
Journal of Biomedical Optics 6(3), 300–310 (July 2001)
Two-photon microscopy and spectroscopy based
on a compact confocal scanning head

Alberto Diaspro
University of Genoa
National Institute for the Physics of Matter (INFM)
Department of Physics
Via Dodecaneso 33
16146 Genova, Italy

Giberto Chirico
National Institute for the Physics of Matter (INFM)
Department of Physics
Piazza delle Scienze, 3
20126 Milano, Italy

Federico Federici
University of Genoa
National Institute for the Physics of Matter (INFM)
Department of Physics
Via Dodecaneso 33
16146 Genova, Italy

Fabio Cannone
Sabrina Beretta
National Institute for the Physics of Matter (INFM)
Department of Physics
Piazza delle Scienze, 3
20126 Milano, Italy

Mauro Robello
University of Genoa
National Institute for the Physics of Matter (INFM)
Department of Physics
Via Dodecaneso 33
16146 Genova, Italy

Abstract. We have combined a confocal laser scanning head modi-
fied for TPE (two-photon excitation) microscopy with some spectro-
scopic modules to study single molecules and molecular aggregates.
The behavior of the TPE microscope unit has been characterized by
means of point spread function measurements and of the demonstra-
tion of its micropatterning abilities. One-photon and two-photon
mode can be simply accomplished by switching from a mono-mode
optical fiber (one-photon) coupled to conventional laser sources to an
optical module that allows IR laser beam (two-photon/TPE) delivery to
the confocal laser scanning head. We have then described the char-
acterization of the two-photon microscope for spectroscopic applica-
tions: fluorescence correlation, lifetime and fluorescence polarization
anisotropy measurements. We describe the measurement of the re-
sponse of the two-photon microscope to the light polarization and
discuss fluorescence polarization anisotropy measurements on
Rhodamine 6G as a function of the viscosity and on a globular pro-
tein, the Beta-lactoglobulin B labeled with Alexa 532 at very high
dilutions. The average rotational and translational diffusion coeffi-
cients measured with fluorescence polarization anisotropy and fluo-
rescence correlation methods are in good agreement with the protein
size, therefore validating the use of the microscope for two-photon
spectroscopy on biomolecules. © 2001 Society of Photo-Optical Instrumentation
Engineers. [DOI: 10.1117/1.1382809]
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1 Introduction
Although conceived over 20 yr1,2 ago and developed in its
modern form 10 yr ago,3 two-photon excitation~TPE! fluo-
rescence microscopy can be considered a comparative
young technique in far-field fluorescence optical microscopy
taking advantages over both wide field and confocal lase
scanning microscopy~CLSM!,4–7 for the study of the three-
dimensional ~3D! and dynamic properties of biological
systems.8–13

Moreover, a comparatively new form of spectroscopy, re-
lated to the use of tiny excitation volumes, has grown togethe
with the development of confocal and two-photon excitation
microscopy. In fact, the advent of two-photon excitation mi-
croscopes has fostered the application of techniques such
fluorescence correlation spectroscopy~FCS!14–17 or fluores-
cence lifetime to single biological molecules and to the char
acterization of tissues.18–23

It is worth noting that the development of mode-locked
lasers, providing moderate average power at high repetitio
rates and ultrafast pulses,24–26matched with the increased dis-
semination of confocal laser scanning microscopes, favore
an incredible increase of demands for developing TPE arch
tectures. It is our opinion, that the simplest and fastest metho
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for implementing two- or multiphoton excitation microscop
is to modify a commercial CLSM. Less inviting alternative
are to modify a common optical microscope or to buy a co
mercial TPE microscope.27,28

There are two popular approaches to realize TPE imag
architectures based on a CLSM, namely: descanned and
descanned mode.29,20,30–35,28The former uses the very sam
optical pathway and mechanism employed in CLSM. Pinho
are removed or set to their maximum aperture and the em
sion signal is captured using the galvanometric scanning m
rors. In order to obtain a better spatial resolution it is a
possible to keep confocal pinholes, also considering a r
balance between spatial resolution and detect
sensitivity.36,37 When pinhole insertion is possible, the maj
advantage is attained in terms of axial resolution that can
ameliorated approximately of the 40%.38

The latter approach allows a significant signal-to-noise
tio increase. The signal is collected using dichroic mirrors
the emission path or external detectors without pass
through the galvanometric scanning mirrors. Unfortunate
this approach introduces some problems related to exte
detectors positioning and environmental light noise. T
means that it is not immediate as the descanned solution.

1083-3668/2001/$15.00 © 2001 SPIE
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Two-photon microscopy and spectroscopy . . .
side the imaging capabilities of a two-photon setup that ex
ploits directly the fluorescence output, we also consider im
ages of the samples obtained through mapping of othe
spectroscopic properties, such as the decay time of the excite
states or the relaxation rate of the fluctuation of fluorescence
These properties can be studied in a point-by-point way on
solid sample~for example a tissue! thereby reconstructing an
image,20,23 or in solution with a laser beam kept at a fixed
position and waiting for the molecules to pass through the
excitation volume.14,17 We will refer in the following to this
second type of spectroscopic application. Fluorescence corr
lation spectroscopy is a very sensitive tool to investigate a
variety of properties of biomolecules in solutions, from trans-
lational and rotational diffusion to chemical reactions.15,39,40

Confocal detection with low power continuous wave~cw! la-
ser sources is usually adopted to achieve the small excitatio
volumes needed for the study of the fluorescence
fluctuations.41–43More recently two-photon~and multiphoton!
excitation with pulsed infrared~IR! lasers has been exploited
to enhance the background rejection and reduce the excitatio
volumes with respect to the more conventional single-photon
confocal techniques.3,20 In both cases the time dependence of
the fluorescence has been widely characterized by means
correlation methods. The analysis of the autocorrelation func
tion of the fluorescence signal as detected by a photomult
plier tube ~PMT! or an avalanche photodiode~APD!, gives
two main parameters, the average number of molecules in th

excitation volumeN̄ and the molecular translational diffusion
coefficientD.44

The probability distribution of the photon counting can be
used, beside correlation functions, for the description of ran
dom processes45 but it has generally received less attention
than the correlation methods. Theoretical and experimenta
studies44 have recently shown how to extract detailed infor-

mation onN̄ and the molecular brightnesse from the photon
counting histogram~PCH!. This theoretical treatment imple-
ments the previous ones46 by taking explicitly into account the
shape of the point spread function~PSF! and the motion of the
tracer molecule. The experimental test has showed that th
approach can also be applied to a mixture of species chara
terized by different quantum yields.47

2 TPE Architecture: General Considerations
2.1 Microscopy
The main components for TPE microscopy are almost identi
cal to those of CLSM but some sagacity has to be used.28,27,48

Currently, the mode-locked Ti: sapphire laser25 is the pre-
ferred source, also for the small amplitude fluctuations pro
duced that could become critical in a TPE application where
the fluorescence intensity depends on the square of the exc
tation intensity. Moreover, the trend of the market is to pro-
duce compact and easy to use mode-locked lasers and this fa
not only reduces the cost and problems related to maintenan
but also the complexity of the operations related to laser func
tioning and the room needed. The features of infrared pulse
laser are high average power, 80 MHz high repetition rate
and 100 fs short pulse width. The use of short pulses an
small duty cycles is mandatory to allow image acquisition in a
reasonable time while using power levels that are biologically
d
.
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tolerable.49–51 A suitable laser source, to take advantage
any available fluorescent molecule, should also be widely t
able. The average power outputs are commonly in excess~200
mW–1 W! and allow therefore to serve different instrumen
at the very same time.

The laser beam can be directly coupled to the scann
head, enclosures, and boxes should be used to allow safe
erations. Some research groups are working on optical fi
coupling and different commercial systems are available
femtosecond and picosecond operating laser sources. H
ever, some problems and drawbacks still remain.52

In principle, any confocal scanning unit can be conver
to a TPE microscope.8,7 In practice, one needs the simple
confocal unit, optically speaking. The best solution is a co
focal scanning head with a very reduced optical path and
quiring easy manual operations for controlling dichroic po
tions, pinhole aperture, and excitation power. The differ
excitation wavelengths require replacement of a dichr
beam splitter that usually is inserted in any confocal unit a
that separates fluorescence from excitation. In terms of filt
changes have also to be done in the output module wh
fluorescence is collected. In fact, the excitation of light nee
to be suppressed by 6–10 orders of magnitude.53 The test can
be performed by recording images from large fluoresc
spheres or films of fluorescent molecules at different pow
levels to check for quadratic power behavior. If it is less th
two some reflections are affecting the acquisition. Scann
mirrors should be metal coated~silver! and should have a
good thermal resistance.27

2.2 Spectroscopy
Spectroscopy applications can be performed either on a
volume fixed on the sample plane or by performing the sp
troscopic measurement while scanning the sample.
former is preferred for studies of the heterogeneity of mole
lar solutions47 or of the binding of different fluorescent spe
cies, while the latter allows obtaining lifetime imaging of th
tissues~FLIM !. In any case one of the main problems is aga
the rejection of the stray scattering light since it lowers t
fluorescence fluctuation and the efficient detection of the
fluorescence levels involved in these studies. A part from
use of high rejection filters for the IR light, the use of hig
quantum yield detectors with low noise equivalent pow
~NEP! is the crucial issue for this point. The best detectors
the moment are avalanche photodiodes that haveNEP
,10215W/Hz0.5 for a 0.5 mm diode area and at least 70
quantum yield at 630 nm.54 A second relevant issue in th
design and the use of a two-photon excitation or confo
setup for spectroscopy is the full characterization of the ex
tation volume that greatly determines the relaxation time
the fluorescence fluctuations. The fluorescence signal dete
through an optical setup can be expressed as the produ
the fluorophore concentration in the object plane times
detection efficiency function42 that can be taken as an effec
tive laser profile. As a matter of fact, in order to quantitative
apply fluorescence fluctuation spectroscopy, one must ha
detailed knowledge of the shape of this effective excitat
laser profile. In an ideal confocal setup, obtained for an infi
tesimal size of the detection pinhole, this function is given
the square of the PSF of the objective,55 and for a finite size of
the pinhole, this limiting PSF must be convolved to the tra
Journal of Biomedical Optics d July 2001 d Vol. 6 No. 3 301
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Diaspro et al.
mission function of the pinhole.4,56 The effective excitation
laser profile in a confocal setup has been the object of sever
theoretical and experimental works and it is assumed to hav
a Gaussian shape both in the object plane and in the optic
path direction. So far, in a TPE architecture the excitation o
the fluorescent molecules occurs because of the nonlinear r
sponse of the molecules to the electric field. It is common to
assume that the effective excitation profile is simply given by
the square of the~Gaussian–Lorentzian! laser beam focused
by the objective. The estimate of the laser beam waist is usu
ally obtained by measuring the fluorescence correlation func
tion of a known dye. Both the decay time of this function and
the signal-to-noise ratio are related to the excitation volume
However the estimate of the signal-to-noise ratio from the
fluorescence correlation function is a delicate matter due t
the contribution of shot noise, of retarded fluorescence, and o
uncorrelated background to the short lag time part of the cor
relation decay.

In Sec. 3 we give examples of the characterization of the
excitation volume and a comparison to the PSF determined o
the imaging path of the microscope. This is made by the
analysis of the fluorescence correlation and of the photo
counting histogram~PCH! method and by studying the depen-
dence of the measured excitation volume on the laser bea
diameter. The PCH method allows measuring the excitation
volume without resorting to thea priori knowledge of the
diffusion coefficient of the observed tracer molecule.

3 An Example of Realization of Multipurpose
TPE Architecture
This section is related to the realization of a TPE microscope
for imaging and spectroscopy applications achieved throug
minor modifications of a commercial CLSM, in which the
ability to operate as a standard CLSM has been preserved.10,57

A panoramic view of the experimental setup is given in Figure
1~a!.

The core of the architecture is a mode-locked Ti:sapphire
infrared pulsed laser~Tsunami 3960Spectra Physics Inc.,
Mountain View, CA, USA!, pumped by a high-power~5 W @
532 nm! solid state laser~Millennia V, Spectra Physics Inc.,
Mountain View, CA, USA!. The Ti:sapphire laser output can
be tuned across a range from 680 to 830 nm, with a band
width from 4 to 12 nm, allowing excitation of a variety of
fluorescent molecules normally excited by visible and ultra-
violet radiation.58,59 The restriction of the tunable range is
given by the set of mirrors installed for our purposes. A di-
chroic mirror, optimized for high power ultrashort infrared
pulses~CVI, USA!, is used to bring in air the Tsunami beam
to the scanning head. Before entering into the scanning hea
beam average power is brought to values ranging from 2 to 5
mW using a neutral density rotating wheel~Melles Griot,
USA!. For an average power of 20 mW at the entrance of the
scanning head, the average power before the microscope o
jective is about 9–13 mW and at the sample is estimate
between 3 and 5 mW. At the focal volume a 1.5–2. times
broadening occurs using a high numerical aperture objectiv
and a reduced amount of optics within the optical path.32,60,61

The scanning and acquisition system for microscopic imaging
is based on a commercial single-pinhole scanning head Niko
PCM2000~Nikon Instr., Florence, Italy! mounted on the lat-
302 Journal of Biomedical Optics d July 2001 d Vol. 6 No. 3
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eral port of a common inverted microscope, Nikon Eclip
TE300. Ths scanning head has a simple and compact
path that makes it very appropriate for conversion to a tw
photon scope.62,28Figure 1~b! outlines in a somplified schem
its optical design. The optical resolution performances of t
microscope when operating in conventional confocal mo
and using a1003/1.3 NA oil immersion objective, have bee
reported in detail elsewhere and are178621 nmlaterally and
509649 nm axially.63 The scanning head operates in th
‘‘open pinhole’’ condition.

A series of emission custom made filters, that block inf
red radiation~.650 nm! to an optical density of 6–7 within
50 mW of beam power incident on the filters themselves,
employed.53 In particular, the E650P filter~Chroma Inc.,
Brattleboro, VT, USA! constitutes the base for the other em
sion filters.

Fig. 1 (a) Photograph of TPE microscope operating at the laboratory of
physics of biosystems (LFB, Department of Physics, University of
Genoa, Italy), within the strategic framework of a national project of
the National Institute for the Physics of Matter (INFM; http://
www.infm.it). This microscope, realized in 1999, is part of a multipur-
pose architecture including also lifetime imaging and fluorescence
correlation spectroscopy modules (see Ref. 7). (b) This simplified op-
tical scheme outlines the components of the confocal scanning head
Nikon PCM2000. The excitation beam enters into the scanning head
through a coupling lens (1) in order to reach the sample on the x-y-z
stage (5). The beam passes through the pinhole holder (2) kept in open
position, the galvanometric mirrors (3) and the scanning lens (4) that
optically couple the beam to the microscope objective. Fluorescence
coming from the sample (5) is directed to the acquisition channels by
two selectable mirrors (6), (8) via optical fiber (7), (9) coupling (see
Ref. 35).
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Two-photon microscopy and spectroscopy . . .
One-photon and two-photon modes can be simply accom
plished by switching from the single-mode optical fiber~one
photon!, coupled to a module containing conventional laser
sources~Ar-ion, He–Ne green!, to the optical path in air, de-
livering the Tsunami laser beam~two photon!, as shown in
Figure 2. A high throughput optical fiber delivers the emitted
fluorescence from the scanning head to the PCM2000 contro
unit where PMTs~R928, Hamamatsu, Japan! are physically
plugged. Axial scanning for confocal and TPE three-
dimensional imaging is actuated by means of two differen
positioning devices, namely: a belt driven system using a d
motor ~RFZ-A, Nikon, Japan! and a single objective piezo-
electric nano-positioner~PIFOC P-721-17, Physik Instru-
mente, Germany!. Acquisition and visualization operations
are completely computer controlled by a dedicated software
EZ2000~Coord, The Netherlands; http://www.coord.nl!. The
main controls are related to PMTs voltage, pixel dwell time,
frame dimensions~102431024 maximum!, field of scan
~from 1 to 140mm using a 1003 objective!.

For the spectroscopy applications the laser beam~30% of
the output power! is deviated by a beamsplitter just in front of
the laser output and is sent to the rear port of the microscop
by a beam steering, see Figure 1~a!.57 The laser power at the
object plane can be set by means of neutral filters. In order t
achieve the smallest volumes we must expand the laser bea
in order to fill almost completely the entrance pupil of the
objective. We have found it is almost equivalent to expand the
laser beam two or three times right at the entrance of th
microscope with a beam expander, or to steer the beam alon
a longer path on the optical bench with a couple of fast mir-
rors and let the beam expand because of its intrinsic diver
gence. In both cases the beam reaches a diameter of appro
mately 3 mm which almost fills the entrance pupils of the
employed objectives. The use of the beam expander shou
deteriorate the pulse width of the laser with respect to the us
of fast mirrors, however we have not detected an appreciabl
difference in the fluorescence output with the two methods.

The laser light is then reflected by a dichroic mirror~650
DCSPRX C72-38, Nikon, Japan! mounted on the dichroic
holder sleeve of the TE300 microscope, and focused on th
sample with a 1003 oil objective ~NA51.4, Plan Apochro-
mat DICH 1003 oil, working distance 0.19 mm, focal length
-
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2 mm, Nikon, Japan!. The fluorescence emission is collecte
by the same objective, passes through the dichroic mirror
through a band pass filter~depending on the fluorophore emis
sion; for fluoresceine we use a HQ535/50, Chroma, V
U.S.A.! to diminish the red and infrared light reflected towa
the detector that is mounted on the bottom or the front po
On the bottom port we detect it in single photon counti
mode for the FCS applications, while on the front port we u
an analog detector for the measurements of lifetimes and fl
rescence polarization anisotropy decays. For single pho
counting detection we have used a R928 PMT~Hamamatsu,
Japan! and an avalanche photodiode~APD! ~SPCM-AQ-151,
EG&G, Wellesley, MA! finding that the performance of th
APD is by far the best for the FCS application on high
dilute samples at low excitation power. This is probably d
to the difference in the NEP of the two detectors and in
higher quantum yield of the APD compared to the photom
tiplier ~>10%!. The measurements shown in the followin
have been collected with the APD.

For the FCS measurements, the APD output is digitized
a photon counting module~ALBA, ISS, Urbana-Champaign
IL ! and the TTL pulses are acquired by a 40 MHz acquisit
board ~ISS, Urbana-Champaign, IL!. The correlation func-
tions of the fluorescence fluctuations are computed online
the acquisition software and the raw data, i.e., photon cou
per sampling time versus acquisition time, are stored and a
lyzed offline to obtain the PCHs.

For the time resolved fluorescence measurements~lifetime
or polarization anisotropy! the fluorescence light is detecte
through the front port of the microscope~180° with respect to
the excitation beam direction! by a photomultiplier tube
~R928, Hamamatsu, Bridgewater, NY!, whose gain was
modulated by biasing the second dynode stage at a radio
quencynn1360 Hz, with nn5n380 MHz. The PMT signal
is fed to an ISS lock-in amplifier board~ISS, Champaign, IL!
for the measurement of the polarized modulation ratios a
the phase differences of the fluorescence light with respec
the excitation laser beam. The synchronization is perform
by a Lock-to-Clock system~model 3930, Spectra Physics
CA! which takes as a reference the signal of a fast dio
detecting a small portion of the laser light. The 10 MHz ou
put of the Lock-to-Clock is used as a frequency reference
the ISS board and for the synthesizer~Marconi Instruments,
model 2023A, UK! that provides the rf bias for the modula
tion of the PMT gain. The polarization of the fluorescence
selected by means of a Glan–Thompson polarizer~extinction
ratio ,1026, Bernardt-Halle, Berlin!, and the fluorescence
measurements are taken with the polarizer at the ma
angle18 of 54.7°. The reference sample for the lifetime me
surements is a basic solution(pH>8) of Fluoresceine~Fluka
Chemika, Cat. No. 46955!, whose lifetime64 is >4.05 ns. The
fluorescence anisotropy measurements are taken by rota
the polarizer between the directions parallel and perpendic
to that of the excitation light; the differential phase shifts a
the polarized modulation ratios are now the ones of the fl
rescence detected with parallel polarization taken with resp
to the perpendicular component.

For each harmonic of the laser repetition frequency a m
mum of one and a maximum of five differential measureme
are performed in order to obtain a differential phase shift er
,0.2 and a polarized modulation ratio error,0.004. For each
Fig. 2 Confocal and TPE imaging of bovine pulmonary artery endot-
helial cells (F-147780, Molecular probes, Oregon) marked with Mito
Tracker red, Bodipy FL phallacidin and DAPI specific for mithocon-
dria, F-actin and DNA, respectively. Confocal imaging (left) has been
performed at 488 and 543 nm, TPE imaging (middle, right) has been
performed at 720 nm. The images have been acquired by switching
from confocal to TPE mode using a simple optical attachment for the
PCM2000 scanning head developed in our laboratory, and demon-
strate the maintenance of positioning when switching from one mode
to another (see Ref. 7).
Journal of Biomedical Optics d July 2001 d Vol. 6 No. 3 303
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measurement a minimum of 20 to a maximum of 120 acqui
sitions are taken each corresponding to a single wave form
(period>2.78 ms); the integration time per measurement is
therefore>55–330 ms.

3.1 TPE Microscope Behavior

3.1.1 Imaging
Point spread function~PSF! measurements are referred to a
planachromatic Nikon 1003, 1.4 NA immersion oil objective
with enhanced transmission in the infrared region. Blue fluo-
rescent carboxylate modified microspheres 0.1mm diameter
~F-8797, Molecular Probes, OR! were used. A drop of dilute
samples of bead suspensions was spread between two cov
slips of nominal thickness 0.17 mm. These microspheres con
stitute a very good compromise toward the utilization of sub-
resolution point scatterers and acceptable fluorescenc
emission. An object plane field of18mm318mm was im-
aged in a5123512 frame, at a pixel dwell time of 17ms.
Axial scanning was performed and 21 optical consecutive an
parallel slices have been collected at steps of 100 nm. Th
x–y scan step was 35 nm. The scanning head pinhole was s
to open position. The 3D data sets of several specimens we
analyzed. The measured full width at half maximum~FWHM!
lateral and axial resolutions were210640 and 700650 nm,
respectively.10 In order to be sure of operating in the TPE
regime the quadratic behavior of the fluorescence intensit
versus excitation power was also demonstrated. Another inte
esting issue is given by the demonstration of the localized
photobleaching as compared with the single-photon confoca
case. Large fluorescent microspheres~i.e., 22 mm diameter!
can be used in a three-dimensional acquisition session. Figu
3~a! shows a three-dimensional selective photobleaching in
the case of one-photon confocal~left side! and two-photon
~right side! imaging modes. Photobleaching has been pro
duced performing a zoom on a 1.96mm2 squared area appre-
ciatively in the center plane of the microsphere. Then three
dimensional imaging has been performed using confocal an
TPE mode. The resulting images are intended only for quali
tative comparison and the selective bleaching can be useful
have a better feeling with respect to the power commonly
used. From Figure 3~a!, in the case of confocal imaging it is
possible to see a double-cone-like image according to imagin
conditions occurring in confocal microscopy4,3,65,5 produced
within the bead while in the TPE case the dark volume is
extremely localized,29,33,66,67 demonstrating the main differ-
ence between these two three-dimensional imaging method
it must be remembered that in confocal imaging, even thoug
out of focus fluorescence is not detected, it is generated. Fig
ure 3~b! shows a writing application of the TPE microscope.
Figure 4 shows a TPE image of Saccharomices cerevisia
cells marked with DAPI. This image conjugates the autofluo-
rescence of the sample with the DAPI–DNA fluorescence
coming from the nucleus. In this figure imaging is coupled to
active actions like the removal of cell layers increasing the
power of the beam and residence time.

3.1.2 Spectroscopy
Here, the excitation volume is measured from the diffusion of
yellow–green fluorescent latex microspheres of diameter64
304 Journal of Biomedical Optics d July 2001 d Vol. 6 No. 3
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69 nm ~Polysciences, Fluoresbrite YG, Cat. No. 17149! sus-
pended in de-ionized and filtered~0.22 mm, Millipore filter!
water. It is essential that the concentration obtained by d
tion from the mother solution~corresponding to>400 nM!, is
determined by light absorption after filtering with a 0.22mm
Millipore filter. The absorbance has been measured by get
rid of the scattering contribution. All the measurements
ported hereafter have been performed at room tempera
The fluorescence correlation function gF(t)
5^dF(t)dF(0)&/^F(0)&2 for two photon excitation involves

Fig. 3 (a) Three-dimensional x –z projections of induced pho-
tobleaching within a large fluorescent sphere made in single-photon
confocal (left) and TPE (right) mode. In confocal mode 488 nm laser
beam has been used both for photobleaching and imaging keeping
the pinhole at its smallest size. In TPE, 720 nm excitation wavelength
has been used, at 10 mW average power. In both cases 3 ms dwell
time has been used for bleaching and for imaging and a 0.5 mm axial
step has been performed producing 128 optical slices. (b) Localized
photobleaching used for writing in the central plane of a 22 mm
sphere the characters INFM, as shown in the x –y and x –z views.

Fig. 4 Three-dimensional images (x –y central, x –z bottom, y –z lat-
eral views) of layers of Saccharomyces cerevisiae cells obtained in
TPE mode exploiting autofluorescence. Some layers of the intact
sample (left) have been destroyed (right) using localized two-photon
absorption.
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Two-photon microscopy and spectroscopy . . .
the numerical computation of a one-dimension integral,68

however it can be accurately described by a simpler form o
the type

gF~ t !5gF~0!~11t/t!21, ~1!

as it is shown in Figure 5 for the caselexc5770 nmandw0
50.5mm. The extrapolation att50 is gF(0)5k/NEXC ,
where the contrast factor isk50.076,and the number of mol-
ecules is related to the number concentration^C&, and the
volume of the excitation profileVEXC5pw0

4/l by NEXC

5VEXC^C&. The relaxation time obtained from the fit depends
on the laser beam waist and the dye diffusion coefficient a
t5aw0

2/(8D), wherea51.1560.02.57

As an example of the analysis of the FCS measurement
we show results taken at various the excitation powers in th
range1.3,P,7 mW ~at the entrance of the objective!. The
best fit parameters,gF(0) and t are reported in the upper
panel of Figure 6. The behavior ofgF(0) in Figure 6 is due to
the increasing effect of the uncorrelated backgroundbg with
decreasing powers and can be accounted for by the relation16

gF(0)5(k/VEXC^C&)(^F&2bg)2/^F&2, where the depen-
dence on the powerP is in the total fluorescence ratêF&
which scales asP2, and in the backgroundbg , which scales
asP. The average fluorescence rate^F& is a measured quantity
and the background level is fit to a trend of the type,bg

5bg01bP. The best-fit curve is shown in the upper panel of
Figure 6 and corresponds tog050.2960.008, bg05135
610,andb>0.1 Hz/mW.The measured relaxation time does
not vary appreciably and is constantt53.160.3 ms. From
this value we can give a first estimate of the laser beam wais
w0 by exploiting the relationt5aw0

2/(8D) with a>1.15.
The diffusion coefficient of the microspheresD
57.45mm2/s is computed according to their nominal radius
R532 nm,at T525 °C and by employing this value we find
VEXC5pw0

4/l50.1160.04 fL. On the other hand, from the
g050.2960.008 value and ^C&>4 nM we can compute
VEXC5k/(g0^C&)50.1160.005 fL, in very good agreement
with the estimate obtained from the relaxation time.

A further important test of the two-photon setup for spec-
troscopy applications is the study of the dependence of th
excitation volume on the beam diameter at the entrance pup
of the objective. We give an example of such an analysis in
Figure 7, where a power law fit to the data is reported as a
solid line on the data of the excitation volumes obtained with
the analysis reported in the previous section at various value
of the beam expansion. We can write57 the relation between
VEXC and the beam expansion N as VEXC
5pl3(0.61/nN)4(( f /F0)21N2)2. If the ratio f /F0@Nmax
53, the previous equation becomes

VEXC>pl3~0.61/n!4~ f /F0!4N24. ~2!

The power law best fit of the data in Figure 7,VEXC5(4.8
60.9)N2(3.960.3) fL, gives an exponent very close to the ex-
pected fourth power. We can also estimate the laser bea
radius at the entrance of the beam expander,F050.63
60.07 mm,by substituting the focal length of the objective,
f 52 mm, and the oil refraction index,n51.517in the rela-
,

t

l

s

tion (pl3)(0.61/n)4( f /F0)454.860.9 fL. This value ofF0
is in good agreement with the Ti: sapphire laser specificati
~beam radius at1/e2 is ,1 mm!.

How robust are these methods for the determination of
excitation volume? Undesired aggregation can affect b
methods since we are basically counting the number of in

Fig. 5 Simulation of the autocorrelation function for two-photon ex-
citation for a beam waist w050.5 mm, lexc5770 nm, and diffusion
coefficient D51 mm2/s, according to the numerical expression re-
ported by Berland et al. (see Ref. 68). A Gaussian error (0.3%) has
been added to the simulated data. The solid line represents the best fit
to Eq. (1) and residues of the fit are shown in the lower panel. Inset:
Best fit relaxation time obtained from the fit of the simulated autocor-
relation function for two-photon excitation for different diffusion times
to Eq. (1). The diffusion time is computed as tD5w0

2/(8D). The linear
best fit curve corresponds to a slope51.1560.02.

Fig. 6 (Lower panel) Fluorescence rate vs the excitation power at the
entrance of the microscope. The solid line is a square law fit: B
1A(power)n. The background is B5100640 Hz and the exponent is
n52.0660.07. (Upper panel): Best fit parameters of the correlation
functions according to Eq. (6). The solid squares (left axis) indicate the
gF(0) and the open circles (right axis) the relaxation times, t. The solid
line is the best fit of the gF(0) to the function gF(0)
5g0(^F&bg)2/^F&2, where ^F& is the average fluorescence rate and bg
is the background rate which is assumed to depend linearly on the
excitation power: bg5bg01bP. The best fit values are g050.29
60.008, bg5135610 Hz, and b50.1. The dashed line indicates the
average value of the relaxation time ^t&53.1 ms.
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Fig. 7 Measurements of the excitation volume vs the beam expansion
as measured from the analysis of the autocorrelation functions and the
photon counting histograms. The solid line is a power law fit. The best
fit exponent is 23.960.3 (see also the text).
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pendent fluorescence entities. Even after extensive filtering o
the samples one finds a small fraction of aggregates, whic
however could be easily picked out of the averages. This i
shown for example in Figure 8, where we plot the PCH com-
puted on a single 1.6 s trace in which one observes a hug
fluorescence peak~see inset! and from which a double peaked
histogram is computed~see filled squares in Figure 8!. In the
same plot, for comparison, we report the PCH computed on
second 1.6 s trace where no huge peaks are detected and
histograms are of the same type as those analyzed in the pr
vious paragraphs. The anomalous behavior shown in Figure
is very likely due to the passage of aggregates through th
excitation volume. Such events, however, are very rare indi
cating that the number of aggregates is rather low and th
measurements affected by aggregates can be singled out
looking at the average rate of each measurement.
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A second and more critical experimental issue that can
attacked by looking at the fluorescence fluctuations,
whether the laser beam at the object plane is well shaped,
it follows a Gaussian–Lorentzian shape. We have to this p
pose performed a series of measurements versus the sa
concentration in a case when approximately half of the la
beam cross section~which was expanded three times! was
blocked at the entrance of the microscope by a mispla
diaphragm. The analysis of the auto correlation functio
~ACFs! gives reasonable results although the residuals alw
indicate the presence of a second fast component that
more evident at higher sample concentrations~data not
shown!. If we force fit the ACFs to Eq.~1!, the dependence o
thegF(0) and the relaxation timet upon the concentration is
in reasonable agreement with the expected laws, i.e.,gF(0)
decreases with the concentration andt is approximately con-
stant~data not shown!. However the estimate of the excitatio
volume from these two data sets disagree significantly, si
VEXC50.560.05 fL, from the gF(0) analysis, andVEXC
50.2660.05 fL from the relaxation time. These values a
sensibly larger than the result found when no perturbation
the laser cross section was present,VEXC>0.1 fL. It must be
noted that beside the larger value of the excitation volume,
expectations of the theoretical trends of the best fit parame
are not fulfilled when the beam cross section is perturbed

3.1.3 Two-Photon Lifetime Decays
A single component model can satisfactorily analyze the li
time decays for the Rhodamine 6G~Fluka Chemika, Cat. No.
83698! solutions to give a lifetimetF53.9560.2 ns.The two
quantities measured are the phase shifts and the demodul
ratios at the harmonics of the laser repetition frequency>80
MHz. These data were fit versus the frequency by a tw
exponential decay scheme using theGLOBALS UNLIMITED

software,69 in order to obtain the fluorescence lifetimes of th
fluorophore. We can also show as an example of protein s
ies, the fluorescence decay of the Alexa dye~succymidil-
esther derivative by Molecular Probes! bound to the Beta-
lactoglobulin B~Sigma Chemical Co., Cat. no. L-8005, Lo
No. 13H7150! where a double exponential decay is foun
The main decay component corresponds to a lifetimetF

53.460.4 ns,and there is a tiny amount~,1%! of a faster
decay~>0.4 ns!.

3.1.4 Microscope Polarization Response and
Fluorescence Polarization Anisotropy
Two anisotropy components are often needed to satisfacto
interpret the differential phase shifts and polarized demod
tion ratios. We ascribe these decays to the same fluorop
according to the time domain form:

r ~ t !5r W exp~2t/tW!1r ROTexp~2t/tROT!, ~3!

wheretW is the libration time of the fluorophore in the bind
ing site,tROT is the rotational time, andr W and r ROT are the
limiting anisotropies of the two components. FromtROT we
obtain the rotational diffusion coefficient70 DROT
5(6tROT)

21. The anisotropy shape of the molecules must
taken into account for a correct interpretation of the rotatio
times. However, an apparent radius can be assigned by in
ing the Stokes–Einstein equation
Fig. 8 Distribution of photon counts for a C51.2 nM solutions of mi-
crospheres collected for 20 kHz of sampling frequency corresponding
to 50 ms of sampling time. Open circles refers to the histogram com-
puted on a trace where no evidence of aggregates is found (lower line
of the inset) and filled squares refer to the histogram of a trace where
large ones are find (higher line of the inset).



t-

f

r

a

,

ht
ring
ss

ure-

on
he

py

f the
PA

the
uo-
r of

t

n in
the

n

x-

nse
e is
-
ee-

ap-
G.
G
s

-

a-
y to
ro-
rre
e

e
les
he

ate

Two-photon microscopy and spectroscopy . . .
Req
3 5kBT/8phDROT, ~4!

wherekB is the Boltzmann constant,T is the absolute tem-
perature, andh is the solvent viscosity. All measurements
were made atT522.5 °C.

In order to measure the fluorescence polarization aniso
ropy ~FPA! it is essential to correctly measure the components
of the fluorescence intensity with polarization directions par-
allel I i and perpendicularI' to the direction of the polariza-
tion of the excitation light. Therefore the microscope trans-
mission function for the light with different polarizations must
be measured.

In the FPA experiments the exciting light coming from the
laser is polarized in the plane determined by the direction o
the light entering the microscope from the epifluorescence
port and the vertical direction. The reflections on the micro-
scope optical components~dichroic beam splitters, mirrors!
and the polarization of the excitation light are always in this
plane. The fluorescence light from the sample, instead, is pa
tially depolarized and the polarization direction of the fluores-
cence collected by the photomutiplier can be selected by
Glan–Thompson polarizer. We indicate by two subscripts the
polarization of the excited light and the position of the emis-
sion polarizer, respectively, measured by the detector. For ex
ample, I VH corresponds to vertical polarized excitation light
and horizontal position of the emission polarizer. We disre-
gard for the moment the finite size of the excitation volume in
which we assume that the polarization of the light is homog-
enous. For vertically polarized excitation light the observed
fluorescence intensities are

I VV5kVSVI i ,
~5!

I VH5kVSHI' ,

whereSV andSH are the sensitivities of the microscope front
port for the vertically and horizontally polarized components,
respectively, andkV andkH are proportional to the excitation
intensity with parallel and perpendicular polarization that is
actually coming onto the sample. The ratioI VV /I VH gives

I VV /I VH5G~ I i /I'!. ~6!

To calculate the intensity ratioI i /I' we need to determine the
so-calledG factor, G5SV /SH . Differently from the usual
configuration,71 we cannot use horizontal polarized excitation
light in order to get perfectly unpolarized fluorescence, i.e.
I i5I' , in Eq. ~4!. In the present backscattering configuration
we exploit the case of horizontally polarized excitation that is
now described by the following relations:

I HH5kHSHI i ,
~7!

I HV5kHSVI' .

In order to measure theG factor we collect the fluorescence
emission for all the four cases described by Eqs.~5!, ~7!, and
by combining these equations we obtain

G25~ I VV /I HH!~ I HV /I VH!,
~8!

~kV /kH!25~ I VV /I HH!~ I HV /I VH!21.
-

-

The rotation of the vertical polarization of the excitation lig
to the horizontal one is obtained by means of a beam stee
and checked by exploiting the reflection of the light on a gla
slide at the Brewster angle. The uncertainty on this meas
ment is>0.4°.

As an example on our setup, the measurements
Rhodamine 6G solutions in 60% Glycerol/water give in t
range 80–800 MHz a nearly constant value,G50.864
60.003and this has been used to correct all the anisotro
measurements reported here.

We have tested the characterization of the response o
microscope to the light polarization by measuring the F
decay on protein~Beta-lactoglobulin B! solutions at high di-
lution corresponding to the limit of>1 molecule per excita-
tion volume or less.

We have performed measurements of the fluctuation of
fluorescence, i.e., FCS, and of FPA. The analysis of the fl
rescence ACFs provide us directly with the average numbe
molecules per excitation volume>k/gF(0) that is in the
range 0.4–17~see inset of Figure 9!. The average relaxation
time t5210620ms corresponds to a diffusion coefficien
DT>1.15w0

2/8t5100610mm2/s.
The FPA measurements on the same solutions are show

Figure 10 together with the best-fit functions according to
two-component model described by Eq.~3!. The rotational
time, tROT5961.5 ns, corresponds to a rotational diffusio
coefficientDROT51863 MHz. The implicit assumption that
we have done on the origin of fast relaxation timetW is sup-
ported by its value~averaged forC.100 nM! tW5400
640 ps, which could not correspond to the rotational rela
ation time of the free dye. In fact, this should be>200 ps in
water, according to its molecular weight.

The check of the alignment and the polarization respo
characterization of the setup that we have described abov
fulfilled by noticing that the value of the translational diffu
sion coefficient that is measured by FCS and FPA is in agr
ment with the size and shape of Beta lactoglubulin~BLG!.
The computations made by Garcia de la Torre et al.72 indicate
for the dimer form of BLG at T520 °C a value DT

>78.5mm2/s, that corresponds to>84 mm2/s at T
>22.5 °C.Our experimental estimateDT5100610mm2/s is
>20% larger than the theoretical value and corresponds
proximately to the value expected for the monomer of BL
This discrepancy is due to the fact that most of the BL
dimers have dissociated into monomers at concentrationC
,280 nM that corresponds to a mass concentration>0.01
g/L. In fact we expect>90% of BLG monomers in the solu
tion at C5280 nM and at ionic strength550 mM. Also our
estimate of the rotational diffusion coefficient of the Bet
lactoglobulin B by FPA measurements corresponds closel
the prediction that can be done for the monomer of this p
tein. The theoretical predictions made by Garcia de la To
et al.72 for the average rotational diffusion coefficient of th
BLG dimer reported atT>22.5 °CgivesDROT>8 MHz. We
expect the rotational diffusion of the BLG monomer to b
roughly double this figure, since the rotational diffusion sca
approximately with the inverse of the molecular volume. T
theoretical prediction of>16 MHz for the BLG monomer is
therefore in good agreement with our experimental estim
DROT51863 MHz.
Journal of Biomedical Optics d July 2001 d Vol. 6 No. 3 307



Diaspro et al.
Fig. 9 Result of the analysis of FCS measurements on Beta-
lactoglobulin B solutions vs the protein concentration. Upper panel
reports the relaxation time, t. Lower panel shows the zero lag time
ACF, gF(0), together with a fit to Eq. (1) with B>0. The inset in the
lower panel reports the average number of molecules per excitation
volume for each concentration.
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We can now compare the estimate of the excitation vol-
umes obtained on the ports for imaging and spectroscopy o
the microscope. The PSF of the imaging port corresponds to
three-dimensional Gaussian and from the values of th
FWHM lateral and axial resolutions~wr05210640 nm and
z05700650 nm!, we can estimate the excitation volume on
the imaging port as VEXC>(p/4 ln(2))1.5wr0

2 z0>0.03
60.013 fL.

For both the imaging and the spectroscopy ports the value
of the excitation volumes are close to the minimum that can
be reached by optical setup. The>3 times smaller excitation
volume observed for the imaging port is therefore to be as
cribed to the different optical paths. For the spectroscopy por
a collimated beam fitting the entrance aperture of the objec
tive is used, while in the imaging path a point source is con-
jugated on the sample plane. We suggest that the parallel u
of the two paths for microspectroscopy must be made with
caution since the volumes from which the fluorescence is
sampled are different in the two ports.

4 Conclusion
TPE microscopy broke into the arena bringing its intrinsic
three-dimensional resolution, the absence of background fluo
rescence, and the charming possibility of exciting ultraviolet
excitable fluorescent molecules at infrared wavelengths in
creasing sample penetration. Moreover, TPE microscopy ca
be considered an essential imaging system for thick samp
and live cell imaging and a powerful setup for the detection of
308 Journal of Biomedical Optics d July 2001 d Vol. 6 No. 3
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rarely occurring molecular species and their mutual inter
tion based on the detection of the fluorescence fluctuation
the lifetime decay time.

At present, the main disadvantages of TPE techniq
come from the cost of femtosecond laser sources and the
ficulty in predicting or measuring two-photon absorptio
spectra of the fluorescent molecules potentially utilizable. B
cause the idea of a TPE microscope is surprisingly straig
forward to implement in this paper it has been discussed
conversion of a CLSM to a two-photon multipurpos
architecture.73–84
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