Journal of

Biomedical Optics

BiomedicalOptics.SPIEDigitalLibrary.org

Two-photon spectral fluorescence
lifetime and second-harmonic
generation imaging of the porcine
cornea with a 12-femtosecond laser
microscope

Ana Batista

Hans Georg Breunig
Aisada Uchugonova
Antonio Miguel Morgado
Karsten Konig

SPIE.



Journal of Biomedical Optics 21(3), 036002 (March 2016)

Two-photon spectral fluorescence lifetime and
second-harmonic generation imaging of the porcine
cornea with a 12-femtosecond laser microscope

Ana Batista,>"* Hans Georg Breunig,®° Aisada Uchugonova,? Anténio Miguel Morgado,”® and Karsten Kénig®©
2Saarland University, Faculty of Physics and Mechatronics, Department of Biophotonics and Laser Technology, Campus A5.1,

Saarbriicken 66123, Germany

PUniversity of Coimbra, Faculty of Medicine, Institute for Biomedical Imaging and Life Sciences, Azinhaga Santa Comba—Celas,

Coimbra 3000-548, Portugal

°JenLab GmbH, Schillerstr. 1, Jena 07745, Germany

dUniversity of Coimbra, Faculty of Sciences and Technology, Department of Physics, Rua Larga, Coimbra 3004-516, Portugal

Abstract. Five dimensional microscopy with a 12-fs laser scanning microscope based on spectrally resolved
two-photon autofluorescence lifetime and second-harmonic generation (SHG) imaging was used to characterize
all layers of the porcine cornea. This setup allowed the simultaneous excitation of both metabolic cofactors, NAD
(P)H and flavins, and their discrimination based on their spectral emission properties and fluorescence decay
characteristics. Furthermore, the architecture of the stromal collagen fibrils was assessed by SHG imaging in
both forward and backward directions. Information on the metabolic state and the tissue architecture of the por-
cine cornea were obtained with subcellular resolution, and high temporal and spectral resolutions. © 2016 Society of
Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.21.3.036002]
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1 Introduction provide insightful structural information of the cornea. How-

Multiphoton microscopy (MPM) has surfaced in the past years
as an important imaging method in the biological field.! The
high penetration depth combined with the pinhole-free optical
sectioning capability of this imaging modality allows three-
dimensional (3-D) imaging of biological tissues with subcellular
resolution. Therefore, using MPM, the entire thickness of the
cornea can be image with information on both the morphology
and cell metabolism.? This information could be used in the
clinical practice to improve the diagnosis of corneal pathologies.

The cornea, the outermost transparent structure of the eye, is
responsible for two-thirds of the eye’s refractive power.>*
Anatomically, the porcine cornea is composed of four layers: the
epithelium, stroma, Descemet’s membrane, and endothelium.’
The epithelium is composed of sublayers of superficial, wing,
and basal cells.** Basal cells are the only cells with mitotic
activity and differentiate progressively into wing and superficial
cells.® The stroma, mainly composed of collagen fibrils, repre-
sents ~90% of the total corneal thickness.>* Between the stroma
and the endothelium lies the Descemet’s membrane, which is
mainly composed of collagen and glycoproteins such as laminin
and fibronectin.* The endothelium is a single layer of polyhedral
cells with regular shape and dimentions.>* In contrast to the
human cornea, the porcine cornea does not have Bowman’s
layer.’

The cornea is most commonly imaged in the clinical practice
using corneal confocal laser scanning microscopy (CLSM) or
optical coherence tomography (OCT). These imaging modalities
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ever, with MPM both the tissue structure and metabolic state
of its cells are addressed.> OCT is based on the detection of
backscattered photons and provides a cross-sectional view of
the cornea, providing information on the corneal thickness, as
well as discrimination of different corneal layers.® In the past
years, some functional extensions of OCT have also emerged.’
However, the assessment of cell metabolism is still not possible.
Furthermore, OCT resolution is limited.” In CLSM, pinholes are
used to block the out-of-focus light, thus conferring it subcel-
lular resolution. CLSM gives information on the corneal cell
morphology and nerve density.® However, due to its inability to
image the collagen fibrils present in the stroma, CLSM disre-
gards the major component of the cornea. Further advantages
of MPM over CLSM in the analysis of different ocular surface
pathologies have been described by Steven et al.’

The metabolic state of corneal cells can be assessed through
fluorescence lifetime imaging microscopy (FLIM), based on the
intrinsic fluorescence of the metabolic cofactors NAD(P)H
(nicotinamide adenine dinucleotide/nicotinamide adenine dinu-
cleotide phosphate) and flavins (flavin mononucleotide/flavin
adenine dinucleotide). The assessment of the metabolic cell
state can be based on both the autofluorescence intensity and the
lifetime. The autofluorescence intensity of NAD(P)H has been
already successfully used to determine the metabolic state of the
rabbit’s cornea after incubation with inhibitors of the mitochon-
drial chain'® and as a contrast mechanism to discriminate all
layers of the rabbit’s cornea in vivo.!! However, using the
autofluorescence lifetime has several advantages. Unlike the
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autofluorescence intensity, the lifetime is specific for each fluo-
rophore and nearly independent of the molecular concentration.?
Another important feature is its sensitivity to the fluorophore
microenvironment, which allows to discriminate free from pro-
tein-bound fluorophores.? Since the alternation between free and
protein-bound states NAD(P)H and flavins occurs during the
energy production mechanisms of the cells,'? the quantification
of these components through FLIM presents itself as a robust
measure of the metabolic state.

FLIM was introduced to life sciences (imaging of live cells
and animals) in 1989, and it was first applied on humans about
one decade later to image both dental caries'* and the skin in
vivo." The first results obtained with a two-photon excitation
FLIM certified medical device were published in 2002 by
Konig et al.'® In the ophthalmologic field, pioneering work
has been conducted by Schweitzer et al.!”, using a CLSM modi-
fied to acquire one-photon excitation FLIM images of the
human retina in vivo. This system has already been shown to
be efficient for the diagnosis of ocular pathologies such as
age-related macular degeneration'® or diabetic retinopathy.'

The fibrillary structures, composed mainly of collagen type I,
present in the corneal stroma can be imaged by second-har-
monic generation (SHG) imaging. This imaging modality
was first applied to image biological tissues by Fine and
Hansen in 1971 Its capability to image structures with noncen-
trosymmetric organization like collagen,?! makes SHG ideal for
the assessment of the stromal architecture. SHG generated pho-
tons propagate mainly in the forward direction. However, in
scattering media, such as biological tissues, multiple scattering
gives rise to forward and backward direction SHG signals.’!
SHG imaging was already successfully used to assess morpho-
logical alterations due to keratoconus®® and corneal collagen
crosslinking.?

Here, we report on the use of a unique five-dimensional (5-
D)-MPM microscope with high spatial, temporal, and spectral
resolution to image and characterize all layers of the porcine
cornea. The metabolic state of the corneal cells was assessed
based on the autofluorescence lifetime of both metabolic
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cofactors, NAD(P)H and flavins. A characterization of basal,
wing, and superficial cell’s individual metabolic states was
addressed. Furthermore, the structural organization of collagen
fibrils in the corneal stroma was analyzed in both forward and
backward directions. The autofluorescence lifetime of the
Descemet’s membrane was also described.

2 Material and Methods

2.1 Porcine Corneal Samples

Freshly enucleated porcine eyes were obtained 1 h after animal
sacrifice from a local slaughterhouse and kept in phosphate buf-
fered saline at room temperature. A corneal trephine blade
(Katena Products Inc., New Jersey) with a 9.0-mm diameter
was used to cut the central part of the cornea which was
then placed in a glass bottom petri dish for MPM imaging.
In order to minimize morphological and physiological changes,
the isolated corneal tissue was situated in a physiological
medium (#A14291DJ, Life Technologies, California) especially
designed for live cell imaging and the entire image acquisition
time was kept below 4 h following sample dissection. For im-
aging of the Descemet’s membrane and endothelial layers, the
sample was flipped.

A total of 17 corneal samples were used. Up to two different
areas were acquired from each sample.

2.2 Imaging Instrumentation

Measurements were performed using a near-infrared 12-fs laser
scanning microscope (JenLab GmbH, Jena, Germany), consist-
ing of an inverted microscope (Axio Observer D1; Carl Zeiss,
Jena, Germany) with a galvanometric scanner unit, a beam
expander, a dichroic mirror, and a 40X NA 1.3 oil immersion
objective with a working distance of 210 ym (EC Plan-
Neofluar 40%, NA 1.3; Carl Zeiss, Jena, Germany) for focusing
the laser light and signal collection [Fig. 1(a)]. Sample excita-
tion was achieved using a mode-locked titanium-sapphire laser
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Fig. 1 (a) 5-D multiphoton microscope with submicron resolution, 170 ps temporal resolution, and
12.5 nm spectral resolution for two-photon excitation autofluorescence lifetime and SHG imaging of
the porcine cornea. The in situ pulse width was 12 fs. (b) Laser (top) and SHG (bottom) spectra.
The full width at half maximum of each spectrum are as indicated.
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(Integral Pro 400; Femtolasers Produktions GmbH, Vienna,
Austria) generating broadband pulses at a frequency of
85 MHz. The laser spectrum was centered at ~800 nm with
an M-shaped spectral profile and a bandwidth of about
95 nm [Fig. 1(b)]. The group velocity dispersion was precom-
pensated using chirped mirrors to obtain a pulse width of 12 fs
behind the objective, which was confirmed by autocorrelation
measurements.”*

Autofluorescence signals were detected using a 16 channel
PMT detector (16PML-PMT, Becker & Hickl GmbH) associ-
ated with a time-correlated single photon counting (TCSPC)
SPC-150 module (Becker & Hickl GmbH, Berlin, Germany)
for TCSPC. The instrument response function (IRF), with a
full width at half maximum (FWHM) of 169.5 ps, was obtained
by measuring the apparent SHG decay profile from crystal-
lized urea.

The number of photons detected in each pixel was used to
create a grey-scale intensity-based image, while the fluores-
cence lifetime was used to create pseudo-color FLIM images.

SHG signals were simultaneously detected in forward and
backward directions using a single channel PMT detector
(H7732; Hamamatsu Photonics, Hamamatsu, Japan) and the
16 channel PMT detector, respectively. Images detected in
the forward direction were acquired during 7.4-s for images
with 512 x 512 pixels. A 440-nm short-pass filter (FFOI-
440/SP-25, Semrock, Inc., New York) was used to block the
autofluorescence signals in this case.

2.3 Image Analysis

The fluorescence lifetime images were analyzed using the com-
mercial software SPCImage version 4.9.7 (Becker & Hickl
GmbH, Berlin, Germany). Fluorescence lifetimes were obtained
after deconvolution of the measured decay with the IRF by
application of a two-exponential decay fit of the form
F(t) = aje™/™ + a,e™/™, where F(t) is the fluorescence
intensity at time #, and a; and a, (a; + a, = 1) are the fractional
contributions of the fluorescence lifetimes z; and 7,, respec-
tively. The mean autofluorescence lifetime was computed
as 7,, = a7 + a,7,.

The 16 channel PMT detector used for signal detection had a
spectral range of detection between 400 and 600 nm (each chan-
nel with a spectral width of 12.5 nm). For the individual analysis
of NAD(P)H, flavins and collagen autofluorescence, the spectra
of solutions of nicotinamide adenine dinucleotide, and flavin
adenine dinucleotide (FAD) in Tris hydrochloride solution,
and lyophilized collagen type I were acquired using the 5-D
12-fs laser microscope.?® Based on the channels in which the
individual spectra were detected,? the following spectral ranges
were selected:

Range I (NAD(P)H autofluorescence)—Channels 3 to 8
(425 to 500 nm);

Range II (flavins autofluorescence)—Channels 9 to 14
(500 to 575 nm);

Range III (autofluorescence)—Channels 3 to 14 (425

to 575 nm).

The selection of the spectral intervals used for SHG analysis
was based on the SHG spectrum from crystallized urea
[Fig. 1(b)]. The obtained SHG spectrum was narrower
(17 nm) than the SHG spectrum expected for transformed lim-
ited pulses.?5?’ This is most likely a result of a residual chirp of
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the pulse. Nevertheless, the SHG spectrum is broader than each
individual channel of the PMT, and a strong SHG signal can be
detected in the first two channels.? The following spectral inter-
val was chosen for SHG analysis:

Range IV (SHG)—Channels 1 to 2 (400 to 425 nm).

To analyze the changes in collagen fibril architecture with
depth, xy and xz projections, as well as 3-D representations
of the SHG signals, were created by acquiring sequential
SHG images (2 pum apart) in backward and forward directions.
The 3-D volumes were then rendered using the Visualization
Toolkit (VTK) within MATLAB (The MathWorks, Inc.).”

3 Results

3.1 Optical Window for Safe 5-D Multiphoton
Microscopy

FLIM image acquisition was performed using mean laser
powers between 10 and 15 mW, depending on the depth. Typical
dwell time of 0.11 ms/pixel, corresponding to the acquisition
time of 7.4 s/frame for images with 256 x 256 pixels were
used. Images were averaged over 9 to 13 frames. With these
acquisition parameters, higher autofluorescence intensities
(higher photon counts) were observed in the NAD(P)H range
compared to the flavins range [Fig. 2(a)]. The photon counts
are the sum of all photons counted in all pixels.

Laser induced damage using these acquisition parameters
was assessed by imaging the corneal epithelium 20 consecutive
times using a laser power of 15 mW and beam dwell time of
0.11 ms/pixel. Based on single photon counting detection, a
slight decrease in the normalized autofluorescence intensity
was observed within the first 10 images (from 1.00 to 0.96),
stabilizing after this value [Fig. 2(b)]. No visible lesions or mor-
phological changes in cells were observed between the different
images acquired [Fig. 2(c)].

3.2 Optical Sectioning

Using the 5-D 12-fs laser microscope, images of the porcine
cornea, with a 2-ym depth interval, were acquired for all corneal
layers. In Fig. 3, an x-z cross-section of the porcine cornea auto-
fluorescence intensity and SHG signals is shown [Fig. 3(a)]. For
a better visualization of each layer morphology, autofluores-
cence intensity and SHG images at multiple depths are also
shown [Fig. 3(b)].

Based on the autofluorescence intensity of both metabolic
cofactors and SHG signals, we were able to visualize and dis-
criminate between all corneal layers, as well as the interfaces
between them. Furthermore, in the corneal epithelium, discrimi-
nation between different cell types was achieved. Superficial
cells (d =0 ym and d = 22 ym), wing cells (d = 34 ym and
d = 58 um), and basal cells (d = 78 pum) are shown in Fig. 3.

A high density of mitochondria in the basal cells, located
preferentially around the nuclei, was visible [Fig. 3(b)].
Toward the surface, the number of mitochondria reduces and
they became more disperse. The upmost superficial cells
(d = 0 ym) have a reduced number of mitochondria [Fig. 3(b)].

In the porcine cornea, the stroma can be found immediately
behind the epithelium.’ The interface between these layers starts
at a corneal depth of 88 um [Fig. 3(b)]. Here, both autofluor-
escence signals from the metabolic active basal cells and
SHG signals from the collagen fibrils in the stroma are visible.
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Fig. 2 (a) NAD(P)H and flavins autofluorescence intensity detected with the 5-D 12-fs laser scanning
microscope. Alterations caused by 20 times consecutive imaging to (b) the total autofluorescence inten-
sity and (c) to the corneal cell anatomy. For the analysis of laser-induced damage by consecutive image
acquisition the autofluorescence intensity of both metabolic co-factors was taken into account.

Scale bar = 20 ym.

It can also be perceived that the corneal epithelial thickness is
not constant along the corneal surface (Fig. 3).

The SHG signals originating from the collagen fibrils in the
corneal stroma, collected in the backward direction, are shown
at corneal depths of 94 and 128 pm (Fig. 3). The individual col-
lagen fibrils were not distinguishable in the images. Instead, dif-
fuse and speckle-like signals were visible. Although present, the
autofluorescence signal of this corneal layer is negligible com-
pared to the SHG signal.

In the Descemet’s membrane, autofluorescence signals were
observed [Fig. 3(b)]. Although composed mainly of collagen, no
SHG signals were detected.

The well-organized endothelial cells were also distinguished
based on their autofluorescence intensity [Fig. 3(b)]. Regularly
shaped cells with widths of approximately (24.3 +2.2) ym
were observed. Based on the number of the cells observed in
the field of view, an endothelial cell density of
(2350 & 146) cells/mm? was estimated for the porcine cornea
samples.

Thicknesses between 70 and 80 ym (£2 ym) were measured
for the porcine cornea epithelium. The corneal endothelium was
between 6 and 8 ym (4-2-um) thick, while the Descemet’s mem-
brane was 6 to 10 ym (£2-um) thick.

3.3 Spectral Fluorescence Lifetime Imaging
Microscopy of the Cornea

For each layer of the cornea, fluorescence lifetime images were
acquired with spectral separation of the endogenous fluorophore
signals. In Fig. 4, the autofluorescence intensity image and cor-
responding FLIM images of the porcine cornea epithelial wing
cells, stroma, Descemet’s membrane, and endothelium are
shown. In the case of the epithelial and endothelial cells, the
FLIM images are pseudo-color coded for NAD(P)H mean
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autofluorescence lifetime (range I), while for the stroma and
Descemet’s membrane the mean autofluorescence lifetime
(range III) is used. The range of the autofluorescence lifetime
values are as indicated in the color bar.

The fluorescence lifetimes observed in each corneal layer are
shown in Table 1. In the porcine cornea epithelium and endo-
thelium the autofluorescence lifetimes NAD(P)H (range I) and
flavins (range II) were analyzed separately. In the stroma and
Descemet’s membrane no spectral division was performed
within the autofluorescence signals (range III).

In the corneal stroma, the autofluorescence signals arise
from both collagen and keratocytes. In Fig. 4, white arrows
point out keratocytes with dendritic/stellate shapes.?’ With
this experimental setup there is a high overlap between auto-
fluorescence of collagen and the metabolic cofactors, in particu-
lar NAD(P)H.? Therefore, a spectral separation of keratocytes
and collagen autofluorescence is challenging. FLIM analysis of
single keratocytes was performed by selecting regions of inter-
est. Keratocytes had a mean lifetime of 0.87 ns & 0.04 ns and a
free to protein-bound ratio of 2.48 + 0.46. A mean autofluor-
escence lifetime of 0.64 ns +0.08 ns was observed in the
regions of interest where only collagen autofluorescence was
present.

Slight differences were observed between the epithelial and
endothelial layers in the NAD(P)H and flavins autofluorescence
lifetimes and relative contributions (Table 1), which may indi-
cate differences in their metabolic activity. In the endothelial
layer, the NAD(P)H free to protein-bound ratio was lower
than in the epithelium. For flavins, the opposite was observed.

The metabolic state of the different cells composing the epi-
thelium was also analyzed. The autofluorescence intensity
images and the corresponding FLIM images of the corneal epi-
thelium at multiple depths are shown in Fig. 5(a). For a better
visualization of NAD(P)H and flavins lifetime variations with
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Fig. 3 (a) x-z cross-section of the porcine cornea. (b) Autofluorescence intensity images of the porcine
corneal epithelial superficial cells (0 and 22 um), wing cells (34 and 58 xm), basal cells (78 um), SHG
images of corneal stroma (94 and 128 xm) and autofluorescence intensity images of Descemet’s mem-
brane (12 um), and endothelial cells (0 xm) after flipping the samples. At the interface between the epi-
thelium and stroma (88 ym) both autofluorescence intensity and second harmonic generation signals are
detected. The signal intensity in each pixel represents the number of detected photons. The corneal
tissue depth is indicated in each image. The distance f is measured relative to the corneal endothelium.
Scale bar = 20 ym.
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Fig. 4 Autofluorescence intensity (top row) and corresponding FLIM images (bottom row) of the cornea.
In the autofluorescence intensity images, the signal intensity represents the number of photons detected
in each pixel. FLIM images are pseudo-color coded for NAD(P)H mean autofluorescence lifetime (range
1). The stroma and Descemet’'s membrane FLIM images are pseudo-color coded for the mean autofluor-
escence lifetime in spectral range lll. Autofluorescence lifetime ranges are as indicated in the color bars.
Keratocytes in dendritic/stellate shape in the corneal stroma are indicated by the white arrows.
Scale bar = 20 um.
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Table 1 Porcine cornea layer’s autofluorescence lifetimes, their relative contribution, and their free to protein-bound ratio. Values are represented

as mean =+ standard deviation.

Epithelium (averaged) Endothelium

Corneal layer NAD(P)H Flavins Stroma Descemet's membrane NAD(P)H Flavins

74 (NS) 0.49 +£0.07 0.55+0.07 0.26 + 0.06 0.35+0.05 0.53 +£0.07 0.50 +0.04
75 (NS) 2.42+0.16 2.47 +0.89 2.36 +0.16 2.61+0.06 2.43+0.17 2.14+0.27
7m (NS) 1.34 £0.21 1.17+£0.18 0.82+0.22 1.35+0.17 1.37 £0.10 1.15+£0.12
ay (%) 56.0 £ 6.9 65.0+8.3 73.3+7.4 55.7+5.9 55.9+27 60.1+6.0
a (%) 44.0+6.9 35.0+ 8.3 26.7+7.4 443 +5.9 441 +2.7 39.9+6.0
free/(protein — bound) 1.33+0.36 0.56 +0.19 — 1.27 +£0.13 0.68 £0.17

depth, their mean autofluorescence lifetimes are represented as a
function of depth in Fig. 5(b).

A decrease in the mean autofluorescence lifetimes with the
corneal depth was observed for both NAD(P)H and flavins
(Fig. 5). Furthermore, for NAD(P)H, the free to protein-
bound ratio increases with depth, while that for flavins decreases
(Table 2). This suggests changes in metabolic activity with
depth. A decrease in the photon counts detected in the NAD
(P)H and flavins range is also observed with depth. In Table 2,
the autofluorescence intensities of both metabolic co-factors
normalized for the NAD(P)H autofluorescence intensity are
also shown.

3.4 Corneal Stroma Second-Harmonic Generation

In the corneal stroma, two distinct signals can be detected: auto-
fluorescence (Fig. 4) and SHG (Fig. 6). Although both signals
are present, the autofluorescence signals are usually weaker than
the SHG signals and can only be detected after spectral separa-
tion of the detected signals. In the porcine corneal stroma the
autofluorescence signal intensity (range IIT) detected was 1/3
(£1/7) that of the SHG signal intensity (range IV).

Significantly different corneal stroma SHG images were
obtained with backward and forward detection configurations.
As previously described, backward SHG images of the stroma
present a homogenous signal intensity [Fig. 6(a)] and informa-
tion about the collagen fibrils orientation was not directly vis-
ible. On the other hand, in forward SHG images of the same area
[Fig. 6(b)] the architecture of the collagen fibrils was visible.

For both detection configurations, xz and yz projections
of the SHG signals were created and are shown in Figs. 6(a)
and 6(b). Furthermore, 3-D representations of the SHG signals
of approximately 153 x 153 x40 yum® of the same data are
shown in Figs. 6(c) and 6(d).

4 Discussion

In this study, the porcine cornea was characterized based on
spectrally and spatially resolved FLIM and SHG. The simulta-
neous acquisition of both metabolic cofactors autofluorescence
lifetimes provides a robust measure of the corneal cell’s metabo-
lism. Furthermore, the simultaneous SHG and autofluorescence
imaging from the corneal stroma provides information not only
on the collagen fibrils structural but also on keratocytes meta-
bolic activity.
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Safety parameters are an essential issue to consider when im-
aging biological samples. Therefore, we tested the acquisition
parameters (laser power and beam dwell time per pixel) to
ensure enough photons’ detection without damage to the sam-
ple. A sufficiently high number of detected photons (intensity) is
important not only to acquire high contrast images, where single
cells can be visualized, but also to ensure a precise analysis of
the fluorescence lifetimes.*

FLIM acquisition with the 16-channel PMT detector required
high laser powers, long pixel dwell times, and image averaging.
Resorting to a single channel PMT detector, images can be
acquired with a pixel dwell time of 0.03 ms/pixel without fur-
ther averaging. This shows that the 16 channel PMT detector is
better suitable for imaging exogenous fluorophores which are
present in higher concentrations. However, despite the imaging
parameters selected, no tissue damage was observed (Fig. 2).
After 20 consecutive images, a slight decrease in the auto-
fluorescence intensity was observed due to photobleaching
[Fig. 2(b)] without changes to the cell morphology [Fig. 2(c)].
High laser powers have also been described for in vivo imaging
of the skin.’!

Using the selected acquisition parameters, higher autofluor-
escence intensities were observed for NAD(P)H than for flavins
[Fig. 2(a)]. Considering the spectral properties of the excitation
laser source (central wavelength at 800 nm) and the two-photon
excitation action cross sections of NAD(P)H and flavins,*?
we conclude that the main factor limiting the flavins autofluor-
escence intensity is its relatively low concentration in the

FLIM combined with SHG enables imaging and discrimina-
tion of all corneal layers (Fig. 3). The feasibility of these imag-
ing modalities to discriminate between different layers of the
porcine cornea has already been reported.*>=® The cornea endo-
thelium and epithelium emit endogenous fluorescence from the
metabolic cofactors NAD(P)H and flavins. NAD(P)H is present
both in the cell’s cytoplasm and mitochondria, while flavins are
present exclusively in the energy production organelles.*’
Therefore, the cells exhibit autofluorescence mainly in the cyto-
plasm and mitochondria while the nucleus and membrane lack
autofluorescence signals. This allows single cell visualization.

In the corneal epithelium superficial, wing, and basal cells
were observed [Fig. 3(b)]. The discrimination between cell types
was possible based on the cells morphology. The loss of organ-
elles, including mitochondria, characteristic of the progressive
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Fig. 5 Porcine cornea epithelium (a) autofluorescence intensity and corresponding FLIM images
pseudo-color coded for NAD(P)H and flavins mean autofluorescence lifetime at multiple depths.
Autofluorescence lifetime value ranges are as indicated by the color bars. (b) Depth-resolved mean auto-
fluorescence lifetimes in the NAD(P)H and flavins ranges (the bars indicate standard deviation).

Scale bar = 20 ym.

differentiation of basal cells into wing and superficial cell,® was
observed due to the feasibility of FLIM to resolve single mito-
chondria [Fig. 3(b)].

The assessment of endothelial cells morphological character-
istics, such as cell widths and density [Fig. 3(b)] provides
insightful information on the state of this layer, since the proper
function of the endothelium is highly correlated with its cell
density (endothelial cells do not regenerate).’ The endothelial
cell widths and cell densities measured are consistent with
those reported for porcine cornea endothelial cells.*’

Morphological features such as layer thickness can also be
measured using MPM. Here, the cornea epithelium, Descemet’s
membrane, and endothelium thicknesses were measured with a
2-um error. The measured thicknesses are consistent with the
ones reported in the literature.’
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The autofluorescence lifetimes of NAD(P)H and flavins
change upon protein-bounding (essential to energy production).
Thus, the assessment of free and protein-bound lifetime compo-
nents, as well as their relative contributions, and free to protein-
bound ratios enables one to infer about the cells metabolic state.

In the epithelial and endothelial layers, two autofluorescence
lifetime components were observed for NAD(P)H (Table 1); a
short lifetime associated with the free component of this fluo-
rophore, and a long lifetime associated with the protein-bound
component.**? Similar mean autofluorescence lifetimes were
also reported for the porcine corneal epithelial layer.** Two auto-
fluorescence lifetime components were also observed in the fla-
vins range. The shorter lifetime is related to the protein-bound
component; the longer to the unbound state. Shorter lifetimes
were reported for FAD in the rat cornea and hamster cheek
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Table 2 Porcine corneal epithelium free to protein-bound ratios for NAD(P)H and flavins at multiple depths. Values are represented as

mean =+ standard deviation.

Corneal epithelial free/(protein — bound)

NAD(P)H normalized

free/(protein — bound) Flavins normalized

depth (um) NAD(P)H photon counts flavins photon counts
5 1.17 £ 0.31 1.00 + 0.46 0.67 £0.24 0.54 +0.28
15 1.24 +0.30 0.91 £ 0.41 0.65 +0.21 0.49+0.30
25 1.24+0.35 0.90 +0.36 0.62 +0.22 0.49+0.25
35 1.34 +0.34 0.87 £ 0.34 0.61+0.20 0.47 £0.22
45 1.35+0.37 0.86 +0.34 0.57 +£0.18 0.46 +0.22
55 1.32+£0.29 0.85+0.32 0.57 £0.22 0.45+0.20
65 1.46 £0.32 0.80 +0.32 0.56 +0.21 0.43 +0.21
75 1.77 £ 0.42 0.70 £ 0.26 0.52 £0.24 0.44 £ 0.22

Fig. 6 Porcine corneal stroma SHG images and xz/yz projections in (a) backward and (b) forward direc-
tion, as well as (c) backward and (d) forward 3-D representations of approximately 153 x 153 x 40 um?3
reconstructed from individual and sequential SHG images with a 2-um interval.

pouch epithelial cells.***> However, the fluorescence decay
times of flavins bound to proteins are complex, and can vary
between 0.1 to 5 ns.*' Furthermore, due to the overlap of
NAD(P)H and flavins emission spectra,”> NAD(P)H autofluor-
escence may still be detected in the flavins range (range II)
which could influence the lifetimes and relative contributions.

Slight differences between the epithelium and endothelium
NAD(P)H and flavins autofluorescence lifetimes were observed.
This may indicate differences in the cell’s metabolic activities.
In particular, endothelial cells had a lower NAD(P)H free to

Journal of Biomedical Optics

036002-8

protein-bound ratio, suggesting a higher metabolic activity of
this layer compared with the epithelium. These results are in
accordance with the high metabolic activity of the corneal endo-
thelial cells.>*® However, in the flavins range, the opposite is
observed. We believe that the low number of photons detected
for this fluorophore [Fig. 2(a)] is insufficient for a reliable auto-
fluorescence lifetime analysis.***

A detailed analysis of the epithelial layer metabolic state was
also performed. The NAD(P)H mean autofluorescence lifetime
was decreased with depth (Fig. 5) and its free to protein-bound
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ratio was increased (Table 2). This may suggest that the meta-
bolic activity of epithelial cells decreases towards the inner part
of the cornea, i.e., the metabolic activity is lowest for basal cells
and highest for superficial cells. The obtained FLIM results are
in agreement with the changes observed during stem cell differ-
entiation. It has been demonstrated that fully differentiated cells
have higher NAD(P)H mean autofluorescence lifetime and
lower free to protein-bound ratios.***’ Therefore, we speculate
that the observed lifetime variations could be related to the dif-
ferentiation properties of basal cells into wing and superficial
cells. However, further studies are required to better understand
this subject. To the best of our knowledge, the individual analy-
sis of the metabolic activity of superficial, wing and basal cells
based on FLIM was first described here.

In the stroma, two lifetime components were observed,
reflecting the mixed autofluorescent compounds of collagen
fibrils and keratocytes (Table 1). An individual analysis of both
constituents was performed through the selection of regions of
interest. Keratocytes had a shorter mean lifetime and higher free
to protein-bound ratio than both the epithelial and endothelial
cells. These results are most likely in accordance with the low
metabolic activity of keratocytes, which are usually in a quies-
cent state.™

The structural architecture of the corneal stroma was ana-
lyzed in both forward and backward directions using SHG.
This imaging modality has already been demonstrated to be
able to evaluate the structural organization of the porcine cornea
stroma.’®™! As seen in Fig. 6, forward and backward detected
SHG produce fairly distinct images [Figs. 6(a) and 6(b)]. The
discrepancy between the forward and backward detected signals
is correlated with the inability to resolve individual collagen
fibrils due to their small diameters (25 to 35 nm). Due to the
characteristics of backward detected SHG images, a straightfor-
ward determination of the collagen fibril orientation is difficult.
However, since this detection configuration is the only one pos-
sible for an in vivo approach, efforts have been carried out to
extract the stromal architecture.’'->

The size and organization of fibrils varies with corneal depth.
They become smaller and their arrangement more regular.’ In
xy/xz projections and 3-D representations of the SHG signals
(Fig. 6) a visualization of the corneal collagen architecture with
depth was achieved.

Although mainly composed of collagen molecules,’ in the
Descemet’s membrane a strong autofluorescence signal was
observed but no SHG photons were detected. This characteristic
of the porcine Descemet’s membrane has been previously
described.”® The generation of SHG from collagen is related not
only to its microstructure but also to its macroscopic fibrillary
structure.’*>> As such, the randomly organized collagen mole-
cules in the Descemet’s membrane do not produce SHG
signals®>*° [Fig. 3(b)]. Two autofluorescence lifetime compo-
nents were measured in this corneal layer, most likely correlated
with collagen types IV and VII which compose this layer.*
However, further studies are required to understand Descemet’s
membrane autofluorescence. To the best of our knowledge, the
autofluorescence lifetime of this corneal layer has not been
described elsewhere.

5 Conclusion

In this study, we demonstrated the potential of MPM in the
ophthalmological field through the characterization of the
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porcine corneal layers with submicron spatial resolution, spec-
tral resolution, and picosecond temporal resolution (5-D).

Using the autofluorescence intensity of the metabolic cofac-
tors NAD(P)H and flavins the corneal cell morphology was
determined. Spectral separation of signals from both metabolic
cofactors was possible using a 16 channel PMT. However, due
to the low sensitivity of the used PMT, higher exposure times
were required to collect sufficient photon for fluorescence life-
time analysis when compared with a single channel PMT detec-
tor. Therefore, the 16 channel PMT is more suitable for
fluorescence imaging of exogenous fluorophores, where the
fluorescence intensity is normally higher than of endogenous
fluorophores. Nevertheless, in this study we were able to retrieve
information on the corneal cells metabolic states using the auto-
fluorescence lifetime of the metabolic co-factors while keeping
the radiation exposure below the damaging threshold. The
analysis of the collagen fibrils architecture in 3-D was possible
by SHG imaging.

In the future, we will assess the feasibility of the 5-D 12-fs
laser microscope to characterize the human cornea. The evalu-
ation of the cornea based on FLIM and SHG may give rise to
new diagnostic methods, capable of early disease detection.
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