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Multimodal wide-field two-photon excitation
Imaging: characterization of the technique for in
vivo applications
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Abstract: We report fast, non-scanning, wide-field two-photon
fluorescence excitation with spectral and lifetime detection for in vivo
biomedical applications. We determined the optical characteristics of the
technique, developed a Gaussian flat-field correction method to reduce
artifacts resulting from non-uniform excitation such that contrast is
enhanced, and showed that it can be used for ex vivo and in vivo cellular-
level imaging. Two applications were demonstrated: (i) ex vivo
measurements of beta-amyloid plaques in retinas of transgenic mice, and (ii)
in vivo imaging of sulfonated gallium(l11) corroles injected into tumors. We
demonstrate that wide-field two photon fluorescence excitation with flat-
field correction provides more penetration depth as well as better contrast
and axial resolution than the corresponding one-photon wide field excitation
for the same dye. Importantly, when this technique is used together with
spectral and fluorescence lifetime detection modules, it offers improved
discrimination between fluorescence from molecules of interest and
autofluorescence, with higher sensitivity and specificity for in vivo
applications.

©2011 Optical Society of America
OCIS codes: (180.4315) Microscopy; (110.4234) Imaging systems
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1. Introduction

Scanning two-photon excited fluorescence microscopy has been widely used as a noninvasive
method of advanced microscopy in tissue and live animal imaging, since it can provide axial
sectioning capability and allows deeper imaging penetration [1-4]. Various scanning
techniques for two-photon imaging including multifocal scanning [5], resonant scanning [6],
line-scanning [7], and diffractive optical element-based scanning have been developed in
order to monitor fast biological events.

Recently, non-scanning two-photon imaging techniques such as excitation multiplexing by
using a spatio-temporal light resonation [8], temporal focusing with spatially modulated
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excitation [9], and a simple scanless two-photon excitation based on a selective plane
illumination microscopy [10] have been also reported for various biological applications.
These studies show that they have a similar axial resolution to scanning two-photon imaging,
as well as enable practical optical sectioning in depth-resolved imaging of a particular
biological sample.

Two-photon excitation can also be combined, in a multimode setting with fluorescence
spectral or lifetime imaging for more demanding applications [11]. To date, spectral and
lifetime imaging have been utilized to distinguish and characterize fluorophores targeted to
different molecules in intact cells and tissues, yielding an analytical tool with the power of
object visualization in biomedical imaging and research [12,13]. Particularly, while imaging
in vivo, the combination of two-photon excitation with spectral or fluorescence lifetime
imaging can enhance capabilities to discriminate between multiple targeted molecules at
deeper locations compared to one-photon spectral and fluorescence lifetime imaging [13,14].
However, when a scanning two-photon excitation method is utilized with a non-scanning
imaging device, such as an acousto-optical tunable filter (AOTF) and an ultrafast time-gated
charge-coupled device (CCD) camera for spectral/fluorescence lifetime detection,
synchronization problems may arise, making the approach difficult. In addition, scanning two-
photon excited fluorescence imaging is not fit for monitoring fast processes with high
magnification in vivo, since it is a relatively slow method. Moreover, in live animal imaging,
motion artifacts can be easily introduced during scanning two-photon excited fluorescence
imaging. To address these limitations, we developed a non-scanning two-photon approach,
which allows the combination of two-photon excitation with such non-scanning imaging
devices in multi-mode optical imaging for more versatile and faster in vivo imaging.

In this paper, we demonstrate the suitability of a non-scanning multimodal optical imaging
with wide-field two-photon excitation for in vivo applications such as imaging of fluorescent
dyes injected into tumors. Here, we employed wide-field two-photon fluorescence excitation
and spectral and fluorescence lifetime detection as a non-scanning multimodal optical imaging
method. We evaluated the optical characteristics of this simple wide-field two-photon
excitation technique, and compared the axial resolving power with that of the one-photon
excited fluorescence of the same dye molecules. In investigating the optical characteristics of
wide-field two-photon excitation, we examine power, wavelength, numerical aperture, and
depth dependence of wide-field two-photon excitation using a fluorescent gallium corrole
solution, a sectioned mouse intestine, and a tissue phantom. The particular gallium corrole
was chosen because it is both an excellent fluorophore and an anti-tumor agent [15]. This
compound, as well as its non-fluorescent iron(l1l) and manganese(lll) analogs are drug
candidates for diseases resulting from oxidative/nitrosative stress [16—18]. In addition, ex vivo
non-scanning wide-field two-photon excitation imaging is performed with an eyecup
specimen from an Alzheimer’s Disease (AD) transgenic mouse model and images are
compared with one photon excitation measurements [19]. Finally, we examine the feasibility
of combining wide-field two-photon excitation with multimodal detection (spectral and
fluorescence lifetime) for in vivo small animal imaging. In this experiment, 100 uM gallium
corrole solution and microsphere suspension were injected into tumor regions and
subcutaneous regions of an anesthetized mouse, respectively. Depth information and contrast
enhancement for these in vivo measurements are also discussed.

2. Materials and methods
2.1. Sample preparation

Ex vivo samples. A 16 um cryostat section of mouse intestine (specifically, the filamentous
actin prevalent in the brush border) was stained with Alexa Fluor 568 phalloidin (FluoCells
prepared slide #4 (F-24631), Invitrogen) and 50 uM gallium corrole solution [20]. Also, an
eyecup specimen from AD transgenic mouse model [Double transgenic mouse harboring the
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chimeric mouse/human APP (APPswe) and the mutant human presenilin 1 (PSENJAE9)] was
prepared by removing the eyecup anterior part and by staining with curcumin, a natural
fluorescent dye (0.1mg/ml) [19].

In vivo samples. In addition, a hude mouse with implanted breast tumors was used for in
vivo as well as for multimode optical imaging. Furthermore, a concentration of 100 pM
gallium corroles (excitation/emission maxima: 425/620nm) and fluorescent microspheres
(Constellation fluorescent microsphere, Invitrogen) (excitation/emission maxima: 540/560nm)
were prepared with phosphate buffer saline solution (PH 7.4). While the corroles were
injected directly in the tumor, the fluorescent microspheres were injected subcutaneously, for
comparison.

2.2. Experimental setup for non-scanning multimode optical imaging with wide-field two-
photon excitation

The experimental set-up was described elsewhere [11]. Briefly, a polarized femtosecond (100
fs) pulsed tunable laser (MaiTai — Spectra Physics) with 780~990 nm wavelength range, 50-
300 mW average power, and 80MHz repetition rate, was utilized for wide-field two-photon
excitation. The fs pulsed laser beam is passed through a Faraday rotator, then focused on the
back focal plane of the objectives (Nikon 40x, 1.3 NA, oil or Nikon 40x, 0.75 NA, air)
through a doublet lens (L1) (Melles Griot, FL200) in order to obtain a quasi-parallel beam that
enables wide-field excitation of specimens.

CCD '[.{.[)
AOTF

=== Filter

cep TGl .
Mirror t L1
- - Dichroie mirror

N P Confocal scanning uni
Dichroic mirror -

Ohbjective
Specimen

(A) (B)

Fig. 1. Schematics of the experimental set-up for wide-field two-photon excitation: (A)
multimode optical imaging with wide-field two-photon excitation (B) wide-field two-photon
excitation set-up combined with scanning confocal microscopy on an Olympus Fluoview 300
platform. FR: faraday rotator, TGI: time gated intensifier, L1: a doublet lens (focal length:
200mm)

The fluorescence from a specimen, collected by the same objective, passes through a
dichroic mirror and either band-pass filters (Chroma Technology, 560 nm + 8 nm or 630 nm £
60 nm), a band-sequential spectral selection device (acousto-optical tunable filter (bandwidth
(typical): 2.0nm at 600nm), ChromoDynamics Inc.), or a time-gated intensifier (LaVision
Picostar, gating: 300ps and step size: 200ps) before being recorded on a cooled CCD (ORCA-
ER, Hamamatsu). For one-photon excitation, a Hg lamp incorporated in a commercial
microscope (Eclipse TE2000, NIKON) was utilized through excitation filters. Figure 1(A)
shows the experimental set-up for wide-field two-photon excitation. Also, a confocal
Olympus Fluoview 300 was used for scanning microscopy [Fig. 1(B)] (Olympus 1X70,
Fluoview).

2.3. Tissue phantom

A tissue phantom was constructed as a test sample that allows for comparison of the contrast
and confocality/axial resolution characteristics of wide-field one-photon excited fluorescence,
scanning two-photon excited fluorescence, and wide-field two-photon excited fluorescence
microscopies [21]. The phantom was composed of a nude mouse skin, a mixed gel (125uM
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fluorescein dye, 5% intralipid, and 1% microspheres), and paraffin. After a thin sample of
nude mouse skin was put on a slide glass in a chamber, the mixed gel was loaded on the
mouse skin. Finally, paraffin was filled in the chamber in order to prevent evaporation from
the skin.

2.4. Flat-field correction

Flat-field correction of wide-field two-photon excited fluorescence images was performed
using a normalized and inversed Gaussian mask in order to compensate the non-uniform
excitation generated by the Gaussian profile of the beam. The Gaussian mask was constructed
through the convolution of the original image with a Gaussian function (radius: over 120
pixels) at a focal plane using imaging software we developed (based on Imagel). The
corrected image, R, was obtained by the entry-by-entry product of the original image, O, and
the inversed Gaussian mask, M (R = 0. x M).

2.5. Spectral/fluorescence lifetime analysis

For spectral imaging and analysis, a classification algorithm based on Euclidean distance
measure (Root Sum of Square Error) was utilized. This algorithm is performed with a
software package developed in house and previously described elsewhere [22]. For
fluorescence lifetime analysis, a single exponential decay fitting method was used to fit the
data; it provides the time-constant of a single exponential curve fitted to data on the same
pixel in a series of images and generates a fluorescence lifetime image mapped by the time-
constants on each pixel [23].

3. Results and discussion
3.1. Optical characteristics of wide-field two-photon excited fluorescence microscopy

In order to validate the wide-field two-photon excitation, we examined the dependence of the
fluorescence intensity on the power, wavelength, and numerical aperture of the excitation
beam. Measurements on gallium corrole show that the fluorescence intensity increases
nonlinearly with the excitation power, suggesting a nonlinear (specifically, two-photon
excited) process of fluorescence generation [Fig. 2(A)]. It has a slope of 2.01, in excellent
agreement with the typical power dependence of two-photon excitation. In addition, we
examined the wavelength dependence of the fluorescence intensity on a sample of a mouse
intestine stained with Alexa 568 phalloidin. Fluorescence intensities were measured on
images recorded at different excitation wavelengths (780-910 nm, step: 10nm). The excitation
wavelength dependence is very similar to that reported previously for two-photon excitation
[24]. In addition, we examined possible photobleaching effects, to confirm the accuracy of the
result. We found negligible (0.03%) photobleaching during the experiment [intensity
(Arbitrary Unit): 1541 before to 1497 after]. Finally, the dependence of the fluorescence
intensity on the numerical aperture of the objective lens was investigated with a sample
consisting of a mouse intestine specimen. Figure 2(C) shows that the fitting curve displays a
nonlinearity (4th order) of the wide-field two-photon excitation-induced signal intensity vs.
numerical aperture. The field of view (FOV) has not changed significantly by a numerical
aperture but it changed proportionally to the magnification of objectives. Here, the
fluorescence intensity obtained with the 40x (NA: 1.30) objective is four times higher than
that obtained with the 40x (NA: 0.75) objective. Altogether, these results suggest that the
wide-field two-photon excitation has almost similar characteristics to typical two-photon
scanning excitation, thus indicating that the fluorescence signal is indeed generated from two-
photon excitation.
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Fig. 2. Optical characteristics of wide-field two-photon excited fluorescence: (A) power
dependence of the fluorescence of gallium corroles (50uM) (B) fluorescence intensity versus
wavelength of the mouse intestine stained with Alexa 568 phalloidin [power density:
64pW/um?, ex: 780-910 nm (step: 10 nm), em: 620 + 60 nm, and a 40x air objective]. (C)
fluorescence intensity versus numerical aperture of the objective lens [ex: 780 nm, power
density: 64uW/um?, 10x (NA: 0.45, FOV: 256 um x 244 um), 40x (NA: 0.75, FOV: 64 um x
61 um), 40x (NA: 1.30, FOV: 64 pm x 61 pm), and 60x (NA: 1.45, FOV: 43 pm x 41 pm)].
The rectangles represent the size of FOV.

MNumerical Aperture

3.2. Sectioning capability of wide-field two-photon microscopy

One important advantage of scanning two-photon microscopy is the intrinsic confocality due
to the nonlinear nature of the excitation process. However, for wide-field excitation, the
numerical aperture of the excitation beam is significantly lower and one would expect a loss
in confocality. Here we investigated the sectioning capability of wide-field two-photon
microscopy and compared it with its scanning counterpart and with wide-field one-photon
imaging. We performed measurements on the tissue phantom described previously and
compared 52 images recorded within 0~153 pm from the surface, with a step size of 3 pm.

—o—Scanning two-photan
Wide-field two-photon

Dyet = 1. __.-{A......,;-_I—'IOnwnown

intralipid+microspheres

paraffin Mouse skin

Fluorescence (A.U)
= = 2 2
3.5 .%
-
e

0 depth mark Glass slide 20 0 20 40 60 80 100120 140160
Depth (um)

(B)

© (D) (E)

Fig. 3. Comparisons of the depth dependence in scanning two-photon, wide-field two-photon,
and wide-field one-photon excitation for a tissue phantom: (A) schematic of the tissue phantom
(B) Intensity profiles over the selected regions (microspheres) along the axial (depth)
coordinate (C) Scanning two-photon excited fluorescence image obtained with a fs pulsed laser
light source at 780nm. (D) Wide-field two-photon excited fluorescence image without
Gaussian correction (excitation with a fs laser at 780 nm,) (E) Wide-field one-photon excited
fluorescence image (excitation at 488 + 30 nm). The scale bar is SOpm.

Figures 3(C), (D), and (E) show the scanning two-photon, wide-field two-photon, and one-
photon excited fluorescence image (the same focal plane), respectively. In the figure, the
intensity profiles of the microsphere selected by a solid rectangle were examined along a
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depth for contrast comparison. Figure 3(B) shows the profiles along the depth (z-axis). This
data shows that the full width at half maximum of the intensity profile in the scanning two-
photon excitation is narrowest (approximately 10 pm), while in the wide-field two-photon
excitation is estimated at 60 um. This is significantly smaller than that of wide-field one-
photon excitation, which was measured to be slightly larger than 160 pm. Generally, the full
width at half maximum in the intensity profiles along a depth indicates intermediate axial
resolution and contrast. Thus, these results suggest that the sectioning capability and its image
contrast is better for wide-field two-photon than wide-field one-photon, though worse than
scanning two-photon excitation. It is important to note that the sectioning capability depends
on the L1 coupling lens (doublet lens, focal length: 200mm): the shorter focal length of L1
provides a larger field of view and less sectioning capability, and a compromise can be
selected depending on experimental priorities. Furthermore, the axial sectioning capability of
this method could be improved via spinning disks or deconvolution methods.

3.3. Ex vivo applications: imaging of a retinal specimen of Alzheimer’s Disease (AD) from a
transgenic mouse model

We tested the ability of this method to detect labeled beta-amyloid plaques ex vivo. We used
specimens from an AD transgenic mouse model that expresses beta-amyloid plagues in the
retina. The samples were stained with curcumin to specifically label beta-amyloid plaques
[19], and wide-field two-photon images were obtained and compared with wide-field one-
photon images. Figures 4(B) and (C) show the uncorrected and Gaussian-corrected, wide-field
two-photon excited fluorescence images, respectively. More plaques are clearly observed in
Fig. 4(B) and (C) than in the one-photon excited fluorescence image. Furthermore and as
before, the Gaussian-corrected image shows better contrast than the uncorrected one, and the
background due to non-uniform illumination is removed, as demonstrated by the intensity
profiles across the corrected image along the dotted line (a’) [Fig. 4(D)]. It is important to
mention that the use of a Gaussian mask generated from the original image rather than using
the mathematics equation of a Gaussian beam (as previously reported by Fittinghoff et al (14))
has some advantages as it accounts for unknown distortions created inherently by the
excitation beam and coupling optics. Altogether, the results suggest that wide-field two-
photon excitation with Gaussian correction provides better contrast than one photon imaging.

— - —Original

i."w —— Corrected
L™
E *
l"l
P — 6 50 100 150 200 250
Pixel
(B) (D)

Fig. 4. Wide-field one photon and wide-field two-photon imaging of an eye specimen from an
AD transgenic mouse model: (A) One photon excited fluorescence image (excitation at 560
nm, emission at 630 nm) (B) Wide-field two-photon excited fluorescence image without
Gaussian correction (excitation at 830nm, emission at 630nm) (C) Gaussian corrected wide-
field two-photon excited fluorescence image (scale bar: 25um): The plaques can be visualized
and appear as brighter white signal compared to the background; the arrows indicate plaques
(D) Profile of cross-sections of the original and the corrected image along a horizontal line (2”).

3.4. In vivo applications: multimode optical imaging of nude mouse bearing gallium corroles
and microspheres

We performed multimodal (spectral and fluorescence lifetime) optical imaging of a small
animal in vivo with wide-field two-photon on a HER2 + tumor-bearing mouse model. 100 uM
gallium corrole solution and microsphere suspension were injected into the tumor regions and
subcutaneous regions of the anesthetized mouse respectively [Fig. 5(A)]. In order to examine
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the penetration depth of the technique and compare it with one-photon excitation, we recorded
40 one-photon and wide-field two-photon excited fluorescence images around the injection
region of the microsphere suspension at different depths (0 - 20 um, step: 0.5 pm) beneath the
skin. In Fig. 5(B) and (C), while several microspheres (the arrows indicate microspheres) are
clearly visible in wide-field two-photon excited fluorescence image at 13.5 um and 17 pm
[Fig. 5(C)], they are not easily detectable in the one-photon excited fluorescence images at
those focal planes [Fig. 5(B)]. Figure 5(B) and (C) here show only images at four focal planes
(10 pm, 10.5 wm, 13.5 um, and 17 pum) beneath the skin. Generally, two-photon excitation
allows imaging at higher depth than one-photon excitation, due to reduced absorption and
scattering at longer wavelengths. This is confirmed here for in vivo measurements of
fluorescence excited in a wide-field two-photon configuration.
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Fig. 5. Multimodal optical imaging with wide-field two-photon excitation of a nude mouse: (A)
A nude mouse: solid circle indicates the corroles-injected tumor region; the dotted circle
indicates the microsphere solution injected region. (B) One-photon and (C) wide-field two-
photon excited fluorescence images (before Gaussian-correction) of microspheres at the
indicated different depths (center: 10 pm, insets: 10.5 um, 13.5 pm, and 17 pm) beneath the
skin around the regions selected by the dotted circle. The insets are the depth-resolved images.
The arrows indicate microspheres. (D) Spectral and (E) fluorescence lifetime images of a
microsphere obtained with wide-field two-photon excitation. The spectral and fluorescence
lifetime images were obtained at the same depth (10 um) and field of view with Fig. 5(C)
(center). (F) One-photon (excitation 425nm and emission 620nm, field of view: 75 pm x 75
pum) and (G) wide-field two-photon (excitation 800nm and emission 620nm) image around the

tumor regions (indicated by the solid circle), indication the presence and spatial distribution of
corroles. (H) Spectral classification and (l) fluorescence lifetime images of corroles.
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In addition, two distinct topologically resolved spectroscopic modalities, spectral and
fluorescence lifetime imaging, were combined with wide-field two-photon excitation for
improved specificity of detection of corroles and fluorescent microspheres. For spectral
classification, we selected two spectral signatures shown in the Fig. 5(D) (a lower panel). The
spectral signature of microspheres exhibits a peak at 560 nm and it is much narrower than the
autofluorescence spectrum. Figure 5(D) (an upper panel) shows the classified image based on
the selected signatures. Here, the red color represents the fluorescence of microspheres and
the green color represents tissue autofluorescence. Fluorescence lifetime imaging of
microspheres can also be used to discriminate between microspheres and intrinsic
fluorophores. While the fluorescence lifetime of microspheres in this image [Fig. 5(E)]
appears to be approximately 1.8~2.3 ns, the autofluorescence lifetime is slower at less than 1.2
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ns. The graph (a lower panel) in Fig. 5(E) shows that the intensity of fluorescence from
microspheres and autofluorescence decays along the time (0~4.2 ns). The exponential decay
coefficients of the fluorescence and autofluorescence were measured to be 2.15 ns and 0.78
ns, respectively. In the fluorescence lifetime analysis, the signals were thresholded (over 1000
in intensity), since the lifetime decays can be incorrectly interpreted as shorter than they are
with low signals. Additional measurements were performed in and around the tumor region
which was injected with corroles. We observed that the thin blood vessels around tumor
regions are more clearly shown in the Gaussian corrected wide-field two-photon image [Fig.
5(G)] than in the one-photon excited fluorescence image [Fig. 5(F)]. Finally, we can
discriminate between corroles and other fluorescent molecules using spectral [Fig. 5(H)] and
florescence lifetime imaging [Fig. 5(1)]. In the spectral image, while the green color represents
corroles, the red color represents autofluorescence [Fig. 5(H)]. This shows clearly that
corroles are localized in the tumor, and allows for separation from the autofluorescence
background. Moreover, the fluorescence lifetime imaging also allows us to discriminate
between them by the difference in fluorescence lifetime values. The fluorescence lifetime of
corroles around tumor regions is measured at approximately 1.9ns~2.3ns [Fig. 5(1)], which is
longer than autofluorescence lifetime measured in adjacent regions. In previous studies, the
fluorescence lifetimes of gallium corroles are longer in acidic environment than in alkali
environment, and are higher in tumors than in normal tissues. The fluorescence lifetime values
shown here show good agreement with the values in our previous study [Hwang, J.Y. et al,
submitted for publication].

4. Conclusion

We demonstrated here for the first time the suitability of wide-field two-photon excitation and
non-scanning multimodal imaging (spectral and fluorescence lifetime) for in vivo small animal
imaging. As a non-scanning method, it can be relatively simpler and faster than comparable
scanning methods, while simultaneously it can provide better contrast and more penetration
depth than wide-field one-photon imaging. In addition, it may be less susceptible to animal
motion-generated artifacts, as the image is recorded in one shot.

Our results also demonstrate the ability to discriminate, in vivo, between different
fluorescent molecules and the possibility of acquiring diverse, complementary information
such as quantitative/environmental data simultaneously [25,26].

However, we should note that wide-field two-photon excited fluorescence imaging does
not preserve all the advantages of scanning two-photon excited fluorescence imaging. In
particular, the axial sectioning capability is somewhat reduced since the out-of-focus light
does not decrease significantly as illumination occurs with a quasi-parallel geometry [10,27].
In addition, while the penetration depth of near infrared light is still larger than of visible
light, image degradation due to photon migration (of emitted photons) may play a significant
role when imaging at the larger depth is performed. However, in spite of some disadvantages,
employing this method overcomes the inherent shortcomings of scanning two-photon
microscopy (low speed and need for scanning), and allows investigation and analysis of
molecules of interest in vivo in a multimodal optical imaging setting, without the need for
scanning. Here, the loss in image quality and penetration depth is a minor sacrifice compared
to the gains made in the versatility for small animals in vivo, as this simple method can be
employed in situations such as real-time imaging of small animals where two-photon
microscopy was previously unavailable without complications, compromises or very
sophisticated and thus scarcely available scanning [28,29].
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