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ABSTRACT
Multi-photon ﬂuorescence microscopy (MPFM) is a powerful technique for imaging
scattering, biological specimens in depth. In addition to the sectioning effect generated by the
point-like excitation volume, the near-infrared wavelengths used for multi-photon excitation allow
deeper penetration into optically turbid specimens. In physiological specimens, the optical properties such as the scattering coefﬁcients and refractive indices are often heterogeneous. In these
specimens, it is not clear which type of immersion objective can provide optimized images in-depth.
In particular, in-depth dermatological imaging applications using MPFM requires such optimization to obtain qualitative and quantitative information from the skin specimens. In this work, we
address this issue by comparing the performances of two common types of high numerical aperture
(NA) objectives: water-immersion and oil-immersion. A high-quality water-immersion objective
(Zeiss, 40⫻ C-Apochromat, NA 1.2) and a comparable oil-immersion objective (Zeiss, 40⫻ Fluar, NA
1.25) were used for in-depth imaging of autofuorescent excised human skin and sulforhodamine B
treated human skin specimens. Our results show that in the epidermal layers, the two types of
immersion objectives perform comparably. However, in the dermis, multi-photon imaging using the
oil immersion objective results in stronger ﬂuorescence detection. These observations are most
likely due to the degraded point-spread-function (PSF) caused by refractive index mismatch
between the epidermis and the dermis. Microsc. Res. Tech. 63:81– 86, 2004. © 2003 Wiley-Liss, Inc.
INTRODUCTION
The experimental introduction of two-photon microscopy by Webb’s group in Cornell University (Denk et al.,
1990) represents an important milestone in the development of modern optical microscopy. In this technique, a
UV or visible excitable ﬂuorescent molecule undergoes
transition to the excited state by the simultaneous absorption of two near-infrared photons. Compared to commonly used one-photon excitation techniques, two-photon
ﬂuorescence microscopy offers a number of distinct advantages. First, since the high photon ﬂux required for
non-linear excitation limits sample excitation to near the
focus of an objective, imaging with a conﬁned, sub-femtoliter spot results in strong axial depth discrimination and
reduced photodamage. In addition, two-photon microscopy has the unique capability to image optically turbid
specimens at great depths, non-invasively. Compared to
the ultraviolet (UV) or visible photons, the near-infrared
light source used for two-photon excitation is absorbed
and scattered less by tissues. The improved penetration
depth allows in-depth, three-dimensional examination of
biological specimens (Centonze and White, 1998; So et al.,
2000). For biological and biomedical applications, twophoton microscopy has demonstrated its capabilities in
neurobiology (Svoboda et al., 1997; Yuste and Denk,
1995) and embryology (Squirrell et al., 1999). In other
tissue structures such as the cornea and skin, two-photon
microscopy has been successfully applied for minimally©
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invasive, deep-tissue imaging (Masters et al., 1997; Piston et al., 1995). Speciﬁcally, two-photon microscopy has
tremendous applications in dermatology. In addition to
providing 3-D morphological information of skin under ex
vivo or in vivo conditions, two-photon microscopy has also
been recently applied to investigating transdermal transport pathways of hydrophilic and hydrophobic molecules
under chemical enhancer actions (Yu et al., 2001, 2002).
These studies reveal the microscopic details of molecular
transport and offer insights into improving drug delivery
methodology. In-depth, multi-photon examination of biological specimen is now commonplace. We routinely image human skin up to the depths on the order of 100 m,
often reaching the limits in working distances of many
high numerical aperture, oil-immersion objectives.
SPHERICAL ABERRATION AND WATER AND
OIL-IMMERSION OBJECTIVES IN
MULTI-PHOTON IMAGING
In imaging biological specimens, conventional wisdom dictates the use of water immersion microscope
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Fig. 1. A two-photon ﬂuorescence microscope. [Color ﬁgure can be
viewed in the online issue, which is available at www.interscience.
wiley.com.]

objectives. The logic behind this choice is due to the fact
that biological specimens examined by optical microscopy are often immersed cellular monolayers cultured
on ﬂat, optical surfaces. The aqueous environment of
the cells’ surrounding and interior means that the refractive index of the specimens is very close to 1.33,
water’s index of refraction. Therefore, in these specimens, optical imaging performed with water immersion objectives minimizes image distortion due to refractive index difference induced spherical aberration.
While this argument is sound for 3-D cellular systems
such as tissue-engineered constructs, it is not valid for
all biological specimens. In particular, for dermatological imaging, the choice of immersion objectives is complicated by the rapidly varying refractive indices of
typical skin specimens.
For example, it has been shown that the refractive
index varies signiﬁcantly within different layers of the
skin. From optical coherence tomography (OCT) studies, a detailed map of the refractive index was obtained
from the epidermis into the upper dermal layer. To be
speciﬁc, the index of refraction in the stratum corneum
was found to be 1.47, a value close to that of glass. At
greater depths, the refractive index decreases to 1.43 in
the granular layer and 1.34 in the basal layer. Below
the epidermal layers, the refractive index rises back to
about 1.41 in the upper dermis (Halliday et al., 1992;
Knüttel and Boehlau-Godau, 2000; Tearney et al.,
1995). Compared with the refractive indices of some
transparent media, the skin surface is glass-like and
the basal layer is water-like while the index of refraction in the upper dermis lies in between (Halliday et
al., 1992). In addition to refractive index changes, sample scattering coefﬁcients can also adversely affect imaging characteristics. Like the refractive index, the
scattering coefﬁcient within the skin also varies as a
function of depth. To be speciﬁc, OCT studies described

Fig. 2. Multiphoton excited auto-ﬂuorescent images of the skin at
different layers. Representative images from the stratum corneum,
deeper epidermal layer, basal layer, and upper dermis (top to bottom)
acquired using a water (left row) and oil (right row) immersion objective are shown.

above revealed that the scattering coefﬁcient within
the stratum corneum is around 1–1.5 mm⫺1. In deeper
epidermal layers, the coefﬁcients increased to 6 –
7 mm⫺1 in the granular layer and their values change
to 4 –5 mm⫺1 in the basal layer. Beyond the epidermis,
the scattering coefﬁcient slightly increases to around
5– 8 mm⫺1 in the upper dermis (Tearney et al., 1995;
Knüttel and Boehlau-Godau, 2000).
Therefore, to optimize imaging quality for in-depth,
multi-photon imaging of skin, one needs to separate
the effects of refractive index mismatch and scattering
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Skin autoﬂuorescence axial proﬁles (with ﬂuorescence ratio) acquired with the water and oil immersion objectives.

on skin imaging. Previous studies showed that the
range of scattering coefﬁcients in skin has minimum
effects on the PSF widths (Dong et al., 2003; Dunn et
al., 2000). Therefore, it appears that scattering does
not contribute to the degradation of image resolution in
two-photon imaging of the epidermis and upper dermis. In fact, the refractive index mismatch induced
degradation of lateral and axial resolution has been
reported with confocal microscopy (Hell et al., 1993)
and similar effects have been demonstrated with twophoton microscopy (de Gauw et al., 1999; Dong et al.
2003; Gerritsen and de Gauw, 1999). While it is difﬁcult to characterize the combined effects of spherical
aberration and scattering on multi-photon skin imaging, it is possible to focus on the effects of spherical
aberration by comparing the skin images acquired using objectives of different immersion media. In this
study, we chose to compare the skin imaged acquired
using water and oil immersion objectives, two of the
commonly used immersion objective types.
The two objectives chosen for this study are two high
numerical aperture (NA) objectives: a water immersion
objective (Zeiss, 40⫻ C-Apochromat, NA 1.2) and an oil
lens (Zeiss, 40⫻ Fluar, NA 1.25). While they should
perform comparably at the skin surface, it is not clear
how the skin’s complex refractive index proﬁles change
image quality and detected ﬂuorescence at greater
depths. There are a number of reasons why the water
and oil immersion objectives should be compared.
First, both types of objectives permit high NA imaging.
Secondly, water and oil immersion objectives are the
most common immersion objectives in use today. For
our study, two samples are examined: (1) autoﬂuorescent human skin, and (2) sulforhodamine B (model
drug) treated skin.

MATERIALS AND METHODS
The multi-photon microscope used in this study has
been well described in the literature (So et. al., 2000).
An instrument diagram of our set up is shown in Fig. 1.
The excitation source is an argon-ion (Innova 300, Coherent, Santa Clara, CA) pumped, femtosecond titanium-sapphire laser (Mira 900, Coherent). Output of the
titanium-sapphire (Ti-Sa) laser beam is directed toward an x-y scanning system (Model 6350, Cambridge
Technology, Cambridge, MA) that reﬂects the Ti-Sa
laser, at different angles, into the microscope (Zeiss
Axiovert 100 TV, Thornwood, NY). At the entrance of
the microscope, the laser is beam expanded by a lens
combination to ensure overﬁlling of the objective’s back
aperture. The expanded beam is then reﬂected into the
objective by a dichroic mirror. Either the well-corrected, high NA, water-immersion objective (Zeiss, 40⫻
C-Apochromat, NA 1.2) or the high NA oil-immersion
objective (Zeiss, 40⫻ Fluar, NA 1.25) was used for
imaging. The ﬂuorescence generated at the focal spot is
collected by the objective, transmitted through the dichroic mirror and optical ﬁlters before being recorded
by the photomultiplier tube (PMT). In our single-photon counting, detection scheme, the signal from the
PMT is processed by a discriminator before recorded by
the computer. The ﬂuorescence image of the specimen
is constructed by recording the ﬂuorescent photons at
each pixel imaged.
Three-dimensional (3-D) scanning of the sample is
achieved by a combination of the galvo-driven, x-y
scanning mirrors of the beam and axial positioning of
the objective’s focal spot. Axial positioning of the objective was achieved by a piezo-driven objective stage
(P-721 PIFOC威, Physik Instrumente (PI), Germany)
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which can provide a full axial scanning range of
72.4 m. The 3-D image stack acquired in this manner
is composed of axial image frames with a typical separation of 0.724 m. Each image frame is composed of
256 ⫻ 256 pixels, with a pixel separation of 0.242 m.
For axial scanning beyond the range allowed by the
piezo-driven, objective stage, the manual objective focus control is used with the piezo stage to achieve the
desired imaging depth.
Two types of skin samples were imaged using the two
objectives. First, the skin used for imaging of autoﬂuorescence is prepared by placing a piece of excised
human skin (in the mm size range) in the center of a
rubber gasket. A coverglass is placed on the adhesive
side of the gasket to seal the sample, and a small piece
of damp tissue is sandwiched between the back side of
the skin and the glass slide to ensure solid contact
between the skin and the coverglass. The damp tissue
also helps to keep the skin moist during image acquisition. The second skin specimen we imaged was sulforhodamine B–treated, human skin sample. This system is of interest because similar systems have been
used to study the drug delivery mechanism in which
sulforhodamine B molecules was used as the model
drug. Speciﬁcally, the inﬂuence of the chemical enhancer oleic acid on the penetration proﬁles of hydrophilic sulforhodamine B was compared to that of hydrophobic rhodamine B hexyl ester, RBHE (Yu et. al.,
2001). In this study, we use the sulforhodamine B
containing skin sample for comparing the rhodamine B
ﬂuorescence proﬁles obtained using both objectives.
The preparation of the sulforhodamine B containing
skin samples is similar to the protocol listed in a previous work (Yu et al., 2001). In this procedure, human
cadaver skin from the abdominal area (National Disease Research Interchange, Philadelphia, PA), obtained 10 –20 hours post-mortem, was used. The skin
specimens were stored at ⫺80°C and used within 3–
6 weeks. For the model drug delivery studies, the skin
was ﬁrst thawed at room temperature of 25°C, and the
dermal fat was removed. The skin samples 2.25 cm2 in
area were mounted in side-by-side diffusion cells
(9-mm diameter, PermeGear, Riegelsville, PA). Donor
vehicle solution was of sulforhodamine B in a 1:1 volume mixture of ethanol (100%, Pharmco™ Products,
Brookﬁeld, CT) and PBS (Sigma, St. Louis, MO). The
skin samples remained in contact with the donor solution for 24 hours. Prior and after the skin exposure to
the donor solution, skin conductivity measurements
were conducted in phosphate buffered saline, PBS
(0.01 M phosphate buffer, 0.0027M KCl and 0.137 M
NaCl, pH ⫽ 7.4, Sigma). To prepare the skin specimens
for multi-photon imaging, the samples were rinsed
with the 1:1 PBS-ethanol solution and blotted with
Kimwipe (Kimberly-Clark®, Roswell, GA) to remove
excess ﬂuorescent probes from the skin surfaces. The
circular region of the skin specimens exposed to the
donor solution was then excised with a surgical carbon
steel razor blade (VWR Scientiﬁc, Media, PA) and
sealed in an imaging chamber (2.5 mm Coverwell™,
Grace Bio-Labs, Bend, OR) with a cover slip in contact
with the stratum corneum side. A drop of PBS was
added to the chamber to maintain the moisture with
the imaging chamber.

Fig. 4. Three-dimensional image stack of sulforhodamine B
treated skin taken using the water (top) and oil (bottom) immersion
objectives.

The comparison of the performance between the two
objectives is based on two criteria. In the case of skin
imaging, images acquired using the water and oil immersion objectives at different depths are placed sideby-side and judged for image quality. While image appearance can be indicative when the two immersion
objectives perform visibly different, such comparison
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Sulforhodamine B axial proﬁles (with ﬂuorescence ratio) in skin recorded with the water and oil immersion objectives.

does not reveal subtle difference in point-spread-function. Therefore, the two objectives are compared by the
measured intensity proﬁle at each focal plane.
RESULTS AND DISCUSSION
Axial Fluorescence Intensity Distribution
The measured axial ﬂuorescence intensity proﬁles
using the water and oil immersion objectives are calculated in the following manner. At each axial position,
the ﬂuorescence intensity of the image frame is averaged. Next, the axial proﬁle is obtained by plotting the
average intensity of each frame at different axial positions.
While the optical properties of uniform, aqueous ﬂuorescence solutions can be well controlled and the
choice of water immersion objective in imaging this
type of specimens clear, it is difﬁcult to draw similar
conclusions for imaging an optically heterogeneous
specimen such as the human skin. In this case, we
compared the multiphoton image quality and axial ﬂuorescence proﬁles acquired using the water and oil
immersion objectives. To compare the images,
autoﬂuorescence images from nearby layers in the
stratum corneum, deeper epidermis, basal layer, and
upper dermis were selected from the 3-D image stack.
For the comparison between the two objectives, image
frames are selected and placed side-by-side for analysis. These results are shown in Figure 2. In addition,
axial auto-ﬂuorescence intensity proﬁles acquired with
the type objectives are also calculated and plotted in
Figure 3. Moreover, the ratios of the intensity acquired
from the two objectives were calculated and plotted in
the same ﬁgure. In this case, the ﬂuorescence intensity
ratio was calculated as the ratio between the C-Apochromat 40⫻ objective intensity to that acquired with

the Fluar 40⫻ lens. For an accurate comparison, the
same region of the skin was imaged. Examination of
Figure 2 shows that skin auto-ﬂuorescence images acquired with the two objectives matches closely in appearance. This observation appears to support the fact
that both objectives perform comparably in the skin.
This apparent conclusion is supported by a casual examination of the auto-ﬂuorescence depth proﬁles
shown in Figure 3. Up to depths ⬎ 65 m, the two
objective proﬁles match each other closely. However,
an examination of the intensity ratio between the two
objectives reveals a different story. Up to the axial
position of approximately 60 m, the intensity ratio
between the two objectives ﬂuctuates about 1, indicating that the water and oil lens PSF’s are comparable in
that region. However, beyond 60 m, the intensity
ratio starts to drop steadily to below 1. At the deepest
imaging depth, the ratio drops to below 0.9, indicating
that the water immersion objective detects approximately 10% less signal than the oil lens.
In addition to the autoﬂuroescent skin, skin specimens treated with sulforhodamine B were also imaged
and compared with the water and oil immersion objectives. The multi-photon 3-D image stacks are shown in
Figure 4, and the corresponding ﬂuorescence proﬁles
are calculated and displayed in Figure 5. As in the case
for autoﬂuorescent skin, the intensity ratio between
the water and oil lenses was calculated and plotted.
Visual examinations of Figures 4 and 5 shows that the
3-D image stacks acquired using both objectives display similar image quality. The axial cross-sectional
views show no evidence in objective dependent image
degradation. In addition, the two sulforhodamine B
proﬁles of Figure 5 agree well with each other. However, the ratio plot reveals that beyond the depth of
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approximately 40 m, the intensity ratio steadily decreases. In the axial region between 40 m and the
deepest imaging depths, most of the intensity ratios
ﬂuctuate between 0.7 and 0.8, indicating that at the
greater imaging depths, the oil immersion objective is
more efﬁcient in generating and collecting the SRB
ﬂuorescence by more than 30%.
In the case of autoﬂuorescent skin, the ratio decay
point (at about 60 m) corresponds to the basal layer of
the sample we imaged. Therefore, the autoﬂuorescence
results indicate that although the skin refractive index
varies from 1.47 to 1.34 in the epidermis. The differential effects of spherical aberration between the two
objectives are not apparent until the dermis is reach
(refractive index of 1.41) (Knüttel and Boehlau-Godau,
2000; Tearney et al., 1995). Beyond the epidermaldermal junction, the oil immersion objective outperforms the water objective by about 10% in the ﬂuorescence generation and detection efﬁciency. In the case of
SRB-treated skin, the detection of the SRB ﬂuorescence prevents an autoﬂuorescence determination of
the physical barrier (at 40 m) responsible for the
intensity ratio decay at 40 m. However, the autoﬂuorescence skin results will support the 40-m position
as the point of the epidermal-dermal barrier.
Nonetheless, in the case of the SRB skin sample, the
water and oil immersion objectives perform comparably at the initial layers of the skin. Beyond the epidermal-dermal junction, the oil objective is capable of generating and collecting ﬂuorescence more efﬁciently
than the water objective.
CONCLUSIONS
While the effects of scattering and spherical aberration on microscopic image formation in optically homogenous samples are well documented, the difference
in performance between objectives of different immersion ﬂuids in thick, optically complex specimen such as
the human skin remains unclear. While the exact characterization of imaging parameters inside the skin is
difﬁcult, we addressed this issue by analyzing and comparing the multi-photon skin images acquired using oil
and water immersion objectives. The results from our
study demonstrate the important result that the water
and oil objectives perform comparably in surface skin
layers up to the epidermal-dermal junction. Beyond the
junction, the oil lens is more efﬁcient in generating and
collecting multi-photon ﬂuorescence, by as much as
30%. This effect is most likely due to the fact that the
stratum corneum has a refractive index more closely
matched to that of the immersion oil and, therefore, the
oil objective would experience lesser effects of spherical

aberration when imaging deep within the skin. In conclusion, provided that the working distance is adequate, an oil immersion objective should be used over a
comparable water lens in multi-photon skin imaging
applications.
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