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Abstract Two-photon absorption in the focus of a
pulsed laser has the potential for localized photolysis of
caged compounds, generating high concentrations of
neurotransmitters, hormones and messengers. The con-
centrations of cage, intermediates and products in the
femtolitre focal volume depend on reaction rates and
diffusional exchange with the external volume. This
problem of reaction with diffusion was analysed with
analytical and numerical methods to determine simple
relations between parameters useful in the design and
interpretation of experiments. The diffraction-limited
laser spot is approximated well by a sphere, radius 4, in
diffusional exchange with either an infinite uniform
medium, representing extracellular photolysis, or within
a non-permeable sphere, a “‘cell” of radius B, repre-
senting intracellular photolysis. Photolysis is modelled
as sequential irreversible reactions, with either the exci-
tation step alone, rate constant k., or with a subsequent
“dark” reaction, rate constant k,. For extracellular
photolysis, steady-state depletion of a cage averaged in a
spherical spot increases hyperbolically with k., with half-
maximum depletion at k.= Ky s=2.5 D/A>, where D is
the diffusion coefficient. With measured parameters for
spot size A=0.3 ym and diffusion D=800 pum?/s,
Ky 5=22,200 s '. The optimal exposure for localized
photolysis is the characteristic diffusion time 7= A42/D,
113 ps in this example, and is the time taken to reach
57% of steady state in the diffusion-limited case. In the
two-step model, with excitation and ‘“dark™ reaction
steps, rate constants both exceeding Kj s are necessary to
generate 50% of maximal product concentration in the
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illuminated volume. High concentrations of photolysis
products depend particularly on a high excitation rate
constant (k. > Kj5), and localization of the products
requires fast dark reactions (k, > Ko 5). If products dif-
fuse faster than the cage, their steady-state concentra-
tions are decreased, and concentration transients may
occur. For localized intracellular photolysis, the dura-
tion of exposure that generates product concentration at
the cell boundary, B, less than 10% of the spot con-
centration should be shorter than 0.043(B/A)%t, and is
determined by diffusion.

Keywords Multi-photon photolysis - Localized
photolysis - Diffusion and reaction - Laplace transform

Introduction

Recent advances in instrumentation have led to the
widespread use of laser light sources for high-resolution
scanning imaging of biological tissues. By the use of
pulsed near-infrared lasers, multi-photon excitation is
restricted to femtolitre spot volumes around the laser
focus and gives enhanced resolution and tissue pene-
tration (Denk et al. 1990; Xu et al. 1996). It is antici-
pated that two-photon and multi-photon photolysis of
“caged” biologically active compounds can improve the
spatial resolution of ligand release to the level of single
synapses or subcellular organelles (Denk 1994). Practical
applications of two-photon methods show some suc-
cesses, mostly in intracellular photolysis of caged Ca’*
(Lipp and Niggli 1998; Brown et al. 1999). At the same
time, a number of studies have showed that the effective
rates of product release for conventional ‘“caging”
groups are too low to be useful in two-photon applica-
tions (Brown et al. 1999; Furuta et al. 1999; Kiskin et al.
2001). Thus, to facilitate the development of new caged
compounds and comparisons of photolysis reaction
rates, an analysis of processes occurring during photo-
lysis within the two-photon excitation spot is required.
The volume of the two-photon spot is only a few
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femtolitres, and is in diffusional exchange with the bulk
solution on a sub-millisecond timescale comparable to
or faster than reaction times for photolysis of many
caged compounds (McCray and Trentham 1989; Corrie
and Trentham 1993). The two-photon effect occurs only
at very high light intensities, and to prevent damage to
the biological sample and microscope optics, laser illu-
mination is pulsed with femto- or picosecond pulses.
With ~10 ns interval between the pulses, at a low effi-
ciency of excitation, some time is required before the
products of photolysis accumulate sufficient concentra-
tion within the spot and the spatial distribution is
therefore influenced by diffusion. At the other extreme
of very high efficiency of excitation, depletion of caged
compound occurs within the spot and will slow down the
photolysis, the process counteracted by diffusional influx
of unphotolysed cage. As a result, the rate and local-
ization of photolysis is strongly influenced by diffusion
of reactants into and out of the reaction volume, and the
relation between reaction rates and diffusion is analysed
here.

Photolysis reactions are complex, beginning with
light-dependent excitation of caged molecules followed
by several ‘“dark” steps before intermediates finally
convert to photolysis products, each reagent subject to
diffusion. The analysis presented here describes (1) the
relation between light absorption and photolysis rate, (2)
the role of diffusion of the cage and intermediates and
(3) the optimum pulse duration which maximizes yield
but minimizes the spatial spread of the products. Ex-
tracellular photolysis was modelled by diffusional ex-
change with an infinite bulk solution. By restricting
boundary conditions to diffusion inside an impermeable
sphere, models of intracellular photolysis are discussed
in order to find additional constraints imposed by this
experimental arrangement. Models were set up analyti-
cally where possible by solving the systems of diffusion
equations in Laplace-transformed form (Carlslaw and
Jaeger 1959; Crank 1975) with numerical inversion of
the results. This has revealed some simple relations be-
tween diffusional and geometric parameters and reaction
rates that can be applied more broadly than the results
of numerical simulations. The kinetics of product con-
centration averaged in the two-photon spot can be
measured and was analysed to give a theoretical back-
ground for practical two-photon and laser photolysis
calibrations (see following paper, Kiskin et al. 2001).
Part of the results has been presented earlier in abstract
form (Kiskin and Ogden 1998).

Theory and models

Light absorption, quantum yield and rate constants in
pulsed two-photon photolysis

The photolysis rate constants should first be linked to physical
processes occurring when caged reagents are illuminated with
pulsed laser light. The initial excitation is controlled by the light
intensity and laser pulse parameters, and depends on the two-

photon cross-section and quantum yield of the cage. Investigation
of mechanisms in near-UV photolysis has shown that excitation is
followed by one or more “dark™ reactions that are often rate
limiting (reviewed by McCray and Trentham 1989; Corrie and
Trentham 1993). The photolysis reactions can be represented as
sequential, irreversible reaction steps, with rates for each step in-
dependent of the product concentrations for that step, and con-
version defined by rate constants and efficiency factors. The cage is
illuminated by trains of sub-picosecond laser pulses arriving at
regular intervals 7. Two-photon photolysis proceeds during con-
secutive pulses as cage molecules absorb light and accumulate in
intermediate states. The efficiency of light absorption, o, is the
fraction of molecules in the illuminated volume (the laser “‘spot”)
which absorb two photons of incident light during a single laser
pulse and is determined by the two-photon absorption cross-section
of the cage, the light intensity and laser pulse parameters. The
process of absorption is considered as an instantaneous event, and
the quantum efficiency, 0 <y <1, is the probability of photolysis
following absorption and accounts for the proportion of excited
molecules, 1-#, returning to the ground state before the next laser
pulse arrives.

The rate constant for the excitation step, k., determines the rate
of cage depletion and the rate at which intermediates that will
finally decay to products are formed, and is given by the conversion
per pulse times pulse frequency:

ke:W/I/T (1)

For photolysis of a caged compound with quantum efficiency n=1
and infinitely fast ““dark” reactions, the overall rate of photolysis is
k.=0o/T, determined only by excitation pulse parameters and the
ability of the cage to absorb light with the two-photon effect.
“Dark” reactions are generally not fast enough for this expression
to give the rate of product formation, but it is valid for analysis of
the rate of formation of the activated intermediate, E, and deple-
tion of the cage, considered below.

Two-photon photolysis is usually produced by a focused laser
beam, having a squared relation of the intensity with axial distance,
z, and radius, r, in the focal volume. Two-photon excitation de-
pends on the square of the intensity and has a fourth-power de-
pendence on the geometric parameters r and z (Xu and Webb 1997,
Kiskin et al. 2001). This produces a spatial gradient of «, and
excitation proceeds with different rate constants, depending on the
distance from the focus. A spatially non-uniform excitation rate
constant k. is designated as k¢(r,z) in cylindrical coordinates, and
the simplest model of photolysis can be written as:
ckg )
In this formulation, £ may represent either an excited intermediate,
if only depletion of the cage C is considered, or the final product of
photolysis if it is assumed that the “dark™ conversion reaction is
fast compared to the interpulse interval 7.

In the second, more general formulation, “dark’ reactions are
included explicitly. Excited intermediate species E and product P
are assumed, and the “dark” reactions are approximated by a
single irreversible reaction with a rate constant kp:
ckrAphp (3)
Note that kj, is spatially uniform, as the second step proceeds
wherever intermediate E diffuses. Furthermore, the reaction steps
are assumed independent, and reactions of E are not influenced by
light.

In this scheme the accumulation of product P in the spot during
a train of laser pulses can be derived first without considering the
effects of diffusion by taking a time interval sufficiently small for
reactions not yet to be disturbed by diffusion (e.g. total time
t =~ 10 ps), but long enough to contain a large number, N, of pulses,
N>20 (¢>0.2 ps). If B is the fraction of activated intermediate
molecules E which converts to product P during the pulse period 7,
50 0 < f < 1, the product concentration, Py, found in the spot at the
Nth pulse at time t=(N-1)T (first pulse arrives at t=0) is



determined by the fraction of molecules excited by previous pulses
and converted to product by this time. The sum of P accumulated
for all N pulses, normalized to initial cage concentration Cy, is given
by:

Py/Co=1—(1—on)" —an(l = )| (1 — o) =(1 = B)" | /(B — om)
4)

In the case of fast “dark” reactions where all of intermediate F
converts to product during the pulse interval T (see above), so that
=1, Eq. (4) reduces to 1—(1-an)" which, for small oy and large N,
and substituting for k. from Eq. (1), gives the kinetics of product
formation as P(t) = Cy[l — exp(—ket)].

More usually, the timescale of the dark reactions is longer than
the interpulse interval, k,<1/T, and f is small, so
f =1—exp(—kpt) = kpt. An expression in terms of the rate con-
stants can be obtained by substituting in Eq. (4) the relation for k.
from Eq. (1) and the approximation for . Further assuming small
on and N — <, Eq. (4) becomes:

P(1)/Cy =1 — [kpexp(—ket) — keexp(—kpt)]/ (kp — ke) (5)

Thus, after a large number of pulses N the exact expression (Eq. 4)
derived for pulsed illumination converges to that given by formal
kinetics (Eq. 5) for the two-step scheme with continuous illumi-
nation, and is used in the analysis below of photolysis models
containing both excitation and ‘“dark™ reactions. It should be
noted, however, that for high values of k;, or k. ~ 1/T there could
be small deviations in the initial kinetics at N <20, where Eq. (5)
gives an underestimate of results that are described adequately by
Eq. (4). In the two-step scheme of Eq. (3) the overall rate of pho-
tolysis cannot be faster than the lower value of either k; or k..
Furthermore, it differs from the single-step reaction in showing a
sigmoidal initial onset when the rate constants differ substantially
and both are much less than 1/7.

Localized photolysis with diffusion

Laser illumination in the focus of a microscope objective is spatially
non-uniform and produces excitation rates that depend on posi-
tion, creating concentration gradients, which in turn generate dif-
fusional fluxes. These factors determine the kinetics at each point.
An exact treatment for Gaussian-Lorentzian laser beam profiles
requires the numerical solution of non-linear partial differential
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equations in cylindrical coordinates. However, simplified analytical
approaches used here provide a better understanding of the factors
affecting the efficiency of photolysis, they allow useful comparisons
between models, and permit prediction of changes that will result
from changes of photochemical or laser beam parameters.

Definition of models

Two diffusional models corresponding to different boundary con-
ditions are considered: (1) extracellular photolysis — photolysis in a
small spherical region, (radius r=A) with diffusion in an infinite
volume of solution — or (2) intracellular photolysis — photolysis in a
spherical region r < A inside a larger sphere of radius B. The for-
mulations of the models are summarized in Table 1.

Differential equations

These can be written in spherical coordinates as:

Do acC ocC

for a single-step reaction (Eq. 2) with rate constant k(r) (models
PIM1, PIM1a, PSP1, RGS, RGC, RSP of Table 1), or for the two-
step reaction based on Eq. (3) as a system of two equations:

Do (,0C e

P or ( 5) TROC=% @
DO (,0E _OE

2 or ( E) ThNC-RE=5 ®)

with the conversion E to P in the second step occurring in an
infinite medium. The initial conditions are C(r,0) = C, for the cage,
and reaction products are absent, so P(r,0)= E(r,0)=0. For sim-
plicity the same diffusion coefficient D is assigned to the cage,
product and intermediate, and therefore the material balance
condition can be used:
C(r,t) + E(r,t)+ P(r,t) =Cy forallr>0and¢t>0 9)
In this case the distribution of C found from Eq. (6) defines the
distribution of E(r,#) = Cy — C(r,t)), and distributions of C and E

Table 1 Models describing photolysis (first-order reactions) or zero-order release with diffusion

Model  Description Reaction(s) Rate constant(s)  Diffusion of reagents

PIM1 Photolysis reaction in the C — E inside the sphere r < 4 k In an infinite medium
spot with diffusion in
infinite medium

PIMla Photolysis reaction on the  Surface condition4nd>D%E = 42 43kC k “Instant” diffusion inside the
surface of well-mixed sphere r < 4; at r> A,
sphere with diffusion in diffusion in an infinite medium
infinite medium

PSP1 Photolysis reaction in the C — E inside the sphere r < 4 k Inside the sphere r < B
spot, diffusion inside
impermeable sphere,
radius B

PIM2  Photolysis reaction in the C — E inside the sphere r < 4; ke In an infinite medium
spot with finite speed of E — P in an infinite medium kp
product formation K at r<d

RSP Constant speed release OE/0t = { - K=kC, In an infinite medium
inside the sphere 0 at r>4

RGS  Constant speed release OE |0t = K exp(—r? /W) K=kCy In an infinite medium
with geometry of a
“Gaussian sphere”

RGC  Constant speed release OE[0t = K exp(—r? /w}) exp(—z%/w3) K=kCy In an infinite medium

with geometry of a
“Gaussian cylinder”
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found from Egs. (7) and (8) uniquely define the distribution of
product P.

Excitation profiles

Three spatial profiles of excitation were used to approximate the
profile of two-photon excitation in the laser spot. In the first, the
geometry of the laser spot was simplified to a small sphere of
radius r= A illuminated with uniform light intensity and situated
in an infinite medium. The photolysis reaction has a first-order
rate constant k everywhere inside the sphere but does not occur
outside it. Since the sphere differs only in that it is illuminated,
reagents can diffuse freely without restrictions at the border of
the sphere, and concentration functions and their first derivatives
on the radius inside and outside the sphere are set equal on the
boundary r=A. Additional boundary conditions state that the
concentrations of cage and products are finite at r=0 and
I — 00.

Two spatial profiles were used to approximate better the dis-
tribution of squared light intensity in the laser focus but are con-
sidered only with zero-order kinetics, i.e. constant rate of release of
E as a function of position. One is continuous release in a
“Gaussian sphere” (RGS model, Table 1), approximating the dif-
fraction-limited laser spot obtained when a high numerical aperture
microscope objective is strongly overfilled by the incident laser
beam, with spatial distribution described by:

OE/0t = Kexp(—r*/w}) K = Cok(0) (10)
The other approximates the case of an underfilled objective, where
the geometry of the intensity-squared illumination in the focus is a
Gaussian-Lorentzian function, which in cylindrical coordinates can
be approximated by a “Gaussian cylinder” function:
OE /ot = K exp(—r Jwy) exp(—2* /w3) (11)
with wz>wg so that the profile is extended on the z-axis (RGC
model, Table 1).

All three profiles were evaluated with superposition of contin-
uous sources (Carslaw and Jaeger 1959; Crank 1975), which per-
mits solution of the diffusion equation for any release geometry by
integrating diffusion from point or surface sources. In these models
the changes in reaction rate due to depletion of the cage C at high
excitation rates were neglected, and the concentration of product E
at any point is proportional to the rate constant K. Although an-
alytical evaluation taking account of depletion and diffusional
changes is possible (see Briinger et al. 1985), the results are com-
plicated and less easily applied.

Methods of solution and definition of parameters

The Laplace transform is a standard method for the solution of
equations arising from problems of reaction constrained within a
sphere, as discussed in Carslaw and Jaeger (1959) for heat transfer
in spherically symmetric composite media. Making the substitution
V(r,t)=rC(r,t) in Egs. (7) and (8) and applying the Laplace trans-
form with parameter p gives:

vl(r,p) =r [ Cl(r,t)e™?dt v2(r,p) =r [ C2(r,t)e™P'ds (12)
0 0

for cage concentration inside (v1, C1) and outside the sphere of
radius 4 (v2, C2). Since different processes occur in these re-
gions, substitution of the transforms in Eq. (6) with the initial
conditions gives a system of two second-order differential equa-
tions in r:

2
1
dol gktp Coro

13
dr? D D (13)

2
2
2 P S sy

14
dr? D D (14)

The boundary conditions imposed on vl, v2 at r=0, r=4,
r — o or r=B (intracellular photolysis ) follow from those for
C(r,t) given above. These equations and, where appropriate, ad-
ditional equations for intermediate E, were solved, the results
converted back to Laplace transforms of concentration, analysed,
and timecourses found by numerical inversion.

Concentrations averaged over the two-photon volume

The two-photon volume approaches the dimensions of synapses
and intracellular organelles that might be investigated experimen-
tally with local concentration changes, so it is appropriate to
consider concentrations averaged over this volume. For example,
the averaged concentration of the product of photolysis £ in a
single step reaction C — E (model PIM1 Table 1) is defined by:

4

Ea (1) = 3/4° / E(r,0)r*dr (15)
0

and the total amount of E generated in time :

M(t) = 47I/E(r7 Hrdr (16)

0

If the diffusion coefficients are equal, these quantities are equal to
the cage concentration depleted from the spot and the total cage
consumed in time ¢ in an infinite medium, respectively. Thus, the
concentration of the cage averaged over the two-photon volume
can be found as C,y(f) = Cy — Eay(¢). Evaluation of the time-
courses requires inversion of the Laplace transforms for solutions
of Egs. (13) and (14).

In the steady state, the averaged concentration in the spot,
Egp = limy_. Eav(¢), and the radial distribution, Eg(r) =
lim,_E(r,?), can be found analytically, either by using the prop-
erty of the Laplace transform F(p) of function f{¢):

lim /(1) = lim[ pF(p)] (17)
—00 p—0

(McCollum and Brown 1965), or by solving Egs. (7) and (8) with
partial derivatives on time equal to zero.

For the constant release models with the rate defined by
Gaussian sphere or cylinder functions, the average concentrations
of E, or by substitution C, were found from the concentration
distributions by integration in an infinite medium and normaliza-
tion to the spot volume:

00

E.(t) = 477-[/ E(r, [)rzdl’

S

0

(18)

where V5 is the spot volume, for the geometries considered here
equal to 4mA4>/3 for uniform intensity in a sphere, 7' wg> in a
Gaussian sphere profile (model RGS of Table 1) and 7! wg?wy in
a Gaussian cylinder profile (model RGC).

The results for intracellular photolysis (model PSP1), with spot
photolysis and diffusion inside the larger sphere r < B, are more
complicated mathematically, and solutions were analysed numeri-
cally.

All calculations were performed in MathCad 6.0e Plus for
Windows (MathSoft, USA) with Origin 5.0 (Microcal, USA) for
graphical output. The numerical algorithm for MathCad imple-
menting the Laplace transform inversion using the Padé approxi-
mation (a rational approximation with polynomials of 8-10 degree)
was presented by Faouzi Amar at http://www.mathsoft.com/
mathcad/library/education/ilaplace.mcd. The algorithm produced
less than 1% error in numerical tests using examples from the table
of Laplace transforms for diffusional problems, superior to direct
calculations in the numerical evaluation of large exponents.



Results
Extracellular photolysis

Single-step photolysis in a well-mixed spherical volume
and diffusional exchange with an infinite external
medium (model PIM1a of Table 1)

If the cage is photolysed in a single-step irreversible re-
action with an excitation rate constant &, the depletion of
the cage can be analysed as a function of k by the methods
of Carslaw and Jaeger (1959). Additionally assuming that
the reagents are always well mixed inside the photolysis
sphere r < A, the concentrations on the surface of the
sphere of the cage C(4,t) or the first product E(4,f) are
equal to uniform concentrations inside the spot, and the
photolysis reaction is regarded as occurring only on the
surface at r = A. Diffusion in an infinite medium as a re-
sult of photolysis in this case is essentially the model of
radiation from a spherical surface into an infinite medium
(Carslaw and Jaeger 1959; eq. 9.10.3). The boundary
condition for C(r,f) at r= A equates fluxes due to diffu-
sion through the surface to the reaction inside the sphere
and can be written in the form of Fick’s diffusion law:
,0C  4n ocC

4nAD8r— 3AkC, or 8r_hc
where 1=kA/(3D). The analytical solution (Carslaw and
Jaeger 1959; modified eq. 9.10.3) is:

_CokA2 erfe r—A

3DrH 2v/Dt
r—A

erfc +H \/E) }
(2\/17

Making the substitution )E(r,t)=Co—C(r,t)) for the
product of the reaction gives:

_ Cokd? orfe] A
- 3DrH 2+/Dt

r—A

erfc ——i—H\/Dt) }
<2\/Dt

where H=1/A+kA/(3D) and erfc(x)=1-erf(x). An as-

ymptotic approximation for the function e*erfc(x’°) at

large x (Carslaw and Jaeger 1959; appendix II) allows

solutions at large values of time:

(19)

C(I’,I)ZC()

—exp[H(r—A)+HDt]

(20)

E(r1) —exp[H(r—A)+H"Dt]

(21)

C(A’_IHOO)STI(;‘C )
y _1+%G)0.5ﬁ(g)lﬁrOOzS)_
x _1 7105(33-|—/€‘E)<:)05+27105(§7+k1:)3 C)l'SJrO(tz‘s)_

(22)
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where O(r %) is a remainder term that decreases with
time as > and can be neglected at large 7. The charac-
teristic time t=A%/D defines a time constant that mea-
sures how quickly the concentration changes on a spatial
scale of radius A4 as a result of diffusion (the “relaxation
time”’; Cussler 1997). Values of D and 4 can be assigned
as follows. For amino acids at 20 °C, aqueous diffusion
coefficients are 1064 um?/s for glycine, 910 pm?/s for o-
alanine (Weast 1989), 760 um?2/s for glutamine (Longs-
worth 1953) and for proteins in the range of 7-130 um~/s
(Altman and Dittmer 1972). A diffusion coefficient in a
free medium of D =800 um?/s has been used for neuro-
transmitters when modelling synaptic processes (Cle-
ments 1996) and will be used here. Measurements of the
focused laser beam in our experiments (see Kiskin et al.
2001) showed that a radius 4 =0.3 um for a sphere would
include the half-maximum of squared light intensity
distribution in the focus in the specimen plane orthogo-
nal to the optical axis. With these values of D =800 pm?/s
and A=0.3 um, the value of 7is 113 ps.

Equation (22) gives the main conclusion of this
model: in the steady state the normalized concentration
of the cage in the sphere follows a hyperbolic depen-
dence on reaction rate constant k, C(4,00)=
3Co/(3 + kt). Half-maximal depletion of the cage in the
steady state on the surface and inside the sphere will be
achieved at a reaction (excitation) rate of k=26,700 s .

Photolysis and diffusion within the two-photon sphere
in an infinite medium (model PIM1 of Table 1)

The assumption of uniform concentration within the
spherical volume of photolysis gives good results at
times approaching the steady state, but is less accurate at
distances r~A and in the initial stages of reaction. If the
assumption of well-mixed spot concentrations is aban-
doned, the model yields more precise results at early
times. The rate constant for photolysis excitation is as-
sumed constant in the spherical region r < 4. However,
diffusional fluxes occur within the spot and between the
region of photolysis and the external medium, and the
resulting concentration gradients of the cage give rise to
different reaction rates inside the spot. The solution of
ordinary differential equations (Eqgs. 13 and 14) in the
Laplace transform may be averaged over the two-
photon volume to give the transform of the average
concentration of the cage for a reaction with rate con-
stant k and = 4?/D:

3Cok(1+ /p7)
Cavlp.k) = 1.5
pllk+p)t]- {\/ﬁtanh \/(k—i-p)r—i-\/k—i-p}
tanh,/(k+p)t Co
% [\/E— JE+p k+p )

The last term of this equation is the Laplace transform
of the solution for cage depletion without diffusion,
Cy exp(—kt). Inversion of Eq. (23) gives the kinetics of
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the average cage concentration in the two-photon vol-
ume, C,,(7). Figure 1A shows the results of calculations
with k equal to 0.1, 1 or 10 times K, 5, where K s is the
rate constant of the reaction which in the steady state
depletes the cage to 50% of C,, and is equal to 2.5/t as
described below. With 7=113 us the timecourse of
C.(1) (solid lines) initially follows the kinetics of the
reaction without diffusion (dotted lines) and reaches a
non-zero steady state (horizontal arrows). In the steady
state, the cage is continuously consumed inside the spot,
with diffusional influx of unphotolysed cage maintaining
a steady concentration. Figure 1A shows that for slow
photolysis reactions the steady-state depletion is small,
and at high photolysis rates the cage concentration is not
depleted to zero. Furthermore, with the representative
values of 4 and D used for the calculation, the time-
course of cage depletion and product generation ap-
proaches a steady state on a millisecond timescale.

Solution in the steady state

From Eq. (23), the averaged concentration of cage in the
spot in the steady state, Csp, equals:

A 104

o

O
-~ 05

107 1 10 10

Cop (k) = 3Co(kr) ™ (m ~ tanh \/E) (24)
Figure 1B presents the values of Cj, calculated from
Eq. (24) for reactions with different rate constants k
(points). Use of the Padé approximation for the function
tanh(x)/x (see Smith 1985 for methods) shows that
3[x — tanh(x)] /x> = 5/(5 + 2x?) + O(x®), where O(x°)
can be neglected. Thus, from Eq. (24) the normalized
depletion of the cage inside the spot in the steady state
has a hyperbolic dependence on the rate constant of the
reaction, k:

25 1
254kt 1+k/Kos

Here, Ko5 =2.5/1 = 2.5D/A2 i1s the rate constant that
generates 50% cage depletion in the steady state.
Figure 1B shows that the approximation given by
Eq. (25) (solid line) is very close to the exact result given
by Eq. (24) (pointsg. With the values of 4 and D of
0.3 um and 800 um~/s used here, K, s has a large value,
22,200 s '; it varies in proportion to the diffusion coef-
ficient and spot sizes in proportion to 1/4°. Note that
Egs. (23)-(25) depend explicitly on neither 4 nor D; the
scaling of the results is determined by k and 7= A4?/D.
The kinetics and steady-state values of the average
concentrations, E,,(f) or Eg,(k), can be obtained by
subtracting the values of Cy(#) or Cs,(k), respectively,
from the total cage concentration C,, making the
assumption that the reagents have the same diffusion
coefficient.

Cop(k)/Co ~ (25)

<

Fig. 1A-C Timecourse and steady-state levels of cage depletion by
photolysis. Single irreversible reaction in the two-photon volume
(sphere, radius 4=0.3 pum) with diffusion in an infinite medium
(Table 1, model PIM1). Data normalized to initial cage concen-
tration Cy (A, B) or amount of cage in the spot volume CyV (C).
Diffusion parameters D=800 um?/s and 4=0.3 ym, yielding
characteristic diffusional time t=A4%/D=113 ps (indicated by
vertical arrows in A and C). A Kinetics of average cage
concentration in the two-photon spot (solid lines) for a first-order
irreversible reaction with rate constants k=K 5, 0.1K( 5 or 10K, 5.
Data derived by numerical inversion of the Laplace transform in
Eq. (23); steady-state values C,,/C, defined by Eq.(24) are
indicated by horizontal arrows: 0.503, 0.909 and 0.0960, respective-
ly. For comparison, exponential timecourses calculated for spa-
tially uniform reactions with the same rate constants shown by
dotted lines. B Steady-state average concentration of cage remain-
ing in the two-photon volume at rate constant k (abscissa,
logarithmic scale). Points represent exact analytical solution
(Eq. 24), the solid line shows its simplified form 1/(1+k/Kys)
(Eq. 25). Rate constant Ky s=2.5/1=22,200 s~' corresponds to the
reaction which in the steady state depletes 50% of cage in the spot
(vertical dashed line). C Total amount of cage photolysed up to time
t, M(1), in an infinite medium at different reaction rate constants k
(indicated in multiples of Kjs near corresponding curves). M(¢)
found by integration of Eq. (23) with Laplace transform inversion
and normalized to the initial amount of cage, CyV, in the two-
photon volume V (horizontal dashed line). Double-logarithmic plot.
Limiting steady-state cage consumption is shown by dashed line,
slope kof= Ky 5. Reactions with k> K 5 show an initial high rate of
consumption and approach the limiting steady-state rate asymp-
totically as the cage is depleted from the spot. At k < Ky s, the
consumption rate shows little change



The physical significance of the rate constant Kj s is
illustrated by considering the kinetics of roral cage
conversion integrated over an infinite medium. The total
amount of cage M(f) converted to E over time ¢, nor-
malized by the initial amount of cage in the reaction
sphere CyV/, was calculated by numerical inversion and
plotted in Fig. 1C for reactions with different rate con-
stants k in units of K s and spot volume V=4nA’/3=
0.113fL for A=0.3 pm. In these calculations,
Ky 5=22200s ' as above. With k> K, s the rate of
conversion initially decreases substantially with time; in
contrast, for k < K 5 the rate decreases insignificantly.
Linear slopes at early times ¢ < 7 (t=113 ps) represent
initial rates of reaction not affected by diffusion, when
M(1) = CyVkt. At late times, > 7, the slopes decrease
because the cage in the spot becomes depleted by pho-
tolysis and thus the rate of reaction becomes limited by
diffusional replacement of the cage. At a high rate
constant, k > K s, the slowing of the reaction rate due
to cage depletion is pronounced; in the extreme case
k=50Ky s there is initially complete depletion of the cage
in the spot (in Fig. 1C, crossing the horizontal dashed
line, which represents the spot content Cy}) followed by
reaction at a rate limited by the rate of diffusional cage
influx. This time to deplete the spot represents for fast
reactions (k>10°s™") the most favourable duration of
the photolysing laser pulse train, NT < t, the time when
photolysis is almost complete within the spot, but the
products remain localized.

The constant rate of cage depletion in the steady state
(data at > 7 in Fig. 1C) is seen by integrating Eq. (23)
and using the properties of the Laplace transform. The
constant steady-state rate defines an effective rate con-
stant, k.r, in the relation M (¢ — o) = kerCoVt. The same
rate of cage consumption can be expressed from Eq. (25)
in terms of the microscopic reaction rate constant k as
kCg,Vt from the expression for the steady-state average
concentration Cg,. Equating these definitions, the effec-
tive steady-state rate constant k.; and microscopic re-
action rate constant k£ have the relation:

1 1 1
ke k - Ko s (26)
For slow reactions with k < Ky s, the value of kg is
close to k because there is little cage depletion (lower
curves, Fig. 1C), and at k > Kj s the effective steady-
state rate constant k. has a maximum equal to Ky s
(dashed line and top curves, Fig. 1C). For fast reactions
(as k — o), Kys=2.5D/A? is the limiting rate of pho-
tolysis in the steady state, determined by the rate with
which cage molecules diffuse into the spot to replace
those photolysed.

As the value of Kj s limits the steady-state photolysis
rate by fast reactions, the maximum rate of cage con-
sumption by steady-state photolysis in an infinite me-
dium amounts to CyV Ky 5=2.51Cy pmol/s (with units of
Co in mol/L and V'=0.113 fL as above). This quantity is
dependent only on diffusion and, for a spherical spot,
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will vary in proportion to AD. This small rate of steady-
state cage consumption and product generation at
maximal photolysis rate illustrates that two-photon laser
microphotolysis cannot produce large quantities of
photolysis products, and that direct calibration by
chemical measurements is difficult because too little cage
consumption or product formation occurs for analysis.
Furthermore, the results show that prolonging the time
of laser illumination beyond approximately N7 =1 does
not change the reactant concentrations in the spot, and
increasing the photolysis rate constant k. at high laser
power is progressively less effective in changing the re-
actant concentrations in the spot at times approaching
the steady state. These factors must be considered in
designing and interpreting experiments.

Summary of results for single-step excitation

The results for cage depletion in a single excitation step
show the dominant role of diffusional exchange on the
reaction rates in regions with sub-micron dimensions.
For realistic diffusion coefficients, 100-800 pm?/s, the
characteristic time constant of exchange for a 0.6 um
diameter spot is t=A4%/D=900 ps to 113 ps, respec-
tively. The excitation rate constant for 50% cage de-
pletion in the steady state 1is estimated as
Ky 5=2.5/t=22,200 s "with a 0.6 pm diameter spot and
D =800 um?/s. The rate of photolysis in the steady state
is limited to a maximum of K, 5 by diffusional replace-
ment of the cage even at high excitation rate constants,
and the optimum laser exposure at high excitation rates
is t~7, to achieve near steady-state concentration with
minimal spread of products away from the spot. The
diffusional loss of intermediates from the spot also re-
quires, by the same considerations of diffusion, that
rates of conversion in the ‘“dark” reactions have
ky,> Ky 5 for localization of products in the vicinity of
the laser spot.

Kinetics of concentration changes in the two-photon spot

The kinetics of the photolysis reaction is determined by
the reaction rate constants, diffusional replacement of
the cage and diffusional loss of the intermediates and
products from the spot. Simple analytical solutions
cannot be found for the kinetics of reaction with
diffusion in terms of the reaction rate constant and dif-
fusional time constant. However, numerical analysis of
the models with spherical geometry for the two-photon
spot leads to some useful empirical relations given here.

The analytical solution for reaction on the surface of a
sphere immersed in an infinite medium (model PIM1a of
Table 1) can be used to interpret the diffusional 7 in re-
lation to the timecourse of the concentration change in
the spot. According to Eq. (21), at time =1, slow re-
actions (k — 0) will produce an average concentration of
product in the spot Eg, equal to 1-e x erfc(1)=0.572 of
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that in the steady state. A similar result arises when
considering zero-order release in a sphere (model RSP of
Table 1;see Eq. 35 below): the reaction at time =1 gives
1 - 37 %+ 1.5erf(1)=0.571 of the steady-state concen-
tration. Thus, the time, #y57, when 57% of the steady-
state concentration is achieved can be used to evaluate
the effects of the excitation rate constant and diffusional
parameters on the kinetics of the averaged spot con-
centrations. This was applied to the model analysed
above, with first-order reactions resulting from uniform
illumination of the spherical spot and diffusional gradi-
ents of concentration within the spot and bulk solution
(model PIM1 of Table 1). ¢y 57 was calculated for reac-
tion rate constants, k, and diffusion conditions, = A4°/D,
by numerical inversion of the Laplace transform
(Eq. 23). The results are plotted in Fig. 2 (closed circles)
as the dependence of 7 57 on reaction rate constant k for
a 100-fold range of 7 from 11.3 ps to 1.13 ms, corre-
sponding to K, s values of 2220 to 222,000 s .

At slow reaction rates (k < Ky 5), t.57 1S determined
by diffusion and is equal to . With reaction rate con-
stants k > K, s, the 1y 57 time decreases, and at k> K| 5
becomes inversely proportional to &, following conven-
tional diffusion-independent kinetics. The simplest em-
pirical description of the numerical results presented in
Fig. 2 is the relation:

1 1
—=k+—, or l0_57:‘5/(1+k‘5)
T

27
.57 @7

showing that diffusion and reaction influence the kinetics
in parallel. Figure 2 (solid line) shows that this

r=1.13m

tys57, S
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Fig. 2 The time, 557, when the concentration of product of a
single reaction averaged over the spot (Eq.2; PIM1 model of
Table 1) reaches 57% of the steady-state value. 7y 57 values were
calculated numerically from Eqs. (23) and (24) and plotted against
the reaction rate constant k. Points are calculated for different
diffusion time constants t=A4%/D. Filled circles: t=113 ps; trian-
gles: t=1.13 ms, corresponding to slow diffusion and/or large spot
radius; squares: time constant t=11.3 ps, fast diffusion and/or
small spot radius. Solid lines show empirical approximations
calculated with Eq. (27), ty.s7=1/(1 +kt). Horizontal dashed line
shows t=113 ps (4=0.3 ym, D =800 pm?/s)

approximation is close to the calculated times (points)
except for small deviations at the highest values of £,
where 1/ty57 equals 1.1k to 1.14k. Thus, if at different k
the timecourse and steady-state concentrations are
known, Eq. (27) allows the estimation of diffusion and
reaction parameters from 7 s57. In this context, g 57 can
serve as a characteristic time constant describing the
kinetics of the reaction with diffusion localized to a
sphere.

Sequential excitation and release reactions
with diffusion (model PIM?2 of Table 1)

The contributions of the excitation and “dark’ reaction
rate constants to the overall rate of photolysis and dis-
tribution of products was investigated by considering
two sequential irreversible reactions described earlier

(Eq. 3):

ke(r)

cp b p (28)

The return of a proportion of intermediate E to the
ground state rather than decaying to product P is as-
sumed to be faster than the interpulse interval 7', and is
thus accounted for as a quantum yield factor in the ex-
citation rate constant k. (see Eq. 1). The cage, interme-
diates and products are freely diffusing, the excitation
(ko) is confined to the laser spot, a sphere of radius 4,
and the ““dark™ reactions of product release (k,) can
occur in the whole medium from excited state interme-
diates E. This model was solved with the approximation
of spherical geometry and equal diffusion coefficients for
all reagents. The average steady-state concentration, Pgp,
of final product in the spot is:

1
ke — Ky

kp ke
I T )

1 ik ann (Vi) |}

Py/Co=1+

(29)

Asin Egs. (24) and (25), the Padé approximation was
used, and 7= 4%/D and K, s=2.5/1 have the same values
as before. Numerical calculations (not shown) confirmed
that the results obtained using Eq. (29) were close to
those obtained without use of the approximation from
the complete expression for the two-step reaction (model
PIM?2 of Table 1). Figure 3 shows steady-state concen-
trations of the product P calculated in four limiting
cases, ascribing fixed “fast” (10Kj s) or ““slow” (0.1Kj s)
values to either rate constant k. or k, and plotting the
average concentration in the spot as a function of the
other variable rate constant. With a fast rate of product
formation, k, = 10K s, the steady-state concentration of
product depends hyperbolically on the excitation rate
constant k. (Fig. 3, solid line) as described by Eq. (25)
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Fig. 3 Photolysis by two sequential irreversible reactions: excita-
tion with the rate constant k. inside the spot and product formation
in an infinite medium with “dark™ reaction rate constant k.
Reaction scheme Eq. (3), PIM2 model of Table 1. Normalized
steady-state product concentrations averaged in the spot, P,/Co,
calculated from complete expression in model PIM2 (Eq. 29 gives
its simplified form). Spot radius 4 =0.3 pm, diffusion coefficient
D =800 um?/s. Limiting cases of fixed rate constants: solid line: fast
“dark” conversion, k,=10K,s; dashed line: fast excitation,
ke=10Kys; dash-dot line: slow ‘“dark™ conversion, k,=0.1K;s;
dotted line: slow excitation, k.=0.1K, s are shown plotted against
the variable rate constant, k. or k,

for a single-step reaction. With k.,=10K, s, i.e. at fast
excitation, the steady-state concentration of product P
in the spot depends on k, as a quasi-hyperbolic function
(Fig. 3, dashed line), and 50% of the initial cage con-
centration is photolysed at lower rates of k,, than found
for k. in the reverse situation (Fig. 3, solid line). In the
case of low excitation rates, low concentrations of in-
termediate will be found in the two-photon volume be-
cause of losses by diffusion, and therefore little product
is formed at any value of k,, (Fig. 3, dotted line). Data
show that even with a slow “dark” reaction (Fig. 3,
dash-dot line) it is possible to obtain significantly more
product by increasing the excitation rate than in the
reverse situation of slow excitation and increasing k,
(Fig. 3, dotted line). Thus, fast k. produced by efficient
excitation in each laser pulse increases the overall
product concentration by producing large concentra-
tions of intermediate E in the excitation volume. More
generally, the dependence of steady-state concentration
on both reaction rates (Eq. 29) demonstrates that high
rate constants of both reactions =K, s are required in
order to generate high concentrations of photolysis
product P inside the spot. In practice, k. is determined
by the two-photon photolysis cross-section and the in-
tensity of the pulsed illumination, and is to that extent
an experimental variable, although at present two-
photon cross-sections are generally too low to be useful
at non-toxic laser intensities. The rate constant k, is
determined by the photochemical properties of the cage
and is an equally important parameter that cannot be
varied in an experiment.
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Spatial distribution of intermediates and products

Single reaction step

The distribution of photolysis products will be deter-
mined by the rate of breakdown of the intermediates
produced by excitation in the laser spot in relation to
their diffusion into the bulk solution. In the limiting case
when the intermediates are short lived, represented by a
fast “dark™ reaction rate constant k,>> 1/T, the distri-
bution of product E complements cage depletion and
follows the 1/r rule of steady-state distribution with
distance in the bulk solution (Carslaw and Jaeger 1959;
Crank 1975). For the model of a well-mixed reaction in
the sphere (Egs. 21 and 22), the steady-state ratio of
concentration at radius r to the concentration on the
surface of the sphere equals A/r. Analytical solution for
the model with diffusional gradients within the sphere
shows that the steady-state concentration at r> A
changes with radius also in proportion to 4/r, multiplied
by a dimensionless function of the reaction rate constant
[x*~x’tanh(x)]/{x*-3[x—tanh(x)]}, where x = (k1)*>. This
function depends slightly on reaction rate constant, in-
creasing from 0.83 at k < K5 to 0.95 at k=100K, 5, up
to the limit of 1 at infinite k. Thus, for the single-step
models, the steady-state distribution of concentrations
outside the spot is determined by diffusion and decays
with increase in radius as A/r, with little dependence on
the rate of reaction.

Two sequential reactions

The spatial distributions of product P(r) and interme-
diate E(r) that result from different rates of either exci-
tation or photolytic conversion were calculated and
plotted as the radial concentration distributions, shown
in Fig. 4. These were calculated for 4=0.3 pum and
t=A2/D=113 ps at times equal to 0.1z, 7, 10t and in the
steady state, and rate constants k. and k, were set as
fast, 10K, 5, or slow, 0.1K, 5. Two cases are considered:
slow excitation and fast photolysis (Fig. 4A) and the
reverse situation of fast excitation and slow photolysis
(Fig. 4B). Note the different concentration ranges (or-
dinate scales) required to compare the spatial spread.
The distributions of E(r) (Fig. 4A, B, left panels) show
that setting k. high or low has little effect: the distribu-
tion of E remains confined to the two-photon volume,
though with much smaller amplitude at low excitation
rates and slightly wider profile at slow photolysis. The
concentration of F increases in proportion to the rate k.
and reaches a steady state slowly after an initial over-
shoot at ¢ > 7 (seen particularly in Fig. 4B). Additionally,
it was noted that large differences of excitation and
photolysis rates can produce transient depletion of E in
the centre with local maxima on the periphery of the
two-photon volume (not shown). These effects are
analogous to depletion in the centre of the spot,
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predicted for two-photon excitation of fluorescence
analysed in the presence of bleaching or dye saturation
(Xu and Webb 1997).

The spatial distribution of product P(r) does not
display transient behaviour and differs markedly in the
two limiting cases shown in Fig. 4A, B (right panels).
Figure 4A confirms that the case of very fast “dark”
reactions is similar to a single reaction with the overall
rate defined by excitation k.. However, the same is not
true for the opposite case of a slow “dark” reaction rate
constant. The steady-state amplitude is greater at fast k.
and slow k, (Fig. 4B), but the distribution is broader
than in the reverse case. This larger steady-state con-
centration is achieved slower than at other rate settings
(indicated by the larger displacement between curves for
107 and steady state in Fig. 4B). Despite fast excitation
and a higher final concentration of product than in
Fig. 4A, the diffusional spread of excited intermediate E,
resulting from low k,, generates a spatial product dis-
tribution considerably wider than for a single-step re-
action or reactions with slow excitation and fast
photolysis (Fig. 4A). The differences are more pro-
nounced at times 7> 1 and in the steady state. This effect
can be verified with the analytical expression for the
steady-state dependence of product concentration on
radius for r > 4, which, on letting k. — oo, at k, < <Kj 5
simplifies to:

A
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Fig. 4A, B Spatial concentration profiles of intermediate E (left
panels) and final product P (right panels) for two sequential
irreversible reactions (model PIM2 of Table 1). Concentrations
normalized to initial cage concentration C, and plotted against
radius r for different times of reaction equal to 0.17 (thin solid lines),
T (dashed lines), 10t (dotted lines) and in the steady state (thick
lines). Different ordinate scales chosen to facilitate comparison. A
Slow excitation (k.=0.1Kys5) and fast “dark” conversion
(kp=10Kys5). B Fast excitation (k.=10Kys) and slow “dark”
conversion (k,=0.1K; s)

Py(r) = COA/r{l - exp(—r\/k‘pﬁ) sinh(\/l%)/\/@}
(30)

The exponential dependence on radius in this expression
decays with spatial constant (D/kp)o'5 , which decreases
the concentration in the vicinity of the spot and increases
the distal concentration relative to the A/r decay for the
single reaction step.

The spatial distribution of the product can be char-
acterized by the half-maximal radius at which the
product concentration equals 50% of that in the centre
of the spot. Figure SA shows the timecourse of the
change of this measure during photolysis by two se-
quential reactions (model PIM2 of Table 1). For fast
excitation and a slow ‘“dark” reaction (k.=10K,s,
ky,=0.1Kj s, solid line), there is a considerably greater
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Fig. 5 Spatial distribution of product concentration characterized
by radius at half-maximum, at different reaction times (A, C and D)
and in the steady state for different reaction rate constants (B). A
Radii at half-maximal product concentration for two sequential
reactions (model PIM2 of Table 1) are plotted against reaction
time for fast excitation and slow “dark™ reaction (k.=10Kjs,
k,=0.1Ky 5) (solid line) and in the reverse situation (k.=0.1Kj s,
kp=10Kys5) (dashed line). B Steady-state radii of half-maximal
product P concentration in this model plotted against the rate
constants of “‘dark”™ reaction kp, data for two fixed rate constants
of excitation: fast k,=10Ky 5 (solid line) and slow k.=0.1Kq5
(dashed line); double-logarithmic plots. The value of Kys=
22,200 s ' is shown on the abscissa scale by an arrow. C Timecourse
of radius of half-maximal product concentration calculated for the
zero-order release models with geometries of a Gaussian cylinder
(RGC model, cylinder dimensions wg=0.35 pm, wz=2.47 um,
solid line) or a Gaussian sphere (RGS, wg =0.35 um, dashed line).
For the cylindrical model the radius of the spot in the focal plane
(surface z=0) is analysed. D For the RGC model the same analysis
as in C is performed for the half-maximal spread of the product
distribution along the optical axis (line »=0). The half-width of the
axial distribution is plotted on the same ordinate scale as in C with
1.7 um offset to facilitate comparison



spatial spread of the distribution with time when com-
pared to the reverse situation of slow excitation and fast
“dark” conversion (k.=0.1Kys, k,=10K,s, dashed
line). Figure 5B shows the dependence of the half-max-
imal radii in the steady state (asymptotic values of
curves in Fig. 5A) on the rate constant k,, presented for
two fixed values of k., fast (10K, s, solid line) and slow
(0.1Ky 5, dashed line). The graphs show that when the
“dark” reaction is slow, k, < Kj s, the half-width is ex-
clusively determined by k, independently of k., and the
limiting slope as k, — 0 is proportional to (kp)’o‘s, as
implied in the expression given above. At large k, > K s,
the spatial distribution is narrow, though slightly wider
at high excitation rate k. (Fig. 5B, solid line) than at
slow k. (dashed line), comparable to the single-step re-
action. Figure 5B also shows that rate constants of
“dark” reactions of 100-500 s™' typical for nitrophe-
nylethyl cages (McCray and Trentham 1989; Corrie and
Trentham 1993) would result at any excitation rate in
half-maximal radii of product distribution in the range
24-4.8 um in the steady state, extending the radial
dimensions of release 8 to 16 times those of the two-
photon spot.

Gaussian excitation profiles

The spatial distribution of the product E of a single-
step reaction was also studied for excitation with
Gaussian spot geometry, either spherically symmetrical
(RGS), expected for an overfilled objective, or cylin-
drical (RGC), corresponding to an underfilled objec-
tive, with a constant photolysis rate proportional to the
intensity squared. The values of wg =0.35 pm for both
and wz=2.47 pm for the cylinder (see Table 1) were
chosen so that the half-maximal radius in the focal
plane equals 4 =0.3 pm and the half-maximal width of
the spot on the z axis for RGC model is 4.11 um,
values that match those of a squared Gaussian-Lo-
rentzian distribution for a focused laser beam with
waist 0.7 um. Figure 5C shows that in the focal plane
the Gaussian sphere profile (dashed line) produces a
product distribution comparable to the reaction in the
uniformly illuminated sphere (Fig. SA, dashed line).
However, the radial broadening of the Gaussian cyl-
inder distribution with time (Fig. 5C, solid line) is
much greater and may be due to the larger reaction
volume in the Gaussian cylinder. In the axial direction,
the Gaussian cylinder distribution undergoes broaden-
ing with a similar timecourse, reaching larger dimen-
sions than that seen in the focal plane (Fig. 5D). The
results in Fig. 5C, D were calculated for single-step
zero-order release reactions, and it is likely that with
two sequential first-order reactions with a Gaussian
cylinder excitation profile the effect of a slow ‘“dark”
reaction in spreading the released product outside the
ellipsoidal illuminated spot would be even more pro-
nounced.
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Single-step reaction with different diffusion properties
of the cage C and product E

When the diffusion coefficients of the cage and the other
reagents generated are different, the condition of mate-
rial balance at each point is no longer valid, and the
concentrations need not be complementary to C.
Considering a single reaction step, the system of equa-
tions for C and the first intermediate £ (Eqs. 7 and 8)
can be solved with diffusion coefficients different for
each, D¢ and Dg. This may occur, for instance, if E is a
smaller molecule than C, and consequently D-<Dp.
With this modification, the steady-state depletion of the
cage occurs as described above (Egs. 24 and 25 with
D= D), but the average concentration of the product £
differs and is described using same approximations as in
Egs. (24) and (25) by:

De 1

with K, s equal to 2.5Dc/A4°. The steady-state concen-
tration of E in the spot thus follows the steady-state de-
pletion of cage C multiplied by the factor Do/Dg. For
illustration, Fig. 6A shows the steady-state average con-
centration of product in the spot r £ 4 (4=0.3 um) as a
function of the reaction rate constant &k, when E diffuses
with 4 times greater D than the cage, with Dg= 4D-=
800 um?/s (solid line), and, for comparison, curves cal-
culated with both species diffusing either like the cage
with D= Dc=200 um?/s (dotted line) or like the product,
D=Dz=800 pum?/s (dashed line). At small values of k the
product concentration follows the curve with the diffu-
sion coefficient for the product, D, but at higher reaction
rates (k> Kys) has the average steady-state level
decreased by the ratio D¢/Dg (0.25 in this example).
The kinetics of the average product concentration in
the spot, E,,(#), can be evaluated for unequal diffusion
coefficients using the Laplace transform. These were
calculated and plotted for different reaction rate con-
stants (in multiples of KO,5=2.SDC/A2=5560 s in
Fig. 6B. Also plotted for comparison are curves at re-
action rate constants k=2.5D/4° with both diffusion
coefficients set to either D¢ (200 pm?/s, dotted line) or to
Dg (800 um?/s, dashed line). Initially, 7< 4%/Dg, the
timecourse at Dy =4D is as if both diffusion coefficients
were set to Dg; later a smaller steady-state level (Ep) is
achieved when the diffusion coefficients are different. At
high reaction rates, k> Kj 5, the initial rise is faster and
the kinetics show clear transient peaks greater than the
steady state, occurring in less than 100 ps, followed by a
slow decline to the steady-state level, due to faster dif-
fusion of E from the spot. The amplitude of the transient
is larger and the peak occurs earlier at high k. The
timecourse with equal diffusion coefficients always
showed monotonic increases of product in the spot
which followed the cage depletion, as in Fig. 1A. Thus,
as a result of differences in diffusion coefficient,
continuous laser photolysis can produce submillisecond
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Fig. 6 Different diffusion coefficients for cage and product E in
single-step photolysis (PIM1 model of Table 1); effects of different
reaction rates k on average product concentration in the spot in the
steady state (A) and its transient kinetics (B). Results calculated for
spot radius 4=0.3 um with four-fold difference in diffusion
coefficients for cage (Dc=200 pm?/s; Kos=2.5Dc/A>=5560 s )
and product (D ;=800 um?/s). A Steady state, normalized concen-
trations of product averaged over the spot, Eg,/Cy, plotted against
rate constant k for chosen different diffusion coefficients (solid line)
and for identical diffusion coefficients for cage and product equal to
Dg (dashed line) or D¢ (dotted line). Semi-logarithmic coordinates.
B Kinetics of average concentration of product E in the spot
(normalized to Cy) for four times different diffusion coefficients of
cage and product. Continuous lines: timecourses calculated with
rate constants indicated on the curves in multiples of Ky s= 5560 s
Note that the traces for k> K| s display transiently high concentra-
tions of E with decay to the steady state. For comparison, the
kinetics calculated for equal diffusion coefficients are shown for
D=Dy;=800 pm?/s (dashed line) and D=Dc=200 ym?/s (dotted
line); reaction rates are set to 2.5D/A>

initial “‘spikes” of high product concentration, and the
amplitude of these spikes can transiently reach C, (i.e.
complete photolysis).

Determination of k and t from asymptotic approach
to the steady state

It has been noted that solutions for various diffusion
problems in an infinite medium approach the steady
state with an asymptotic increase or decrease of con-
centration proportional to > (Crank 1975). The pos-
sibility that this property exists for the averaged
concentrations and might be useful in evaluating k and t
by extrapolation, thereby avoiding long laser exposures,
was tested with analytical solutions for the models listed
in Table 1. It was found that extrapolation of data with

short laser exposures plotted in 1/V¢ coordinates can be
used to estimate the steady-state level if exposures are
longer than t= 4%/D.

The procedure can be described for a single-step re-
action in an infinite medium (PIM1 model of Table 1)
and equal diffusion coefficients for C and E. By analogy
with Eq. (22) the asymptotic approximation of E,,(¢) for
large t — oo will have the form:

Eay(t) = Egp + SI(k, )t "% + O(t™ ') (32)

where the asymptotic slope S/ is a function of k and t,
but not ¢. SI is identified by applying the Laplace
transform to the right side of this expression, multiply-
ing by p (the transform parameter) and comparing the
result with the solution for the model in the Laplace
transformed form E,(p,k,t), also multiplied by p and
expanded in a series in p at p — 0. From the properties
of Laplace transforms (see Theory and models), terms
independent of p form the steady-state concentration
E,, while equating the terms of the order ~p we can
find the slope SI. This procedure applied to the single-
step reaction, with the use of Eq. (25), gives:

2
Eav(tﬁoo):ESp_s_M(T

T)\08 s
3C) TEt) +O(t )

~E, {1 _ 6(1—1—5k/K05) (;)O'Sw(t—“)]

(33)

Numerical calculations of the kinetics with a reversed
transform in Eq. (23) confirm that the approximation is
valid for large values of ¢ > 1. Thus, plotting the time-
course of average concentration in 7> coordinates
yields an asymptotic line intercepting the ordinate at the
steady-state value E, as t — co. This intercept allows the
steady-state concentration and asymptotic slope to be
found graphically. After this, theoretical expressions for
the asymptotic slope defined by Eq. (33) and for the
steady-state concentration (Eq. 25) can be used to esti-
mate the unknowns, k and 7.

For two sequential reactions (PIM2 model of
Table 1), this method gave an approximation relating
the slope, SI (S[<0), and the steady-state average con-
centration of final product, P, by the equation:

S1/(Py — Co) = (34)

5 /7405 1
6 (n) 1 +K0_5/ke
Although both S/ and Py, are complicated functions of
both rate constants k. and k,, this relation does not
explicitly depend on the rate constant k, and together
with Eq. (29) allows the determination of two parame-
ters from the set of k., k, and 7 from the steady-state
results, provided the remaining parameter is determined
independently.

Finally, for the constant-release rate models, the
steady-state and asymptotic values at t — o can be
found directly from the model solutions. A constant rate



of release in the sphere radius 4 (model RSP of Table 1)
gives average concentrations of product E in the sphere
and the asymptotic approach to the steady state as:

0.5

! 2 2
ERSP(I) = Kt — 04KW (T — 3t + 2t ) CXp(—‘C/t)

2.5 ZL145

2K

+0.8K 705705

705715
—0.2K (5t — 21)erfc [(r/t)o‘s}

Kz 5702 5¢' 25
25 <1 T 60505 60n0-5t1-5> +0(r7*?) (39)

The result is consistent with the single-step reaction
given above when k << K, 5 and no cage depletion occurs
in the spot, in which case Eq. (25) also gives the steady-
state value kCy/K, s = K1/2.5, and the same 7 - slope as
that given by Eq. (33).

For the Gaussian sphere with the product release rate
defined as Kexp(fr2/w§) and diffusional time constant
t=w%/D (model RGS in Table 1), the average concen-
tration has the timecourse:

ERgs(l‘) = 271'5K‘C(1 - l/m)

_ 2—1-51@[1 - (f/zz)°~5+o.5(r/2t)‘~5} +0(r29)
(36)

The slope of the initial increase of the product concen-
tration averaged over the spot is K/2', ~2.8 times
slower than the reaction rate K(r=0) in the focal centre.
At large times, asymptotic behaviour when plotted in ¢
-5 coordinates holds, as for the other models.

For product release within a Gaussian cylinder (RGC
model of Table 1), the derivation, results and asymptotic
behaviour are given in the following paper (Kiskin et al.
2001; see Appendix). Briefly, the expression for average
product concentration in the spot with characteristic
radial and axial diffusion time constants tg =w% /D and
1,=wz>/D is given by:

Erae(t) =2"""Krr fz
Tz — TR
<In (\/’CE“F /17 —TR) (\/Tz-‘rz —\/1z —‘ER)
TR(TR+2Z)

(37)

The derivative of Ergc on time at ¢ — 0 is K/2', as for
the Gaussian sphere model. An asymptotic expansion
for large times is:

Erge(t— o0) =

2-15KTR In l++/1—1r/72
\/1—’CR/TZ \/TR/’CZ

_ O.ZSKTR\/?—I—% (1 + 21—?) (TTZ) l'5+0(t—2.5)

(38)
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The first term of the expansion represents the steady-
state value, depending on the shape of the spot, and the
result displays ¢ %° kinetics as equilibrium is ap-
proached.

Intracellular photolysis: two-photon spot
inside an impermeable sphere
of radius B (model RSP1 of Table 1)

For intracellular microphotolysis, the volume where the
product accumulates is determined by the size of the cell
(or other physiological compartment) and, although
generally larger, may be comparable with the dimen-
sions of the laser spot. As a result, the diffusional re-
distribution of the reagents inside this closed volume has
an influence on the timecourse of the reaction. The
analysis considers a single, irreversible first-order reac-
tion with rate constant k inside the sphere r < 4 with
diffusional exchange limited to a larger concentric vol-
ume, r < B, impermeable to both cage C and product E.
From considerations discussed above, this approxima-
tion describes photolysis in the case of very fast ““dark”
reactions when the rate k of photolysis is equal to the
excitation rate constant k..

At early times, ¢ < 1, the presence of the outer shell at
r= B does not influence the course of the reaction, which
initially behaves as if in an infinite medium. At the other
extreme, in the steady state, all the cage inside the larger
volume r < B (“the cell”) will be photolysed by the ir-
reversible reaction. Thus photolysis will be localized
near the laser focus only for a limited time after the
beginning of exposure. Considering these processes, the
optimal duration of photolysis, when the reaction can
still be practically regarded as localized to the spot, can
be estimated.

Figure 7A shows for the single-step reaction the
timecourses of the average spot concentration of the
product E, released in r< A4 with rate constant
k=Ko s=22,200 s ' and diffusing in an infinite medium
(solid line) or inside impermeable spheres (“‘cells’) of
radius B=3 um and 6 pum (dashed lines). As expected,
initially the average concentration of E in the two-
photon spot follows the same curve as in the infinite
medium. However, in the restricted volumes with long
exposures ¢>1, the concentration inside the spot con-
tinues to rise even after the steady state is reached in the
infinite medium. This rise is slower, and E,, finally ap-
proaches Cy, complete photolysis. In the limit of a very
slow reaction compared to diffusion, the kinetics will be
E(r,t) = Eq(t) = Co[l — exp(—k4®/B*1)], i.e. the reac-
tion is a uniform cage depletion over the whole cell
slowed down by the factor (4/B)°, the ratio of the two-
photon volume to the impermeable volume. Also of in-
terest are the concentrations on the boundary of the cell,
at r= B (Fig. 7A, dotted lines). These gradually increase
with time after a delay which is longer for the larger of
the two spheres, B=6 pm. Note that the slow increase of
concentration on the cell periphery (dotted lines) is seen
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Fig. 7A-C Kinetics of product E distribution for a single-step
reaction proceeding in the spot radius 4 concentric within
impermeable spheres (“cells”) of radius B (PSP1 model of Table 1).
A Comparison of the timecourse of average concentration of
product E in the spot for reaction in an infinite medium (PSP1
model of Table 1, solid line) with corresponding kinetics for
reactions inside 3 and 6 um radius cells (dashed lines); semi-
logarithmic plot. For the PSP1 model, product concentrations on
the boundary r=B are shown by dotted lmes Radius of spot
A=0.3 um, dlffuswn coefficient D =800 pm?/s, rate constant
k=Ky5=22,200 s . B The times 7,9, when product concentration
on the boundary of the cell reaches 10% of average product
concentration in the spot are plotted against cell radlus B for
diffusion coeﬂic1ents D of 80 pm?/s (rquares) 800 pm?/s (circles)
and 8000 um?/s (triangles). D (in pm?/s) is indicated near the
corresponding curves; spot radius 4=0.3 um. C The dependence
on cell radius B of t1g0, values for D=800 pm?/s and reactions
proceeding in spots of different radii 4 equal to 0.15 pm (squares),
0.3 um (circles) and 0.6 pm (triangles). In B and C the rate
constants of the reactions are set to corresponding values of
Ko 5=2.5D/A4%, and all solid lines are drawn in double logarlthmlc
coordinates according to the approximating equation gy, =mB>/
(AD). The estimate of m determined by regression on B for all data
points is 0.0430 £0.0003

when the concentration inside the release spot r < A4
(dashed lines) significantly deviates from the curve for an
infinite medium (solid line). At later times, both curves
approach each other and ultimately C, as the cage inside
the cell is photolysed completely.

The times when photolysis is still considered localized
can be defined by the time, #;¢.,, Wwhen the concentration

of product on the boundary reaches 10% of its average
concentration in the spot, E(B,tg%) = 0.1E,,(¢19%). At
t<tjoe, the concentration of product on the boundary
will not exceed 10% of that in the spot, while at 7> #,¢.,
the product on the boundary will increase with a rate
comparable to that inside the spot. #;0, times are plot-
ted in Fig. 7B and C against the cell radius B for reac-
tion with rate constant k=K,s and for different
diffusion conditions. The #,9., values displayed very
weak dependence on the rate constant of the reaction, k:
in the range of k from 0.1Ky5 to 10Ky 5, t190, values
varied at B>1 pum by less than 11%. An analytical ex-
pression for #g., was not derived; however, all the nu-
merical results obtained on changing the diffusion
coefficient D by a factor of 10 (Fig. 7B) or radius of the
spot A4 by two-fold (Fig. 7C) displayed slopes close to 3
when plotted against the cell radius, B, in double loga-
rithmic coordinates. Analysis of the dependence on A4
and D suggested that 7., times are proportional to the
quantity B3/(AD)=(B/A)3t, which has the dimensions of
time. The dependence on B® was confirmed when these
data were scaled by the factor 4D, pooled, and all-point
regression on radius B in logarithmic coordinates gave a
slope equal to 2.98+0.08. From this fit, the optimal
exposure times can be determined by the approximate
empirical formula #;.,~0.0430(B/A4)3t (Fig. 7B and C,
all solid lines), valid over the range 4 =0.15-0.6 um and
D=80-8000 pm?/s and for reaction rate constants
k=(0.25-25)D/A?. There were small deviations from
this relation towards shorter times for B =~ A at high
reaction rates. The results can be extended for cells of
any shape, provided the radius B represents the smallest
distance between the spot and the cell boundary. Fur-
thermore, the analysis shows that 71ge, times are mainly
determined by diffusion. Calculation with 4=0.3 pm
and D=800 pm?/s, for a representative cell radius
B=10 um, gives a value of #,9¢, =179 ms, a much longer
exposure than the diffusional t=113 ps characterizing
exchange of the spot with an infinite medium. At the
other extreme for B=3 um, ¢, =4.84 ms, closer to the
diffusional t. Thus, the results obtained in small cells
with intracellular two-photon photolysis using pulses of
10-100 ms duration (e.g. Lipp and Niggli 1998) should
be considered with caution, since considerable filling of
the cell with products may occur by diffusion in this
time, and effects seen cannot be ascribed to local actions
on the basis of the two-photon effect.

Discussion

In experiments with laser microphotolysis it is important
to know the factors affecting the concentration and
timecourse of the photolysis products in the laser spot
and the surrounding solution. Instrumental parameters
such as laser intensity, spot size and pulse width and
frequency can be controlled, but the efficiency and rates
of photolysis are affected by intrinsic photochemical
parameters. These are shown to be important in relation



to diffusional exchange of reactants in determining the
extent and spatial distribution of product generation.
The models presented here were formulated to discuss
(1) the role of photochemical properties of the cage, the
two-photon cross-section, quantum yields and “dark”
reaction rate constants in reactions triggered by excita-
tion with a pulsed, rather than continuous, laser source;
(2) the influence of diffusion coefficients and spot ge-
ometry on the concentration and kinetics of the cage,
intermediates and products, soon after the start of
photolysis and in the steady state; and (3) the effect of
limiting the volume of diffusion to a small region outside
the spot, to simulate photolysis in a small cell or other
restricted space. The levels of pulsed irradiation that can
be applied in a physiological context and the resulting
photolysis are assessed in the following paper (Kiskin
et al. 2001).

Evidence from near-UV flash photolysis indicates
that photolysis reactions can be generalized as two se-
quential, irreversible steps, the first requiring absorption
of light to generate excited intermediates, a proportion
of which proceed to decay in ‘“dark” reactions to
products independent of illumination. At a particular
level of pulsed irradiation the proportion, o, of mole-
cules excited by two-photon absorption during each la-
ser pulse and the quantum efficiency # of the first step
are properties of the cage which when averaged for laser
pulses with frequency 1/7 determine the rate constant of
excitation, k.= on/T. The influence of pulsed rather than
continuous illumination on the kinetics of photolysis
shows a difference only when a substantial proportion of
the cage is excited by a single laser pulse and the expo-
sure t=NT has N<20. The analysis of diffusional ex-
change between the two-photon spot and the external
medium gives the optimal exposure approximately equal
to the characteristic time t=A4%/D ~ 100-200 ps, cor-
responding to N> 10,000.

In the laser spot, o is proportional to the two-photon
cross-section of absorption, ¢, and squared photon flux.
The relation between the excitation rate constant, the
cross-section of the two-photon photolysis d =on and
the instrumental parameters is derived in the following
paper (Kiskin et al. 2001). Experimental assessment of
the dependence of k. on laser average power has per-
mitted calculation of § for conventional cages to be less
than 0.1 GM (1 GM =10 cm* x s/photon), a low
value compared to, for example, fluorophores, resulting
in very low rates of excitation at non-phototoxic light
intensities, and in agreement with other published esti-
mates. Thus, for photolysis calibration, values of k. at
different laser powers can be estimated either by mea-
suring the accumulation of products with repetitive laser
exposures short enough to avoid diffusional complica-
tions, or from the kinetics of reaction with diffusion by
using the models and approaches described here. Be-
cause of the small amounts of product accumulated in
the repetitive exposure measurements (the calculated
rate of cage depletion is limited to 2.51Cy pmol/s in the
steady state), the kinetic methods utilizing fluorescence
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detection can provide useful information. The results of
two-photon photolysis calibrations with a caged flu-
orophore, in relation to phototoxicity in a synaptic
preparation, are discussed in the following paper (Kiskin
et al. 2001).

The influence on localized photolysis of diffusional
exchange with a large volume was investigated by ana-
lytical and numerical solution of problems simplified to
uniform photolysis excitation in a sphere, radius 4. The
average depletion of the cage by the photolysis reaction
in the steady state was shown to have a hyperbolic de-
pendence on the excitation rate with 50% depletion at
ke=Kys=2.5D/A%, where D is the diffusion coefficient
for the cage. At low excitation rates the reaction pro-
ceeds with little cage depletion, whereas at high rates,
steady-state photolysis cannot proceed faster than the
cage is replaced in the spot by diffusion. The maximum
effective rate constant, in the steady state, is limited by
cage influx to be equal to K 5. This rate depends only on
geometry and diffusion, and may be used to classify
photolysis reactions as “slow” or “fast”, depending on
the concentration differences they can maintain in the
spot. Furthermore, the kinetics of the initial depletion of
the cage at low reaction rates (k. < K s) are determined
by diffusional exchange with a characteristic time con-
stant 7=A°/D. Numerical simulations showed that this
is the time taken for the reaction to proceed to 57% of
the steady-state level. This time also determines the
optimal duration of photolysis, at which most of the
photolysis product is still at the release site (Fig. 5). For
small molecules diffusing freely in aqueous solution, 7 is
in the range of approximately 100-900 ps, and prolon-
gation of the photolysis beyond 7 does not substantially
increase the local concentration, but spreads the reac-
tants produced, both intermediates and products, by
diffusion into the adjacent solution. The localization of
photolysis products P depends on the extent of diffusion
of intermediates E before the final reaction is complete,
and therefore depends on the rate of ““dark™ reactions
relative to diffusion. The parameter K s, calculated for
the diffusion of intermediates rather than the cage, de-
termines the rates required. When ‘“‘dark”™ reaction rates
k, are small relative to this quantity, calculations show
that substantial broadening of the spatial distribution of
product occurs, up to 8§-16 times the spot radius, unin-
fluenced by the rate of the first excitation step k..

The difference of the results obtained between a
uniformly illuminated sphere and a spherical Gaussian
photolysis profile was not large: constant rate release
models, RSP and RGS respectively, showed similar av-
erage concentrations in the spot. However, the simula-
tions with the Gaussian cylinder profile, extended in the
z-axis (RGC), showed a broader distribution in the focal
plane than with spherically symmetric illumination. An
even larger spread is expected for this profile when the
rate k,, in sequential reactions is slow.

In the analysis of photochemical experiments, it may
be impractical to work with steady-state conditions be-
cause of the accumulation of products and by-products
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(Fig. 7A). The asymptotic approach of the averaged spot
concentration to a steady state when plotted with 1/V¢
can be used not only to estimate the steady-state con-
centrations, but also to obtain the reaction and diffusion
photolysis parameters. We present calculated results for
reactions in the sphere, and results suitable for small
cage depletions with Gaussian sphere and cylinder ge-
ometries which may be helpful in practical calibrations.

When photolysis proceeds in an enclosed volume
such as a cell or an isolated extracellular compartment,
diffusional redistribution depends on the relative di-
mensions of the enclosed space and of the laser spot. For
the radius of an enclosing sphere B and radius of spot 4,
the time to reach 10% of the average spot concentration
on the boundary, g0, is approximately 0.043(B/A4)*t
and is therefore set by geometry and diffusion, not by
reaction rate. If we take the optimal duration of pho-
tolysis as equal to the diffusional time 7, equating
t100, =T determines the minimal radius of the closed cell
or other structure in which photolysis remains localized,
Bnin=2.854=0.856 pm. Thus, for intracellular photo-
lysis in most cells, with radius exceeding ~0.86 um, a
photolysis duration of 7 will result in little product
reaching the boundary, whereas for local reaction inside
structures smaller than B.,;,, photolysis duration even
shorter than t is required. If the second “dark™ step of
photolysis was considered, the results might also be
scaled by the rate constant kj, in relation to diffusion, as
in the results for an infinite medium (model PIM2). It
should be noted that fyge, is an arbitrary criterion for
localization. Another criterion, the time of maximum
concentration gradient between the spot and periphery,
E, (1) — E(B,t) (the time of maximum difference between
dashed and dotted lines in Fig. 7A), is reached more
quickly at fast reaction rates and is proportional to B>
(data not shown). Experimental parameters controlling
product distribution on a sub-micron scale with milli-
second resolution are not straightforward to predict, and
the data shown in Fig. 7 can be used in the design and
interpretation of intracellular photolysis experiments.

It is often the case that the diffusion of products and
cage differ substantially because of their relative size and
because of local binding to other components. An ex-
ample is the release of Ca®>" ions from DM-nitrophen,
DMN-EGTA or NP-EGTA, where Ca>" will diffuse in
free solution faster than the caged chelators. Calcula-
tions show that when the product is formed by fast
“dark” reactions and diffuses faster than the cage, a
transient peak of product concentration may develop
immediately on photolysis at a high excitation rate k.,
and the steady-state level is reduced by the ratio D¢/Dg
relative to the level when both diffusion coefficients are
equal to D¢. This provides an explanation for fast Ca”*
transients observed on laser photolysis in addition to
those involving kinetics of Ca?" rebinding to an un-
photolysed cage (Zucker 1993; Ellis-Davies et al. 1996;
Escobar et al. 1997). However, the possibility also exists
for slowed diffusion of the Ca”" released intracellularly
because of repeated binding to cell buffers.

The broad aim of mimicking synaptic action or fast
intracellular events by local photolysis requires high
photolysis efficiencies to achieve ~0.1-1 mM concen-
tration within a short, 0.1-1 ms, train of laser pulses at
non-phototoxic laser intensities. Analysis of toxicity in a
synaptic preparation and two-photon photolysis with a
nitrophenylethyl cage, described in the following paper
(Kiskin et al. 2001), made use of the models and simu-
lations presented here to show that two-photon cross-
sections of NPE and similar cages are two to three
orders of magnitude too small to be useful in experi-
ments. In addition, the analysis presented here shows
that the measured rate constants of “dark’ reactions for
many commonly used caged compounds are k, < Ko s,
which makes localization impossible at any excitation
rate. Published physiological experiments with two-
photon photolysis show small effects of photoreleased
substances initiated only with 5-10 ms (Denk 1994) or
25-100 ms (Lipp and Niggli 1998; Furuta et al. 1999)
exposures with high laser powers. Such long laser
exposures were most likely required for product accu-
mulation because of the low efficiency of uncaging.
From these observations and the analysis of reaction
with diffusion presented here and in the following paper
(Kiskin et al. 2001) it can be concluded that, at present,
two-photon photolysis is limited to quasi-steady-state
phenomena where exposures are longer than t ~ 100 ps.
The “instant point release’ applications, such as simu-
lation of synaptic events, local intracellular Ca*" /second
messenger release or high-resolution mapping of cell
receptors, require much more efficient photochemistry
than is yet available.
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