organic molecules [6, 7]
and even quantum dots [8]. Aryl azides is a class of com-
pounds where some members have this property, the first
and most well-known example is 7-azido-4-methyl-1,2-ben-
zopyrone (azidocoumarin 120, AzC120), although a number
of other such molecules have recently been synthesized [9].
These compounds, like other aryl azides, become highly
reactive upon photoactivation (also known as photo-
uncaging), and readily form bonds with a number of differ-
ent moieties, including amines, active hydrogens, and un-
saturated C=C bonds. Aryl azides that are subject to
photoactivated fluorescence can therefore be used as fluo-
rescent reporter molecules, as is the purpose of the commer-
cially available crosslinker SAED [10].

Photoactivation usually occurs on absorption of one UV
photon, but if the light intensity is high enough, it can also
be triggered by simultaneous absorption of two photons,
each carrying half the energy required to excite the mole-
cule. This is a nonlinear process where the efficiency scales
with light intensity, which means that it can be limited
almost completely to the volume immediately surrounding
the focus of a converging light beam. Two-photon uncag-
ing enables superresolution microscopy in three dimensions
[11] on thick samples, while other approaches [12—14] are
limited to relatively thin slices. The two-photon process is
also less photo-toxic to biological samples, creates less
photobleaching, and enables imaging deeper inside tissue
than is possible with shorter excitation wavelengths. For
these reasons, the nonlinear optical properties of a number
of different photoactivatable fluorescent compounds have
been investigated [7], although it appears that no aryl
azides have been studied to date.
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The localization of nonlinear optical processes to a focus
also underlies microstructure fabrication using two-photon
induced polymerization [15, 16]. In that technique, the focus
is scanned throughout a photosensitive gel, causing it to
crosslink in a 3D pattern determined by the movement of
the beam focus, allowing arbitrary shapes to be fabricated
with sub-micrometer resolution.

In this paper, we apply the same technique to create
arbitrary patterns of fluorescence in a gelatin gel where
azidocoumarin has been incorporated. Photoactivation
causes the dye to bind to the protein matrix while simulta-
neously becoming fluorescent, creating a static pattern of
fluorescence at the focus. Most of the other reaction prod-
ucts are rapidly removed from the illuminated spot by dif-
fusion, and therefore play no further role in the experiment.
Visualization of the fluorescence is also accomplished
through two-photon absorption, which makes it possible to
carry out both photoactivation and fluorescence monitoring
locally at any point in the gel. It is then possible to immedi-
ately visualize the written pattern, without waiting for a de-
velopment step. We note that coumarins can be used as photo
initiators of polymerization [17-20], so this approach may
also be of direct interest to the field of two-photon fabrication.

In addition to photoactivation and fluorescence, the opti-
cal signal we observe is also affected by photobleaching of
the dye bound to the matrix. All three process are initiated
by two-photon absorption, which leads to a strongly non-
linear behavior in the onset and saturation of the fluores-
cence we observe. Here, we present a model for the time
evolution of the onset of fluorescence that occurs when a fs
laser is focused inside the gel. At short time scales, the
model fits our data very well, and allows us to estimate the
two-photon cross section for photobleaching of the dye. At
longer times, the model fails, partly due to the use of a Gaussian
beam approximation, but mainly because the gel’s ability to

Fig. 1 Schematic of the
experimental setup. 150 fs wide
pulses from a Chameleon Ultra 11
Ti:Sapph ultrafast laser go
through an acousto-optical mod-
ulator and an x-y scanner (which
permits fast scanning of the beam
inside the sample). A Zeiss LSM
510 confocal microscope is used
to focus the laser pulses inside an
azidocoumarin-laced gelatin gel

bind the activated dye degrades as it is exposed to high intensity
laser light for a prolonged period of time. A simple threshold-
type model describing how the damage to the gel affects the
fluorescence signal remedies this failure within the experimen-
tal resolution of our data.

Gelatin is a hydrolyzed form of collagen, which is by far
the most abundant protein in the human body [21], making
up 30 % or more of its protein content. Collagen and gelatin
have numerous technical uses which may provide applica-
tions for the technique discussed in this paper. For example,
collagen is one of the materials used to make tissue engineer-
ing scaffolds [22], and patterned two-photon activation of
dyes such as azidocoumarin could be used to create fluores-
cent signposts inside such a scaffold, which could be used to
identify specific points that can then be repeatedly monitored
during tissue growth.

The photoactivatable compound used in this work was 7-
azido-4-trifluoromethyl-1,2-benzopyrone (azidocoumarin
151, AzC151) which was chosen over the better studied
AzC120 moiety because the additional fluorine atoms in
AzC151 redshifts the absorption band, improving the overlap
with the wavelength range of our laser.

Experimental

In the basic experiment showcased in this paper, we incor-
porate AzC151 into a gel made from water, methanol and
gelatin, and monitor its behavior as it is activated by a beam
of focused light from a femtosecond light source. Figure 1
schematically shows the optical setup. Pulses from a Cha-
meleon Ultra IT ultrafast Ti:Sapph laser are focused with an
inverted Zeiss LSM 510 laser scanning confocal microscope
into the sample gel. The gel is contained in an airtight
container to prevent evaporation of the solvent, and optical

contained in an airtight capsule.
Two-photon fluorescence is col-

lected in reflection mode and fil- Ti:Sapph laser

Coherent Ultra Il fs

A-O mod
&
;l“é X-y scanner

tered out from the laser light with
a beamsplitter and shortpass op-
tical filter before being detected
by a photo multiplier tube (color
online)
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access is provided through a thin glass window at the
bottom of the container. Any resulting fluorescence is col-
lected by the microscope objective, and separated from the
laser light with a beam splitter and an optical long pass filter,
before being detected by a photomultiplier tube. The laser
outputs 150 fs long pulses at 80 MHz and can be tuned to
any wavelength between 680 nm and 1,080 nm. The power
of the laser was measured before entering the microscope
and at the backplane of the microscope objective. These
numbers, along with the transmittance of the objective pro-
vided by the manufacturer, were used to calculate the total
optical power delivered to the gel.

Scheme 1 outlines the reaction paths for 1 (Azidocoumarin
151, AzC151). Upon absorption of a UV photon, 1 may expel
a nitrogen molecule, forming a highly reactive nitrene 2. The
nitrene can then undergo ring expansion, incorporating the
nitrogen atom into a dehydroazepine 3, which then can react
with nucleophiles to form the crosslinked product 4. The
nitrene can also react directly with a number of different
groups and form crosslinked products like 5. Finally, the
nitrene may directly abstract hydrogen or oxygen from the
environment, reverting back to the original coumarin dye 6 or
its nitrosubitituted version 7 [9]. The path to 3 and 4 normally
dominates, but it can be suppressed if electron withdrawing
moieties are attached to the aryl group [23], stabilizing the
intermediate nitrene, so that products 5 and 6 also likely form
in significant quantities [24]. This is an additional reason for
chosing to work with AzC151 rather than AzC120 which lack
the trifluoromethyl group in 1. Among the photoreaction
products, 5 and 6 are strongly fluorescent, while 3, 4 and 7
are not. Therefore, it is likely that most of the fluorescence
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observed by us likely originates from 5, although it is possible
that 6 also contributes to the extents that it is fixed to the gel
via hydrogen bonding.

The azidocoumarin was synthesized from its corresponding
coumarin fluorescent dye by following the method of Barral
et al. [25] Briefly, 100 mg of 7-amino-4-trifluoromethyl-1,2-
benzopyrone (coumarin 151, C151) was dissolved in 10 ml of
acetonitrile in a small round bottom flask. The solution was
cooled to 0 °C and 110 ul #butyl nitrite followed by 95 ul
azidotrimethoxysilane were added dropwise. The reaction was
allowed to proceed for 2 h in the dark after which it was dried,
resulting in approximately 80 mg of a pinkish powder that was
used without further purification. All chemicals were obtained
from Sigma-Aldrich.

Gelatin gels are normally made from aqueous solu-
tions, but since azidocoumarin is poorly soluble in water
a 70:30 v/v mixture of water and methanol was used
instead. It is known that a gelatin sol/gel system that
contains alcohol exhibits phase separation by spinodal
decomposition, but by using sufficiently high fractions
of gelatin and water in the gel, this is suppressed as the
critical decomposition temperature is pushed below the
gel point [26]. In our case, we dissolved 13 mg of
azidocoumarin in 45 ml of the solvent mixture, and
added 7 g of type B gelatin (Sigma-Aldrich). The mix-
ture was heated to about 45 °C and stirred for 20 min,
and was then allowed to set. The gel was then reheated
and sealed inside the airtight container before measurements
were performed. If this container is kept in the dark and at
room temperature, the optical properties of the gel remain
stable for several weeks.
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Scheme 1 Some possible reaction pathways for photoactivation of azidocoumarin 151 1. The fluorescent product 5 is crosslinked with the gelatin
matrix and is responsible for the fluorescent signal we observe (color online)
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Results and Discussion
Optical Characterization

Figure 2 shows the optical absorptivity spectra of azidocou-
marin 151 as it is activated by UV light at 365 nm (black
lines). The normalized fluorescence spectrum of the fully
activated azidodoumarin is also shown (dotted line) along
with the absorptivity and fluorescence spectra of coumarin
151 (solid and dashed grey lines). The absorptivity measure-
ments were performed on a 70:30 water:methanol solution
containing 50 uM AzC 151 or C151. 20 g/l of Gelatin B
was also added to the AzC solution to provide a binding
substrate for the activated dye. To avoid phase separation in
the gelatin, the measurements were carried out at a tempera-
ture of about 35 °C. The AzC fluorescence spectrum was
collected from the same 1 mM AzC gelatin gel as was used
in the patterning experiments described below. The C151
fluorescence spectrum was obtained from a 70:30 water:meth-
anol solution containing 1 mM of the dye.

The UV light causes the peak at 330 nm in Fig. 2 to
disappear while a peak at 370 nm emerges. This peak shows
good overlap with the absorption peak of C151 in a similar
environment. The overlap is not perfect, nor is the absorp-
tivity as high, which is expected given that the AzC converts
into multiple products upon exposure to light. The fluores-
cence spectrum from activated AzC is on the other hand
almost identical to the C151 fluorescence spectrum, consistent
with Scheme 1.

Fluorescence Onset and Patterning

When the ultrafast laser is focused at a point in the gel,
azidocoumarin in the focal spot is photoactivated. We are

using light with a wavelength of 720 nm, so this occurs
exclusively through two-photon absorption. The gelatin pro-
vides numerous binding sites for the activated coumarin,
which with high probability binds to the gel close to the
location where it was activated. Because unactivated azido-
coumarin continually diffuses into the focal spot, there is a
buildup of activated coumarin bound to the gel at the focus.
From Fig. 2 it is clear that the absorption bands of the
azidocoumarin and its corresponding coumarin dye overlap,
so the same excitation that activated the azide and caused
the buildup of bound dye also gives rise to two-photon
fluorescence. The combination of these effects manifests
as an onset of fluorescence, as is shown in Fig. 3. The
fluorescence initially increases linearly with time, but even-
tually saturates at a constant level as a steady state is
achieved where the rates of binding and photobleaching of
the coumarin derivatives come into balance.

Since the cross section for two-photon activation of AzC
is much smaller than for two-photon fluorescence from the
resulting dye, it is possible to image the written fluorescence
pattern with the same technique as was used to write it, only
using a lower laser power and/or faster scanning. In this
mode of operation, the light is sufficient to produce detect-
able two-photon fluorescence, but not intense enough to
cause significant photoactivation of the azidocoumarin. This
is illustrated in Fig. 4, where the “VT” logo was written by
with a laser power of 32 mW and a pixel dwell time of
250 us, but the imaging was done with a laser power of
13 mW and a 13 ps pixel dwell time.

Theoretical Model of Fluorescence

The fluorescence onset in Fig. 3 results from the interplay of
several effects: Photoactivation of azidocoumarin; diffusion
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Fig. 2 Absorptivity spectra of AzC 151 in an methanolic solution and in
the presence of gelatin (black lines) as they evolve under UV irradiation.
The solid lines represent the initial (0 mJ/em® UV dose) and final (5,000 mJ/
cm? UV dose) spectra. Further UV exposure does not change the spectrum
appreciably. The intermediate does are 200 mJ/cm?, 400 ml/cm® and
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800 mJ/cm? The absorptivity spectrum of coumarin 151 is also shown
(solid grey line). The nearly identical normalized fluorescence spectra of
activated AzC151 and C151 are indicated by the dotted black and dashed
grey lines, respectively
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Fig. 3 Onset of two-photon fluorescence as 720 nm pulsed laser light
is focused into the gel, fit to the model described in the text (color
online)

of the photoactivated product through the gel; its binding to the
gelatin matrix, resulting in a fluorescent dye; photobleaching of
that dye; and diffusion of azidocoumarin from outside the beam
to replace the photo converted azide. Since the intensity of the
beam is not uniform, the photoactivation takes place at different
rates at different points in the beam, and for the same reason,
the contribution of each point to the signal is also different.
This is a rather complex situation to model, but it can be
simplified considerably by neglecting the effects of diffu-
sion, which is well motivated in this case. First, at the
relatively low laser intensities used here, the rates of photo-
activation and bleaching are sufficiently low that diffusion is
a fast process by comparison. In particular, the time 7,
required for a molecule to diffuse across the width of the

laser beam is approximately given by t, ~ (2W,)* /D, where
2Wj is the beam width, and D is the diffusion constant. The
beam width is on the order of 0.5 pum, and the diffusion
constant is not likely to be much smaller than 10~ cm*/s for
small molecule diffusion in the gel [27]. tp is therefore no
larger than about a millisecond. Given that the fluorescence
onset occurs on timescales from tens of milliseconds to

]
20 um

Fig. 4 Micro-patterned fluorescence created by slow scanning of the
target area at high optical power, followed by readout by rapid scan-
ning at a lower power. The latter illumination does not appreciably
activate the azidocoumarin, so pattern creation and visualization can be
obtained with the same laser wavelength

several seconds, we can treat the diffusion as nearly instan-
taneous compared to the timescales of photoactivation and
bleaching. The most important consequence of this is that
we can treat the background concentration of unreacted
azidocoumarin ¢ as essentially constant and equal to its
background value throughout the laser beam spot, as photo-
activated AzC is rapidly replaced during the illumination.

Moreover, the high reactivity of the photoactivated cou-
marin combined with the high density of binding sites
provided by the gel means that we can ignore any diffusion
after photoactivation, and assume that the photoactivation
and binding of each AzC molecule occur at the same loca-
tions. The rate of accumulation of fluorescent dye bound to
the gel is therefore proportional to the square of the local
laser intensity, and the same holds true for the rate of two-
photon induced photobleaching. Under those assumptions,
the concentration ¢, of fluorescent coumarin dye in the gel
is given by the master equation

dc

o = (0Buc = Bocy) gl (1) (1)

where ¢ is the background concentration of unreacted
azidocoumarin, (3, and [, are the two-photon cross
sections for photoactivation and photobleaching, ¢ is
the fraction of activated dye that is both fluorescent
and ends up binding to the gel, and I,(r) = (I,(r)) is
the average light intensity distribution inside the focal spot in
units of photonsxem x5 g = (I,%) / (I,)?, or the ratio of
the time-average of the square of the light intensity to the
average light intensity squared. Two-photon processes scale
with the former quantity, while the latter is easy to measure
directly, so it is convenient to include this scale factor in the
calculations. In our case, a sech® pulse shape with 150 fs
FWHM and a repetition rate of 80 MHz gives g close to 5x 10,

Assuming a spatially invariant ¢, Eq. (1) can be solved
easily, and the two-photon fluorescence intensity (Stpr) then
takes the form

Ster = KBy / I’ (r)cydr

- K¢cgﬁfﬁ—z / 1,2 (r) [1 — exp(—Bygly(r)t)]dr,
(2)

where (3, is the cross section for two-photon fluorescence
and the constant K accounts for the detection efficiency of
the system. We will approximate the point spread function
of the optical system with an ideal Gaussian beam:

2(x2+y2)
i) EXP ( WIE) >v

[w(r) — 2P
()
W2(z) = W (1+ (z/20)°).
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where P is the total power of the beam, and the beam waist
radius W, is related to the depth of focus 2z, and the
wavelength in the gel A by

2 Wy?
PR

220 = (4)

This is a reasonable approximation near the center of the
beam spot, which is the area that dominates the two-photon
fluorescence signal. This is particularly true since we are
operating with the confocal aperture wide open, so that the
relevant aperture in the system is the back aperture of the
microscope objective, which is more than twice the beam
diameter.

Physically, Eq. (2) describes an exponential approach to
saturation of two-photon fluorescence due to competition
between fluorescence activation and bleaching. The rate of
this process is proportional to 7,*(r), and as a result, the
saturation occurs first at the center of the beam, where the
intensity is at its maximum. Locations further out see a
lower light intensity, and will therefore reach saturation at
later times. The net result of this is that the width of the
fluorescent spot made by focusing the pulsed laser into the
gel increases over time.

This can be seen in the data plotted in Fig. 5, which was
obtained by illuminating a single location in the gel for a set
amount of time, and then scanning across the x-y plane
while measuring the two-photon fluorescence. The resulting
profile is therefore ¢, * 12, or the convolution of the con-
centration of fluorescent dye bound to the gel with the
square of the point spread function. In Fig. 5, the gel was
illuminated with a 40x oil immersion objective at an optical
power of 13 mW. As the illumination time is increased, the
effective width of the fluorescent spot gradually increases,
accompanied by a marked saturation of the fluorescence
intensity, particularly at the center of the spot.
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Fig. 5 Profiles of two-photon fluorescence spots that result from focus-
ing the laser into the gel for varying amounts of time. Because fluores-
cence saturation occurs first at the center of the beam spot, the width of
the spot increases with increasing exposure to the laser light
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Scaling with Optical Power

Taking /,(r) to be Gaussian, the integral in Eq. (2)
cannot be solved explicitly, but we can write it as a
power series:

p Ba gP (0" @ gPp \'

Stpr = K'B, 2% ],
TPF :B/ ﬁb (hv)z ; (n+ 1)”2»1—1 n!(2n)! (hv)2W04

(5)

where, for brevity’s sake, we define K' = K¢c/A. The

integral takes on a simpler form at short and long times.

At short times, photobleaching is not a factor, the fluo-

rescence increases linearly in time, and Eq. (2) can be
approximated as

3K' 9?8,
Step & K/gziﬁfﬁaf /1w4(r)dr _ K& BB Pt (6)

B 4r(hvWy)*

At long times, the fluorescence saturates, tending to a
constant value

B ”Pz

5, e (7)

‘ B,
Stor = K'AgB; 5 /Iwz(r)dr =K'gB;

In other words, the initial slope of the activation
curve will be proportional to P*, while the fluorescence
signal at saturation is proportional to P®. The onset of
fluorescence is due to a combination of two-photon
activation and two-photon fluorescence, which explains
the P! scaling of the initial slope. Saturation of the
fluorescence is reached at a value that depends on the
ratio of the activation and photobleaching cross sections,
and since both of those processes have the same P>
dependence on optical power, the quantity of optically active
fluorophores at saturation is independent of optical power, at
least to first approximation. For that reason, S7pp is governed
only by a two-photon fluorescence process, and should scale
as P*

As can be seen in Fig. 6a, the initial slope of the observed
two-photon fluorescence obeys these scaling laws quite
well, with an exponent of 4.18. The deviation from the exact
value of 4 can be attributed to the nonlinearity of our optical
power meter and the difficulty of accurately measuring the
initial slope of a curve over six orders of magnitude of dy-
namic range. As for S5z, it does obey a power law, but the
observed exponent (Fig. 6b) is only 1.34, well below the
predicted value of 2.

To help determine the source of this deviation from the
model, we optically activated AzC in a volume of the gel,
creating a concentration c} of fluorescent dye within the
volume. Two-photon fluorescence (S,,,) was then measured
by rapidly scanning through this region while varying the
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Fig. 6 a Log plot of the initial slope of the two-photon fluorescence
onset as a function of incident optical power. The exponent is approx-
imately four because the onset results from the combination of two-
photon activation and two-photon fluorescence, each of which contrib-
utes a factor of P* to the power dependence. The different marker
styles correspond to different settings for the detector gain and inte-
gration time. b Log plot of the steady state two-photon fluorescence
signal at long times vs. incident optical power. ¢ Log plot of the two-
photon fluorescence signal from a previously photoactivated volume of
the gel. In contrast to plots (a) and (b), the beam is scanned rapidly to
negate the effect of photobleaching

laser power. Neither photoactivation nor photobleaching
affect S,.,, which is given by

Kq)c_? T o
2 gﬁf (hV)2

Sre = (8)

As shown in Fig. 6¢, the P* scaling is actually observed in
this case, which means that the observed fluorescence is
indeed due to two-photon fluorescence, and the deviation
from Eq. (7) is due to some other factor.

Effect of Damage to the Gel

Clearly, some process other than two-photon photo-
bleaching is at work suppressing the fluorescence from
the activated azidocoumarin, at least at longer time
scales. This can also be seen from the fluorescence
spot scans shown in Fig. 7a. Here, the gel was illumi-
nated at 3.4 mW for 164 s, and 38 mW for 1.27 s.
thz, the illumination time multiplied by the square of
the optical power, is approximately the same in both
cases. If Eq. (2) were accurate at all time scales, we
would expect the same amount of photoactivation and
photobleaching to have taken place in both cases, and
the two resulting traces in Fig. 7a would be very
similar. Instead, only the fluorescence pattern at low
illumination power shows the expected peak. At high
power, a ring of fluorescence is seen instead, and the
peak fluorescence is much lower than in the low power
case. If the fluorescence quenching were due exclusive-
ly to a two-photon process we would expect to see a
flattening of the peak at long illumination times as the
fluorescence everywhere approaches the same value.
The ring-like shape must then be attributed to a process
that scales faster with optical power than P?. This
could include multi-photon processes as well as opti-
cally or thermo-optically induced changes in the gelatin
matrix.

Once a ring-like structure such as is shown in the
insert in Fig. 7a has been created, it is permanent.
[lluminating the same location at low optical power
for a long time still results in a ring-like fluorescence
pattern rather than the single peak. We therefore con-
clude that the additional reduction in two-photon fluo-
rescence seen at high powers and long times is due to
damage or phase change in the gel induced by the high
optical power density. Gelatin solutions have a sol-gel
transition temperature near 28 °C [26], and the gelatin-
water-alcohol mixture we are using is metastable at
room temperature. It is then quite reasonable that in-
tense light can trigger local phase separation or other
changes in the gel if applied for a sufficient amount of
time. In spite of this, the initial slope of the two-photon
fluorescence onset has the predicted dependence on
optical power over a wide range of powers, which
indicates that at short exposure times, damage to the
gel is not yet significant, and the model presented above
is accurate.

To model the degradation, we will make three sim-
plifying assumptions: (1) The rate of degradation
depends only on the local light intensity 7 (r). (2) There
is a threshold for degradation, so that if the light inten-
sity does not exceed some value 7,, no degradation
takes place. (3) Wherever 7 (r)>1,, the fluorescence will
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Fig. 7 a Two-photon fluorescence profiles resulting from illuminating
the gel at low power for a long time (3.4 mW, 164 s) and at high power
for a shorter time (38 mW, 1.27 s). Both illuminations should result in
the same amount of azidocoumarin activation, but much less fluores-
cence is seen in the high power case due to damage inflicted on the gel

eventually go to 0. Denoting P, :%ﬂ'(hv)2 Wg-1I,, we
have, when P>P,,,

S = K’/lgﬁf%z / 1,2 (r)dr =
1y<Iy

B 2 {1 > P,
=K'gB~* —"— |= (P +2P,)\/Pu(P — P,) + P*arctan
15, (hv)* |3 ( )Vl ) PP,
PoPu o Ba 8 i an
K'gp,Ea pl2 pi2,
gﬁfﬂb 3(hv)* "
)

while for P < P,,, Eq. (7) is still valid. The 3/2 exponent in the
optical power dependence in Eq. (9) is not exactly what is
observed, but it is close enough to our observations that the
difference could be due to measurement errors, particularly
since Eq. (9) can be fit quite well with a function proportional
to P'* when 1 < P/P,,<20. Itis also likely that the assump-
tions we made to arrive at Eq. (9) are not entirely valid for our
situation, although they are a good starting point as they lead
to an easily solvable model that is largely consistent with our
observations.

Estimating the Two-Photon Photobleaching Cross Section

We can further verify the validity of our model by
fitting the function given by Eq. (5) to the fluorescence
onset curve. As can be seen from Fig. 3, the fit is quite
good, at least for short times. For longer times, the
model deviates significantly from the data, as expected
(not shown). Not only does gel damage start to set in
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over time, but since the fluorescence from the center of
the beam spot saturates first, the evolution of the fluo-
rescence at later times depends on the details of the
point spread function farther away from the focus,
where the Gaussian approximation no longer is particularly
good.

With sufficient knowledge of the point spread function,
we can use the fit in Fig. 3 to measure the two-photon
bleaching rate of the activated azidocoumarin. This is not
the main purpose of this paper, and a high accuracy mea-
surement would be better performed in a thin film of gel,
and using a low N.A. laser beam, for which the approxima-
tions impart less error, and the paraxial approximation can
be used. For illustrative purposes, we will still carry out the
calculation with the data available here, but we emphasize
that there is a fairly high level of uncertainty to the resulting
estimates.

The fit is done by scaling the model along both the time and
intensity axes to obtain the best agreement with the data. The
scale factor in time (y) is, from Eq. (5)

P28
¥ :W’ (10)

where all parameters except 3, can be measured direct-
ly. The source of the greatest uncertainty is the fourth-
power dependence on the beam spot radius. More gen-
erally, the true point spread function of the optical
system must be well known if we are to be able to
accurately determine /3. For that reason, we will only provide
a rough estimate here, based on our Gaussian approximation
of the beam profile.

We can estimate W, using the fluorescence spot scans
such as those in Fig. 5. At sufficiently low power and short
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illumination time, before fluorescence saturation sets in, the
spot profile will be proportional to the autocorrelation func-
tion of the square of the laser intensity

50 2
exp (- 5ty )
(Iwz*lwz)[x,y:z:O]oc/Mdz, (11)

which can be solved numerically and fit to the data to extract
W, as has been done in Fig. 7b. The fit gives us that W=
0.56 pm. With an incident power of 8.3 mW, we find a scale
factor of about y=294 s '. Taking g to be 5x10%, Eq. (10)
yields an estimate of 3,~0.006 G.M. (10°° cm?s).

Quantum Yield of Photobleaching

In Fig. 8, we have plotted the two-photon fluorescence cross
section of C151 vs. wavelength (open diamonds). This was
obtained by measuring the two-photon fluorescence at dif-
ferent excitation wavelengths while maintaining a constant
laser power. The data was then scaled to match literature
values for the two-photon absorption cross section (9) in
C151 [28], and taking the quantum yield of fluorescence
(®)) to be 0.582 [28], from which we can extract 3,= ® 0.
One- and two-photon absorption processes have quite
different selection rules and in general couple different
electronic states, but in a highly asymmetric molecule, most
electronic states are strongly hybridized, and both processes
are likely to couple the same states, albeit with varying
oscillator strengths. We therefore also plot the linear absorp-
tion spectrum for C151 in Fig. 8. By plotting the laser
wavelengths against two times the value of the absorption

Abs. wavelength (nm)
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T T T T T T 1175
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Fig. 8 (left and bottom axes): Open diamonds plot the two-photon
fluorescence cross section (3, of C151 dissolved at 1 mM concentra-
tion in a gelatin gel. The data was obtained by measuring the two-
photon fluorescence intensity as a function of laser wavelength, and
scaling to agree with data from ref. [28], indicated by stars. (top and
right axes): The solid line is the absorptivity spectrum of coumarin
151. The two horizontal scales differ by a factor of two, and the good
agreement between the datasets indicate that one- and two-photon
absorption occur into the same electronic state

wavelengths, we get good agreement between linear and
nonlinear spectra, indicating that both one- and two-
photon absorption do indeed occur into the same electronic
state and that in the examined wavelength range, those states
are fluorescent. Given this, we estimate that 3,~ 26 G.M. for
C151 at 720 nm.

We do not know the abundance of the reaction prod-
ucts in the gel after photoactivation of AzCl151, al-
though the spectra plotted in Fig. 2 provides some
indication. Since the absorption of the photoactivated
dye peaks at the same wavelength than for C151, it is
likely that 5 has a (3, value quite similar to C151 at
720 nm. From this we can estimate the quantum yield
of photobleaching &, = gpfﬁ% ~ 13 x 107*, which is

consistent with values obtained for other coumarin dyes
under single photon excitation [29].

Conclusion

We have studied the onset of two-photon fluorescence in
azidocoumarin 151 contained in a gelatin matrix and illu-
minated by focused femtosecond laser light. Since the pho-
toactivated intermediary is highly reactive, it binds to the
gelatin matrix close to the location of its creation. This makes
it possible to create arbitrary three-dimensional patterns of
fluorescence, similarly to the way two-photon exposure of a
photoresist can be used to create arbitrary three-dimensional
geometries.

A model based on a Gaussian approximation of the
beam profile describes the onset of fluorescence quite
well at short time scales, but fails at longer times, likely
due to a combination of damage to the gel and the
inadequacy of the Gaussian approximation when outlying
areas of the beam spot dominate the behavior of the two-
photon fluorescence. When the gel damage is incorpo-
rated into the model, most of the discrepancy with
experiment is removed. The success of the model, espe-
cially at short times, makes it possible to extract an
estimate for the two-photon cross section for photo-
bleaching of the coumarin dye. As the beam waist is known
to insufficient accuracy, there is a high degree of uncertainty in
this estimate, but this could be remedied with better knowl-
edge of the microscope point spread function and a more
favorable sample geometry.

The model used here does not take diffusion into account,
which is appropriate given the experimental conditions. In
situations when diffusion does have a significant effect on
the physics, the functional dependence of fluorescence onset
could potentially be used to measure the diffusion constant,
offering an alternative to the Fluorescence Recovery After
Photobleaching (FRAP) technique. [30]
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