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ABSTRACT Multiphoton microscopy is a powerful technique for achieving three-dimen-
sional submicron imaging in biological specimens. However, specimen optical parameters such
as refractive indices and scattering coefficients can result in the loss of image resolution and
decreased signal in depth. These factors are coupled to the focusing objective’s numerical
aperture (NA) in limiting the achievable imaging depths. In this work, we performed multipho-
ton imaging on aqueous fluorescent solution, human skin, and rat tail tendon to show that,
under the same immersion condition, lower NA objectives can examine more deeply into
biological specimens and should be used when optimal imaging depths is desired. Microsc. Res.
Tech. 65:308 –314, 2004. © 2005 Wiley-Liss, Inc.

INTRODUCTION
The introduction of multiphoton microscopy in the

early 1990s revolutionized biological optical micros-
copy (Denk et al., 1990). Increased image contrast,
reduced photodamage, and enhanced depth penetra-
tion are some of the major advantages of nonlinear
optical microscopy (Centonze and White, 1998; So et
al., 2000). Many areas of biology and medicine bene-
fited from this development and multiphoton micros-
copy has found wide applications in areas such as tis-
sue imaging, neurobiology, developmental biology, on-
cology, and drug delivery (Brown et al., 2001; Masters
et al., 1997; Piston et al., 1995; Squirrel et al., 1999;
Sun et al., 2003; Svoboda et al., 1997; Yu et al., 2001;
Yuste and Denk, 1995). In many of these studies, the
key advantage of multiphoton microscopy is its ability
to image deep into the biological specimens (ex vivo or
in vivo) without disruptive histological procedures. As
a result, temporal evolution of physiological phenom-
ena can be continuously traced. In most applications
using multiphoton techniques, two sample excitation
modes are involved. The first mechanism involves the
simultaneous absorption of two or more near-infrared
excitation photons. Since the selection rules for such a
process can be different from the one-photon excitation
process, multiphoton fluorescence excitation processes
tend to excite states with odd parity (odd number of
photons absorbed) or even parity (even number of pho-
tons absorbed) from the ground state specimens. In
such in-depth optical imaging of biological specimens,
the effects of refractive index induced spherical aber-
ration and scattering can contribute more significantly
to a degradation of image resolution and reduced signal
strength from deep within tissues.

While it is difficult to separate the effects of spherical
aberration and scattering in multiphoton imaging of
biological specimens, various attempts have been made

to characterize the effects of refractive index mismatch
and scattering in multiphoton imaging. Imaging of
tissue-like constructs demonstrated that spherical ab-
erration from index mismatch results in resolution deg-
radation and the effects worsen with increasing imag-
ing depths. Tissue-like scattering, on the other hand,
has been shown to decrease the amount of detectable
fluorescence in depth. However, up to the typical im-
aging depths achievable in multiphoton microscopy,
scattering does not appear to degrade the imaging
point-spread-function (de Grauw et al., 1999; Dong et
al., 2003; Dunn et al., 2003; Gerritsen and de Grauw,
1999). While it has been demonstrated that the proper
choice of immersion objective can affect the achievable
imaging depths in biological specimens, to the best of
our knowledge the effects of the objective’s numerical
aperture (NA) on the achievable imaging depths using
multiphoton microscopy have not been examined (Dong
et al., 2004).

In multiphoton microscopy, the objective’s NA can
contribute to two optical electronic states. The excited
molecules then undergo fluorescence emission which
can be used for biomedical imaging applications. The
second mechanism involves the polarization effects
known as harmonic generation. If the polarization of
the specimen of interest responds nonlinearly to the
incident electric field, the polarization Pi can be ex-
pressed as:

Pi � �ij Ej � �ijk Ej Ek � �ijkl Ej Ek El � . . . �1�
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where �ij, �ijk, and �ijkl are the first-, second-, and
third-order susceptibility tensors, respectively. In the
case of nonvanishing second- and third-order suscepti-
bility tensors, the specimen can respond to the incident
excitation photons by producing photons at, respec-
tively, one-half and one-third of the incident wave-
length. In the case of second-harmonic generation, the
physics dictate that the molecular structures produc-
ing the SHG photons need to be non-centrosymmetric
in nature. Biological structures such as collagen and
muscle fibers have been demonstrated to be strong
generators of SHG signals (Campagnola and Loew,
2003; Stoller et al., 2002; Yeh et al., 2002; Zipfel et al.,
2003; Zoumi et al., 2002).

Regardless of the excitation mechanisms, the effects
of a specimen’s optical properties on image quality are
more pronounced in multiphoton microscopy. Unlike
conventional microscopy, in which thick tissue sections
or cell monolayers are the targets of study, multiphoton
microscopy often image hundreds of microns into the
phenomena capable of resolution degradation and sig-
nal reduction. First, since there exist longer optical
paths for photons involved in the excitation and signal
collection processes in higher NA objectives, one would
expect scattering to result in an additional loss of flu-
orescence signal when high NA objectives are used to
measure fluorescence signals from the same depth. On
the other hand, one would also expect the differences in
path lengths between objectives of different NAs to
have an effect on refractive index mismatch induced
spherical aberration. It has been shown that in
the presence of spherical aberration the point-spread-
function (PSF) needs to be modified to include a pupil

function accounting for the different path lengths trav-
eled by differently angled light rays (of wavelength �)
emerging from the index mismatching interface. Such
modified PSF is given by:

I�u,�,D� � ��
0

1

P��,D�eiup2/2 J0�����d�� 2

�2�

where P(�,D) 	 eik
(�,D) and 
(�,D)	2�D/� n1 sin
�1[
csc2 �2��2�
csc2 �1 � �2] depict the pupil
function under such aberration. In this formalism, L1,
L2, and D are the aberrated path length, unaberrated
path length, and the distance from the interface to
the focal plane, respectively. Furthermore, u	2�/�
(NA)2z and �	2�/� (NA)r are the respective normal-
ized axial and radial coordinates with z and r as the
axial and radial spatial coordinates, respectively. In
addition, n1 sin �1 	 n2 sin �2 determines the relation-
ship between �1 (largest subtended angle of the objec-
tive) and �2. The physical geometry of focusing through
an index mismatched interface is illustrated in Figure
1 (Booth et al., 1998; Booth and Wilson, 2000). Intu-
itively, the longer path lengths of higher NA objectives
will lead to the interference of light waves with addi-
tional phases and one would expect that a degradation
of PSF will result. However, a characterization of the
effects of NA on spherical aberration requires compu-
tation of Eq. 2 for the multiphoton case. In the two-
photon case, I2(u,�,D) needs to be calculated. In biolog-
ical specimens with varying refractive indices, the re-
quired computation can be complicated. For example,

Fig. 1. The effects of numerical aperture on optical microscopy. In focusing to the same imaging
depth, the light rays travel through less of the specimen for lower NA objectives. Refractive index
mismatch induced spherical aberration and scattering are more significant for high NA objectives.
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in the case of skin the refractive indices change from
about 1.47 in the stratum corneum to 1.43 in the gran-
ular layer. The indices of refraction further decreases
to around 1.34 in the basal layer and again increases to
about 1.41 in the dermis. In comparison, the scattering
coefficient is 1–1.5 mm�1 in the stratum corneum and
increases rapidly to 6–7 mm�1 in the granular layer. It
further changes to 4–5 mm�1 near the basal region and
approaches 5–8 mm�1 in the dermis (Knüttel and
Boehlau-Godau, 2000; Tearney et al., 1995). On the
other hand, a different biological specimen such as the
rat tail tendon has a different index of refraction of
around 1.5, a much less complicated refractive index
structure in comparison (Stoller et al., 2003).

Nonetheless, the question of how the objective nu-
merical apertures affect multiphoton imaging in-depth
can be addressed by comparing the images and the
multiphoton generated signal detected at different im-
aging depths by using the different objectives. In this
work, we examine the effects of NA on achievable mul-
tiphoton imaging depths by comparing the axial inte-
grated fluorescence strength acquired by different NA
objectives using the same immersion fluids. Specifi-
cally, we used oil immersion objectives with NAs of
0.75 and 1.4 and water immersion objectives with NAs
of 0.75 and 1.2. Our results will help researchers in
choosing the proper objective to be used in multiphoton
imaging experiments at increased depths.

MATERIALS AND METHODS
The multiphoton microscope used for this study is

similar to a system described previously (Sun et al.,
2003). In short, it is a home-built system based on a
modified upright microscope (E800, Nikon, Japan). A
diode-pumped (Millennia X, Spectra Physics, Mountain
View, CA) titanium sapphire laser (Tsunami, Spectra
Physics) was used as the excitation source. A gal-
vonometer driven x-y scanner (Model 6220, Cambridge
Technology, Cambridge, MA) is used to scan the exci-
tation beam across the sample in a two-dimensional
fashion. In combination with a motor-driven objective
positioner for controlling the focal spot at different
imaging depths (Prior Scientific, UK), a 3D image of
the specimen can be obtained. In our study, we imaged
three specimens using different objectives. The first
sample was a uniform sulforhodamine B solution (in
PBS buffer) 0.01 mM in concentration. The second
specimen was a sulforhodamine B-treated skin. The
skin used was immersed in a labeling solution consist-
ing of 47.5% PBS buffer, 47.5% ethanol, 5% oleic acid,
and sulforhodamine B was added at a concentration of
0.5 mg/ml. The skin was immersed in the labeling
solution for 24 hours prior to being removed and
mounted for multiphoton imaging. The final specimen
we examined was rat tail tendon. This sample is made
primarily of collagen fibers and we induced second-
harmonic generation signal from the collagen. For all
specimens, No. 1.5 thickness cover glasses were used to
mount the specimens for viewing. A wavelength of
780 nm was used for all three samples. A dichroic
mirror (720DCSPXR, Chroma Technology, Brattleboro,
VT) was used to reflect the excitation source into the
focusing objective. This short-pass dichroic mirror al-
lows broadband fluorescence and second-harmonic gen-
eration signal to be transmitted. An additional filter

(E680, Chroma Technology) was used to further atten-
uate the excitation wavelengths. For the sulforhodam-
ine B solution and the sulforhodamine B-treated skin,
an additional bandpass filter (HQ590/80, Chroma
Technology) was used for fluorescence detection. In the
case of rat tail tendon, a bandpass filter (HQ390/20,
Chroma Technology) was used to isolate the second-
harmonic generation signal. Single-photon counting
PMT’s (R7400P, Hamamatsu, Japan) were used for
detection in our system.

The objectives chosen for this study are: 1) 20� Plan
Fluor multi-immersion NA 0.75 (Nikon), 60� Plan Apo
oil immersion NA 1.4 (Nikon), and 60� water Plan Apo
NA 1.2 (Nikon). In the case of the multi-immersion 20�
objective, water and oil immersion conditions were
used. The power used for different specimens are dif-
ferent for different objectives. However, the maximum
power was slightly over 10 mW for each sample. We
tested the fluorescence or SHG signal for signal satu-
ration and we chose the excitation power level that did
not result in signal saturation. For the skin and tendon
specimens, we also verified that the power levels used
did not result in photobleaching. Linearly polarized
light was used to excite the sulforhodamine B/PBS and
the skin specimens while circularly polarized light was
used to excite the rat tail tendon sample. The reason
for using circularly polarized excitation is to ensure
uniform excitation of the collagen fibers oriented at
different orientations. Since the rat tail tendon tend to
be homogeneous structurally, we dried 10-�m orange
fluorescent microspheres (F8833, Molecular Probes,
Eugene, OR) onto the cover glass prior to mounting the
cover glass onto tendon. The microspheres were then
used for position verification in imaging the same re-
gion of the specimen.

RESULTS AND DISCUSSION
The first data we present are the normalized axial

fluorescence profiles of sulforhodamine B/PBS solution
shown in Figure 2. The profiles obtained using 20� oil,
60� water, and 60� oil lenses are normalized to that
obtained using the 20� water objective. The results
plotted in Figure 2 show that the fluorescence profiles
obtained using the 20� water and 60� water objectives
overlap well with each other and show no signs of decay
up to the imaging depth of 90 �m. This is not surpris-
ing, since both objectives were of the water immersion
type and no PSF degradation is expected when imaging
into a uniformly fluorescent, aqueous solution using
water objectives. However, what is surprising is that
the profile obtained using the 20� oil lens also overlaps
well with that of the water objective results. This result
supports the conclusion that index matching in mul-
tiphoton imaging may not be significant if the objective
NA is not large. Our result is further supported by the
fluorescence profile obtained using the 60� oil lens. In
this case, the axial fluorescence profile clearly shows
decay in the signal strength with increasing imaging
depths. To be specific, compared to the surface fluores-
cence signal, the signal strength obtained at 60 �m is
�0.6 of that at the specimen surface. Since the sample
does not contain scattering particles, the effects dem-
onstrated are only due to the spherical aberration from
refractive index mismatch. And our results seem to
indicate that if achievable imaging depths rather than
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image resolution is the primary goal in a particular
multiphoton application, lower NA objectives should be
used.

This observation can also be tested in biological spec-
imens. The images and axial fluorescence profiles of
sulforhodamine B-labeled skin are acquired using the
same objectives described above and the results are
shown in Figure 3. As discussed above, the optical
properties of the skin are complicated. Nonetheless,
both the images and the axial fluorescence profiles
support the same conclusion as in the case for uniform
aqueous sulrohdamine B solution. In this case, the
images and fluorescence profiles (normalized to that
obtained with the 20� oil objective) show that the
profiles obtained using the 20� oil objective showed the
least signal decay with increasing imaging depths fol-
lowed by the 20� water lens. The results for the higher
NA objectives are more complicated. At imaging depths
less than about 12 �m, the 60� oil objective showed a
slower degradation of image brightness with increas-
ing depths. However, between about 12 and 23 �m the
fluorescence measured using the 60� water objective is
slightly higher than that obtained with the 60� oil
lens. The trend is reversed as we imaged from 23 to
32 �m, where the 60� oil lens performed better than
the 60� water objective. Finally, from 32 to 45 �m, the
60� water lens measured stronger fluorescence.

Shown in Figure 4 are the second-harmonic genera-
tion images and normalized signal (relative to that of
the 20� oil data) obtained from the rat tail tendon at
different imaging depths. In this case, similar to the
results for the skin data, the images and the profiles

obtained using the 20� oil objective decayed the slow-
est with increasing depths followed by the 20� water
lens data. Although the results for the high NA objec-
tives showed variations with different imaging depths,
the 60� oil immersion objective consistently measured
stronger SHG signal up to an imaging depth of 50 �m.

The variations in effective fluorescence measured for
the high NA water and oil objectives are complicated by
two factors. First, optical parameters such as refractive
indices and scattering coefficients may not be uniform
for biological specimens. Furthermore, the NAs for the
high NA water and oil lenses are different. They are 1.2
and 1.4 for the 60� water and oil objectives, respec-
tively. Therefore, in addition to satisfying index-match-
ing conditions, one would expect that sample spherical
aberration and scattering are more serious for the oil
than the water objective. Nonetheless, the observation
that under the same immersion conditions, lower NA
objectives can image deeper into biological specimens
than higher NA lenses remains valid for all the sam-
ples examined in this study.

CONCLUSIONS
In this work, we compared the images and/or axial

signal profiles generated using multiphoton micros-
copy. In the three samples examined (aqueous solution,
human skin, and rat tail tendon), lower NA objectives
(0.75) can image deeper into the specimens than higher
NA lenses (water: 1.2; oil: 1.4). Our results show that if
obtainable imaging depths rather than image resolu-
tion is of primary consideration in multiphoton imag-

Fig. 2. Axial fluorescence profile of sulforhodamine B dissolved in PBS buffer. The fluorescence
intensity measured with 20� water, 20� oil, 60� water, and 60� oil immersion objectives are normal-
ized to that of the 20� water objective result.
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Fig. 3. Multiphoton imaging of fluorescently labeled skin acquired using the 20� water, 20� oil, 60�
water, and 60� oil immersion objectives. The images and axial fluorescence intensity profiles for the
same area of the skin are compared.
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Fig. 4. Second-harmonic generation (SHG) images of rat tail tendon (at 390 nm) acquired using the
20� water, 20� oil, 60� water, and 60� oil immersion objectives. The images and axial SHG intensity
profiles for the same area of the rat tail tendon are imaged and compared.
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ing applications, lower NA objectives should be chosen
over higher NA lenses.
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