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Abstract
Three-dimensional tissues, such as the cornea, are now being engineered as substitutes

for the rehabilitation of vision in patients with blinding corneal diseases. Engineering of tis-

sues for translational purposes requires a non-invasive monitoring to control the quality of

the resulting biomaterial. Unfortunately, most current methods still imply invasive steps,

such as fixation and staining, to clearly observe the tissue-engineered cornea, a transparent

tissue with weak natural contrast. Second- and third-harmonic generation imaging are well

known to provide high-contrast, high spatial resolution images of such tissues, by taking

advantage of the endogenous contrast agents of the tissue itself. In this article, we imaged

tissue-engineered corneal substitutes using both harmonic microscopy and classic histopa-

thology techniques. We demonstrate that second- and third-harmonic imaging can non-

invasively provide important information regarding the quality and the integrity of these par-

tial-thickness posterior corneal substitutes (observation of collagen network, fibroblasts and

endothelial cells). These two nonlinear imaging modalities offer the new opportunity of mon-

itoring the engineered corneas during the entire process of production.

Introduction
The cornea comprises three main layers: the epithelium, the stroma and the endothelium. The
corneal endothelium is the inner most layer of the cornea, facing the anterior chamber of the
eye. Its main role consists in maintaining corneal deturgescence in order to keep the corneal
stroma thin and transparent. Any loss of functionality of the endothelial layer results in stromal
edema and vision loss. Non-reversible corneal edema due to corneal endothelial failure ac-
counted for 40% of the 66,305 corneal transplantations performed in 2013 in the United States
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[1]. Descemet stripping automated endothelial keratoplasty (DSAEK) has become the pre-
ferred technique for the surgical replacement of a diseased corneal endothelium. It implies re-
moving the endothelium and its underlying basement membrane (Descemet membrane) and
replacing it with a thin layer of posterior cornea cut from an eye bank donor eye [2]. With the
increasing demand for corneal tissue and aging of the population, a shortage of donor corneas
suitable for transplantation is anticipated [3, 4]. Recent progress in tissue engineering may
offer new therapeutic solutions for the replacement of a diseased corneal endothelium [5, 6].

Tissue engineering now allows reconstruction of the posterior cornea. The approach used in
this study takes advantage of the ability of the corneal stromal fibroblasts to secrete and assem-
ble their own extracellular matrix to generate a corneal stroma made of fibrillar collagen, such
as type I collagen. Corneal endothelial cells were seeded on top of these thick sheets of stromal
substitutes, thus producing a tissue-engineered posterior cornea. This method, called the self-
assembly approach, has been used for the tissue engineering of skin [7, 8], blood vessels [9–11],
anterior corneas [12, 13] and three-layer corneas [14]. It offers the advantage of producing a
biocompatible and potentially completely autologous tissue, without the addition of
exogenous materials.

In the field of tissue engineering, there is a strong need for an imaging modality that would
allow observation of the tissue at the macroscopic and microscopic scales, while preserving its
structural and functional integrity [15]. Histology, immunostaining and electron microscopy
are limited by fixation, dehydration and staining, which irremediably affect tissue viability,
consequently resulting in the interruption of the tissue engineering process. Furthermore,
three-dimensional in depth visualization of the tissue is not possible with these modalities.

Second-harmonic generation (SHG) [16] and third-harmonic generation (THG) [17] mi-
croscopy are two techniques of nonlinear optical microscopy that allow imaging of thick, un-
fixed, and unstained living tissues. SHG microscopy allows visualization of structures with a
non-centrosymmetric molecular arrangement. The method has been well characterized [18]
and is suitable for the imaging of ordered structural proteins, such as fibrillar collagens. Since
the corneal stroma is primarily composed of type I collagen, researchers have used SHG mi-
croscopy to study the cornea [19–23]. THG are emitted by inhomogeneities of the refractive
index or of the third-order nonlinear susceptibility [24], and are interesting tools for cell imag-
ing [25, 26]. Simultaneous capture of both SHG and THG signals provides high spatial resolu-
tion image (because of its nonlinear optical nature) of the extracellular matrix structural
organization and cellular morphologies in their native states. The benefit of these two comple-
mentary nonlinear methods was illustrated by our study on native porcine cornea, showing
clear identification of the different corneal layers, including the posterior layers [27]. As in the
present study, we used an Yb:KGW oscillator (1030 nm wavelength), which is particularly in-
teresting since both harmonics fall in the visible or near ultraviolet spectra and are easily col-
lected by standard optics. This laser also reduces the risks of photo-toxicity, since there is no
autofluorescence in this wavelength range, and it generates good harmonic signals, since har-
monics signals are weakly dependent on the excitation wavelength.

In this study, we characterized tissue-engineered posterior corneas using SHG/THGmicros-
copy and compared the results with conventional histopathology to assess the usefulness of
harmonic imaging in corneal tissue engineering. We demonstrated that SHG/THG imaging al-
lows the observation of engineered cornea components with similar or better quality than tra-
ditional invasive methods.
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Materials and Methods

Ethics statement
This study was conducted according to the guidelines of the CHU de Québec Research Center
(Québec, QC, Canada) and the Declaration of Helsinki. The project was approved by the ethics
committee of the CHU de Québec Research Center (#DR-002-1383). Normal human corneas
unsuitable for transplantation were obtained from our local eye bank (Banque d’yeux du Cen-
tre Universitaire d’Ophtalmologie (CUO), Québec, QC, Canada). Next of kin consent was ob-
tained from the eye bank for all the tissues provided for research.

Tissue engineering of a posterior cornea using the self-assembly
approach
Normal human corneas unsuitable for transplantation were obtained from our local eye bank
(Banque d’yeux du CUO). Human corneal fibroblasts were isolated from a donor corneal stro-
ma using an explant method and cultured as previously described [28, 29]. Ninth passaged
cells were used in this study. For the engineering of the stromal sheets, cells were seeded in
25 cm2 flasks (BD Biosciences, Mississauga, ON, Canada) and cultured in Dulbecco’s Modified
Eagle’s Medium (Invitrogen, Burlington, ON, Canada) supplemented with 10% fetal bovine
serum (Hyclone, Logan, UT) and 50 μg/ml ascorbic acid (Sigma-Aldrich, Oakville, ON, Cana-
da). Ascorbic acid allows fibroblasts to secrete and assemble their own extracellular matrix, re-
sulting in the formation of thick sheets of collagen fibrils [30]. After 35 days of culture, two
sheets were superimposed in order to produce a corneal stroma [31].

Isolation and culture of the corneal endothelial cells were performed as previously described
in Zhu and Joyce [32]. The endothelium of three donor eyes (aged 11 days, 11 months and
26 years-old) was harvested. Fourth passaged cells were used in this study. Corneal endothelial
cells were seeded on top of the self-assembled stromal substitute and cultured for 14 days.
Three posterior corneas (example shown in Fig 1) were produced in duplicate (total n = 6).
Control tissue-engineered posterior corneas were also produced without endothelial cells
(n = 2). For SHG/THG imaging, three posterior corneas and one control cornea without

Fig 1. Macroscopic photograph of a tissue-engineered posterior cornea (Color version available
online).

doi:10.1371/journal.pone.0125564.g001
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endothelial cells were placed in a balanced salt solution (Alcon Canada, Mississauga, ON, Can-
ada) at room temperature.

SHG/THG imaging set-up
The experimental setup used in this work was similar to that described in Jay et al. [27], with
minor modifications. Briefly, the laser source was a femtosecond Yb:KGW oscillator (t-Pulse,
Amplitude Systèmes, Pessac, France) that delivered 200 fs pulses at 1030 nm wavelength, with
a repetition rate of 50 MHz and an average power of 2 W. The average power at the sample po-
sition was about 50 mW. For both SHG and THG signals, cross-sectional observations were
made by epidetection and en-face observations were made in transmission. The focusing objec-
tive was a water immersion objective (LUMplanFL 60×/numerical aperture 0.9/Working dis-
tance 2 mm, Olympus, Tokyo, Japan) and the collecting objective for transmission was a dry
objective (Zeiss Plan NeoFluar 63×/numerical aperture 0.75/Working distance 2 mm, Carl
Zeiss Microscopy GmbH, Jena, Germany) with coverslip correction. Both signals were split by
a dichroic mirror, filtered and detected using photomultiplier tubes (PMT H9305-04, Hama-
matsu, Hamamatsu City, Japan). Two different scanning systems were used for image acquisi-
tion. For cross-sectional imaging, motorized XY stages ensured transversal motion (normal to
the optical axis Z) of the specimen and a micrometer was used for motion along the Z-axis
(Micos GmbH, Eschbach, Germany). For en-face observations, optical scanning was achieved
using galvanometer mirrors (Nutfield Technology, Hudson, NH). Motion and signal acquisi-
tion were managed using a homemade program developed with LabVIEW (National Instru-
ments, Austin, TX).

Histopathology
SHG and THGmicroscopy was performed on one of the three pairs of tissue-engineered poste-
rior corneas and one of the control cornea without endothelial cells. The other corneas were ei-
ther used fresh for alizarin red staining of the endothelium, or fixed in 3.7% formaldehyde
(ACP Chemicals, Montréal, QC, Canada) for en-face observation with immunofluorescent
staining or for histology.

For the detection of type I collagen, the main type of fibrillar collagen represented in the en-
gineered posterior cornea, an indirect immunofluorescence assay was performed on the form-
aldehyde-fixed tissue. The primary antibody was an anti-human collagen type I (Calbiochem,
Montréal, QC, Canada) and the secondary antibody was a goat anti-mouse IgG H+L conjugat-
ed with Alexa 594 (Invitrogen). Negligible background was observed for controls (primary an-
tibodies omitted). Fluorescence was observed by epifluorescence microscopy (Eclipse E6000;
Nikon, Mississauga, ON, Canada) and slides photographed with a numeric charge-coupled de-
vice camera (Sensys; Roper Scientific, Trenton, NJ). Alizarin red staining was performed as de-
scribed in Taylor and Hunt [33], except that trypan blue was omitted. For histology, Masson’s
trichrome staining was performed on 5 μm sections. Slides were observed by light microscopy
(Eclipse E600; Nikon) and photographed (Coolsnap, Roper Scientific Photometrics, Tucson,
AZ).

Thickness measurement
Thickness of the tissue-engineered posterior corneas and of control cornea without endotheli-
um was measured on histology cross-sections (1 count/picture, 3 to 7 pictures/engineered cor-
nea) using the Axiovision Software (Carl Zeiss Microscopy GmbH). Thickness measurements
were also obtained using SHG/THG 1D scan (S1 Fig) perpendicular to the tissue surface (4 to
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10 measurements/engineered cornea) using IGOR Pro (WaveMetrics Inc., Lake Oswego, OR).
Mean thickness values and standard deviations are reported.

Results

Macroscopic aspect and cross-sectional observations of the tissue-
engineered posterior cornea
Tissue-engineered posterior corneas were clear and could be manipulated using fine forceps
(Fig 1). Histology cross-sections of these posterior corneal substitutes showed a monolayer of
endothelial cells adhered to the two-layer self-assembled stromal matrix (Fig 2B). The SHG
and THG signals were very strong across the entire thickness of the specimens and could both
be acquired in epidetection. SHG acquisition delineated the two stromal sheets and provided
sufficient spatial resolution to detect small regions of microscopic detachment between the two
sheets (Fig 2C). THG signals imaged the endothelium as a uniform layer and revealed the stro-
mal keratocytes between and under the two sheets (Fig 2D). The merged SHG/THG images
showed an overall tissue structure very similar to that observed on the histology cross-sections
(Fig 2E).

Thickness measurements made by SHG/THG microscopy and histology cross-sections dif-
fered significantly. SHG/THGmeasurements of the three fresh tissue-engineered posterior cor-
neas yielded a mean (± SD) thickness value of 72 ± 38 μm, while the three paired posterior
corneas measured on histology cross-sections (after fixation in formaldehyde and dehydration)
yielded a mean thickness value of 37 ± 24 μm. The sample without endothelium was also mea-
sured with both techniques and yielded thickness values of 27 ± 4 μm and 23 ± 4 μm for histol-
ogy and SHG/THG, respectively (Table 1).

En-face observations of the self-assembled stromal matrix
Traditionally, for en-face observation of type I collagen, an immunofluorescent staining is per-
formed on fixed tissue. Fig 3A shows an immunofluorescent detection of type I collagen in the
formaldehyde-fixed self-assembled stromal matrix. Collagen bundles are loosely packed and
mostly aligned. A sequence of consecutive en-face images for SHG/THG microscopy in

Fig 2. Cross-sectional observations. A) Schematic representation of the tissue-engineered posterior cornea. The tissue-engineered posterior cornea
comprises a monolayer of endothelial cells adherent to the first of the two sheets of self-assembled corneal stromal matrix. B) Histology cross-section
(Masson’s trichrome staining). This staining gives a purple coloration to cells and a blue coloration to collagen. Note that the endothelium forms a monolayer
on top of two sheets of the tissue-engineered corneal stromal matrix. C) SHG imaging. D) THG imaging. E) Merge of SHG (green) and THG (purple). SHG/
THG imaging highlights the same structures as histology, without fixing the tissue. Note that histology (B) and SHG/THG images (C-E) are two representative
images (not the same region). Arrows in B) and C) show a small region where the two sheets are detached.① = first sheet,② = second sheet,
e = endothelium, s = self-assembled stromal matrix, f = corneal fibroblasts. Scale bars, B) 50 μm, C-E) 20 μm.

doi:10.1371/journal.pone.0125564.g002
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transmission is shown in Fig 3B and 3C. In these figures, SHG revealed a fibrillar network very
suggestive of a stromal collagen network. Judging by shape, size, and distribution, THG images
also suggested the presence of elongated stromal fibroblasts, with a strong THG signal captured
at the level of the fibroblast’s cytoplasm [17, 25, 34]. Their putative nucleus, which measured
about 10 μm [31], did not generate third harmonic signal, as expected for THG microscopy
[35]. Fig 3B and 3C also illustrate the distribution of the cells within the collagen network.

In order to evaluate if the presence of endothelial cells affected the structure of the engi-
neered collagen stroma, acquisitions were also done in the stroma, for both engineered corneas
(with and without endothelial cells) (Fig 4). Fig 4A and 4B were acquired in a posterior cornea
with endothelial cells and Fig 4C to 4H in a posterior cornea without endothelial cells. A similar
collagen architecture was observed in all corneas.

En-face observation of the reconstructed corneal endothelium
Alizarin red staining is commonly used to visualize the corneal endothelial surface. This stain
accumulates at cell-cell junctions. Fig 5A shows an engineered endothelium stained with aliza-
rin red. The endothelial cells cover the entire surface of the tissue-engineered stroma. Fig 5C
and 5D show THG imaging of the endothelial cells, with a strong signal captured at the level of
the cell cytoplasm and a very weak or absent signal at the level of the nucleus. The high signal-
to-noise ratio of the SHG signal (Fig 5B and 5D), shows collagen in the same focal plane as that
of the endothelial cells. This information is not provided by alizarin red stained en-
face observations.

Table 1. Thickness of the tissue-engineered posterior corneas, with and without endothelial cells,
measured on histology cross-sections and with SHG-THGmicroscopy.

Thickness measured on histology
cross sections (μm)

Thickness measured with SHG/
THG microscopy (μm)

Engineered cornea 1
with endo

38 ± 5 70 ± 5

Engineered cornea 2
with endo

61 ± 16 110 ± 10

Engineered cornea 3
with endo

14 ± 2 35 ± 9

Engineered cornea
without endo

27 ± 4 23 ± 4

(Mean ± SD)

doi:10.1371/journal.pone.0125564.t001

Fig 3. En-face observations of the self-assembled stromal matrix at different depths. A) Immunofluorescent staining of type I collagen. B) Sequence of
six consecutive THG en-face images separated by 2 μm. Interpretation suggests the imaging of cells, with cytoplasm (maximal signal; see arrows) and
putative silent nucleus (judging from shape and size) (dashed oval + asterisk). C) Corresponding SHG en-face images. Scale bars, 20 μm.

doi:10.1371/journal.pone.0125564.g003
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Fig 4. En-face observations of stromal collagen network of a posterior cornea with and without endothelium. A-B) “En face” SHG (A)/THG (B)
images of a reconstructed posterior cornea with endothelial cells. C-D) “En face” SHG (C)/THG (D) images of reconstructed stroma without endothelial cells.
E-H) Corresponding 1D graph of SHG (green line)/THG (purple line) intensity, extracted from line profiles at different locations in the images C and D (10, 27,
38 and 50 μm). Scale bars, 20 μm.

doi:10.1371/journal.pone.0125564.g004
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Discussion
In this paper, we compared SHG/THG imaging with the histopathology methods traditionally
used to characterize tissue-engineered corneas. The posterior cornea was engineered using pri-
mary human cells, which assembled their own extracellular matrix without the addition of ex-
ogenous biomaterials or scaffolds.

SHG/THG imaging offers major advantages over the traditional histopathology techniques.
Essentially, it is a non-invasive technique that does not require tissue fixation and preserves the
viability of the observed tissues. Indeed, the SHG/THG signals are not phototoxic in our set-
up. At this excitation wavelength (1030 nm), there is no absorption (two-photon fluorescence)
by endogenous chemical species [36] and by working at 50 mW with a numerical aperture of
0.9, the irradiance is completely compatible with in vivo studies [25]. Another advantage is that
images are captured within a few minutes, eliminating the long, delicate and costly tissue pro-
cessing steps. Furthermore, SHG/THG imaging allows the observation of whole tissues (con-
trary to histology which necessitates thin 5–10 μm-thick sections), along with keeping a high
spatial resolution.

Another advantage of SHG/THG microscopy over traditional histology is the reliability of
fresh tissue measurements, without the systematic under-estimation encountered with histolo-
gy due to tissue shrinkage after fixation and dehydration [37]. In this study, the fresh tissue-en-
gineered posterior corneas were on average 2.0-times thicker than those measured on the
histology cross-sections. This difference in thickness was reproducible (1.8, 1.8 and 2.5-fold dif-
ference for samples 1, 2 and 3, respectively). Reliability of SHG/THG imaging to measure actu-
al thickness of hydrated tissues is a major advantage over histology.

In this paper, the combined SHG/THG allowed global imaging of the tissue architecture
(Fig 2), with clear visualization of the different layers, including the two stromal sheets and the
overlying endothelium, as histology would do. THG microscopy images were suggestive of the
typical morphology of the stromal and endothelial cells. The cell cytoplasm emitted a strong
THG signal. The heterogeneity of the refractive index and of the third-order nonlinear suscep-
tibility in the cytoplasm is believed to be attributed to the numerous mitochondria and other
organelles found in the cell cytoplasm [17, 25, 34]. In contrast, the cell nucleus appeared as a
dark region, which has also been reported by others [35]. SHG microscopy was able to image
the stromal structure and showed a loose network of collagen bundles, relatively well aligned
between and around the cells. Although similar SHG microscopy observations have been made
by other groups in the native corneal stroma [21, 38, 39], this papers is the first to image the
collagen architecture of this engineered corneal stromal substitute.

The structure of native human corneas was investigated using SHG/THG imaging in a re-
cent paper by Aptel et al. [39]. Differences between their results and those obtained in the

Fig 5. En-face observations of the endothelium. A) En-face observation of the endothelium stained with alizarin red; B) SHG imaging. C) THG imaging. D)
Merge of SHG (green) and THG (purple). THG allowed to identify the cytoplasm (arrow) and the nucleus (asterisk) of the cells within the endothelial layer.
The engineered tissue immersed in balanced salt solution is not perfectly flat, which explains why stroma and endothelial cells could be observed in the same
focal plane.(D). Scale bars, A) 50 μm, B-D) 20 μm.

doi:10.1371/journal.pone.0125564.g005
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present study can be explained by differences in the microscope setup, as well as in the nature
of the tissue observed. (1)We believe that the largest difference comes from the fact that in the
experiments by Aptel et al., the corneal buttons were “maintained between two 150 μm-thick
glass coverslips to flatten the corneal surface”. Flattening the surface reduces scattering of the
laser beam, thus resulting in better spatial resolution, as well as higher throughput of the SHG/
THG signal. The numerical aperture of our objective was lower (NA 0.9) than what was used
in the Aptel paper (NA 1.2). These two combined differences may modify the imaging out-
come. (2) The Aptel paper imaged a native human cornea, the structure of which is different
from that of a tissue-engineered cornea, with a well-organized compact collagen structure and
tightly packed collagen fibrils of regular diameter and spacing. A tissue-engineered corneal
stroma immersed in balanced salt solution is typically edematous, with irregular collagen spac-
ing and distribution, as shown in a previous paper [40].

On a very practical point of view, there is an urgent need in tissue engineering for a non-in-
vasive imaging technique that would allow safe monitoring during tissue production and vali-
dation prior to batch release, and SHG/THG microscopy is a new imaging technique that
seems to respond very well to this need.

Interestingly, SHG/THG signals in this study pointed out islands of stromal collagen net-
work within the endothelial cell mosaic (Fig 5). Since the tissue was immerged in a balanced
salt solution to keep the cells alive, the surface was not perfectly flat. Thus, stroma and endothe-
lial cells can be observed in the same focal plane. Another explanation could be that collagen fi-
brils are present between cells. This explanation is unlikely, because endothelial cells form a
monolayer of cells that are bound to each other using tight junctions. Fig 5A clearly shows that
endothelial cells form a monolayer of tightly packed cells. However, alizarin red coloration is
limited to macroscopic examination of the tissue. It is thus possible that SHG/THG is able to
reveal small regions of collagen fibrils in areas where endothelial cells would, for some reason,
not be correctly bound to each other.

The newly secreted endothelial basement membrane, i.e. Descemet membrane, was not suf-
ficiently thick at this stage of culture to separate the stromal and endothelial structures as it is
the case in the native cornea. Since THG imaging is particularly relevant to the observation of
Descemet membrane, as demonstrated previously [27], SHG/THG microscopy is quite an in-
teresting tool to follow the development of Descemet membrane and the partition of the poste-
rior layers within the tissue-engineered posterior cornea. Alizarin red staining cannot provide
this type of information.

Many successive steps are required for the production of a tissue and it may take months be-
fore the final product can be analyzed. Thanks to its optical properties, SHG/THG microscopy
can rapidly and efficiently image fresh tissues without affecting their integrity, which consti-
tutes a powerful advantage in tissue engineering. The same tissue could thus be repeatedly ana-
lyzed throughout the entire engineering process.

New tissue engineering concepts can also be evaluated. For instance, culturing corneal fibro-
blasts on microstructured substrates allows a better alignment of the cells and type I collagen,
giving rise to stronger and more transparent corneal stromal substitutes [31]. Alignment was
demonstrated using type I collagen immunofluorescent staining and transmission electron mi-
croscopy [31]. With SHG/THG microscopy, the structure of these aligned stromas would have
been documented more thoroughly.

Another advantage of SHG/THG microscopy over traditional histology is the reliability of
tissue measurements, without the shrinkage effect of fixation and dehydration. In this study,
the fresh tissue-engineered posterior corneas were 2.0-times thicker than on histology cross-
sections.

SHG/THG Imaging of Tissue-Engineered Posterior Corneas

PLOS ONE | DOI:10.1371/journal.pone.0125564 April 28, 2015 9 / 13



SHG/THGmicroscopy allows tissue visualization both in cross-section and en-face. It can
provide three-dimensional imaging of collagen network and cells. Successive tissue reconstruc-
tions may also allow video monitoring of the evolving tissue structures (deposition of collagen,
etc.). These tools are not available with traditional microscopy. In the present study, our optical
set-up provided a precise high magnification observation of a few cells (keratocytes or endothe-
lial cells). Other optics could also be implemented to obtain a larger field of view, which would
allow endothelial cell counts and morphometric analyses.

At this stage, SHG/THG imaging cannot completely replace the traditional methods used
for characterizing engineered corneas, as it cannot identify specific proteins important for the
assessment of corneal endothelial functionality, such as the Na+/K+-APTAse pumps. Further-
more, in the present study, SHG/THG imaging could not discriminate between different fibril-
lar collagen types. Even if type I is the main collagen form, as immunostaining shows, types III
and V are also present in a corneal stroma. Progress is being made for the refinement of fibrillar
collagen detection by polarization-resolved SHGmicroscopy [41] on the basis of their tensor
elements so that future developments may eventually permit characterization of the engineered
tissue without the need for immunofluorescence.

Conclusion
The combination of SHG and THG imaging proved to be an efficient tool for the noninvasive
imaging of tissue-engineered posterior corneas. THG allowed visualization of the cells, endo-
thelial cells in particular, with a higher level of details than histology, immunofluorescent label-
ing and alizarin red staining. Collagen extracellular matrix of the stroma can be revealed by
SHG. SHG/THG imaging offers several significant advantages over these traditional tech-
niques. It allows high spatial resolution full thickness and en face imaging of fresh tissues, with-
out the need for tissue fixation, dehydration, staining, and cutting. SHG/THGmicroscopy
offers the unique advantage of allowing safe and continuous monitoring of the development of
the different tissue layers during production. It allows, for instance, the observation of Desce-
met membrane deposition over time, a corneal layer clearly identified by THG at the interface
between the stroma and the endothelium.

Supporting Information
S1 Fig. Measurement of the reconstructed cornea by SHG/THGmicroscopy. 1D graph of
SHG/THG intensity across the thickness of sample presented in Fig 3B and 3C, showing the
measurement method from point “A” to point “B”.
(TIF)

Acknowledgments
The authors would like to thank Alexandre Deschambeault for the technical assistance, Israël
Martel for the immunofluorescent stainings and the LOEX research assistants for the
histology preparations.

Author Contributions
Conceived and designed the experiments: LJ TO IB SP KS. Performed the experiments: LJ BG.
Analyzed the data: LJ JMB TO IB SP. Contributed reagents/materials/analysis tools: TO IB SP
KS. Wrote the paper: LJ BG JMB TO IB SP.

SHG/THG Imaging of Tissue-Engineered Posterior Corneas

PLOS ONE | DOI:10.1371/journal.pone.0125564 April 28, 2015 10 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125564.s001


References
1. EBAA. 2013 Eye Banking Statistical Report. Eye Bank Association of America. 2014; Washington, DC

(www.restoresight.org):1–114.

2. Gorovoy MS. Descemet-stripping automated endothelial keratoplasty. Cornea. 2006; 25(8):886–9. doi:
10.1097/01.ico.0000214224.90743.01 PubMed PMID: 17102661.

3. Buhrmann R, HodgeW, Beardmore J, Baker G, Lowcock B, Pan I, et al. Foundations for a Canadian
Health Strategy. Prepared for the National Coalition for Vision Health. 2007:1–108.

4. Christensen K, Doblhammer G, Rau R, Vaupel JW. Ageing populations: the challenges ahead. Lancet.
2009; 374(9696):1196–208. doi: 10.1016/S0140-6736(09)61460-4 PubMed PMID: 19801098.

5. Proulx S, Brunette I. Methods being developed for preparation, delivery and transplantation of a tissue-
engineered corneal endothelium. Experimental eye research. 2012; 95(1):68–75. doi: 10.1016/j.exer.
2011.06.013 PubMed PMID: 21723281.

6. Mimura T, Yamagami S, Amano S. Corneal endothelial regeneration and tissue engineering. Progress
in retinal and eye research. 2013; 35:1–17. doi: 10.1016/j.preteyeres.2013.01.003 PubMed PMID:
23353595.

7. Auxenfans C, Fradette J, Lequeux C, Germain L, Kinikoglu B, Bechetoille N, et al. Evolution of three di-
mensional skin equivalent models reconstructed in vitro by tissue engineering. Eur J Dermatol. 2009;
19(2):107–13. doi: 10.1684/ejd.2008.0573 PubMed PMID: 19106039.

8. Larouche D, Paquet C, Fradette J, Carrier P, Auger FA, Germain L. Regeneration of skin and cornea by
tissue engineering. Methods Mol Biol. 2009; 482:233–56. doi: 10.1007/978-1-59745-060-7_15
PubMed PMID: 19089360.

9. Gauvin R, Ahsan T, Larouche D, Levesque P, Dube J, Auger FA, et al. A novel single-step self-assem-
bly approach for the fabrication of tissue-engineered vascular constructs. Tissue Eng Part A. 2010; 16
(5):1737–47. doi: 10.1089/ten.TEA.2009.0313 PubMed PMID: 20038201.

10. L'Heureux N, Paquet S, Labbe R, Germain L, Auger FA. A completely biological tissue-engineered
human blood vessel. FASEB journal: official publication of the Federation of American Societies for Ex-
perimental Biology. 1998; 12(1):47–56. PubMed PMID: 9438410.

11. McAllister TN, Maruszewski M, Garrido SA, Wystrychowski W, Dusserre N, Marini A, et al. Effective-
ness of haemodialysis access with an autologous tissue-engineered vascular graft: a multicentre co-
hort study. Lancet. 2009; 373(9673):1440–6. doi: 10.1016/S0140-6736(09)60248-8 PubMed PMID:
19394535.

12. Carrier P, Deschambeault A, Audet C, Talbot M, Gauvin R, Giasson CJ, et al. Impact of cell source on
human cornea reconstructed by tissue engineering. Investigative ophthalmology & visual science.
2009; 50(6):2645–52. doi: 10.1167/iovs.08-2001 PubMed PMID: 19218610.

13. Carrier P, Deschambeault A, Talbot M, Giasson CJ, Auger FA, Guerin SL, et al. Characterization of
wound reepithelialization using a new human tissue-engineered corneal wound healing model. Investi-
gative ophthalmology & visual science. 2008; 49(4):1376–85. doi: 10.1167/iovs.07-0904 PubMed
PMID: 18385053.

14. Proulx S, d'Arc Uwamaliya J, Carrier P, Deschambeault A, Audet C, Giasson CJ, et al. Reconstruction
of a human cornea by the self-assembly approach of tissue engineering using the three native cell
types. Molecular vision. 2010; 16:2192–201. PubMed PMID: 21139684.

15. Vielreicher M, Schurmann S, Detsch R, Schmidt MA, Buttgereit A, Boccaccini A, et al. Taking a deep
look: modern microscopy technologies to optimize the design and functionality of biocompatible scaf-
folds for tissue engineering in regenerative medicine. Journal of the Royal Society, Interface / the Royal
Society. 2013; 10(86):20130263. doi: 10.1098/rsif.2013.0263 PubMed PMID: 23864499.

16. Campagnola PJ, Millard AC, Terasaki M, Hoppe PE, Malone CJ, Mohler WA. Three-dimensional high-
resolution second-harmonic generation imaging of endogenous structural proteins in biological tissues.
Biophys J. 2002; 82(1 Pt 1):493–508. doi: 10.1016/S0006-3495(02)75414-3 PubMed PMID:
11751336.

17. Yelin D, Silberberg Y. Laser scanning third-harmonic-generation microscopy in biology. Optics express.
1999; 5(8):169–75. doi: 10.1364/OE.5.000169 PubMed PMID: 19399061.

18. Campagnola PJ, Loew LM. Second-harmonic imaging microscopy for visualizing biomolecular arrays
in cells, tissues and organisms. Nat Biotechnol. 2003; 21(11):1356–60. doi: 10.1038/nbt894 PubMed
PMID: 14595363.

19. Teng SW, Tan HY, Peng JL, Lin HH, Kim KH, LoW, et al. Multiphoton autofluorescence and second-
harmonic generation imaging of the ex vivo porcine eye. Investigative ophthalmology & visual science.
2006; 47(3):1216–24. doi: 10.1167/iovs.04-1520 PubMed PMID: 16505061

SHG/THG Imaging of Tissue-Engineered Posterior Corneas

PLOS ONE | DOI:10.1371/journal.pone.0125564 April 28, 2015 11 / 13

http://www.restoresight.org
http://dx.doi.org/10.1097/01.ico.0000214224.90743.01
http://www.ncbi.nlm.nih.gov/pubmed/17102661
http://dx.doi.org/10.1016/S0140-6736(09)61460-4
http://www.ncbi.nlm.nih.gov/pubmed/19801098
http://dx.doi.org/10.1016/j.exer.2011.06.013
http://dx.doi.org/10.1016/j.exer.2011.06.013
http://www.ncbi.nlm.nih.gov/pubmed/21723281
http://dx.doi.org/10.1016/j.preteyeres.2013.01.003
http://www.ncbi.nlm.nih.gov/pubmed/23353595
http://dx.doi.org/10.1684/ejd.2008.0573
http://www.ncbi.nlm.nih.gov/pubmed/19106039
http://dx.doi.org/10.1007/978-1-59745-060-7_15
http://www.ncbi.nlm.nih.gov/pubmed/19089360
http://dx.doi.org/10.1089/ten.TEA.2009.0313
http://www.ncbi.nlm.nih.gov/pubmed/20038201
http://www.ncbi.nlm.nih.gov/pubmed/9438410
http://dx.doi.org/10.1016/S0140-6736(09)60248-8
http://www.ncbi.nlm.nih.gov/pubmed/19394535
http://dx.doi.org/10.1167/iovs.08-2001
http://www.ncbi.nlm.nih.gov/pubmed/19218610
http://dx.doi.org/10.1167/iovs.07-0904
http://www.ncbi.nlm.nih.gov/pubmed/18385053
http://www.ncbi.nlm.nih.gov/pubmed/21139684
http://dx.doi.org/10.1098/rsif.2013.0263
http://www.ncbi.nlm.nih.gov/pubmed/23864499
http://dx.doi.org/10.1016/S0006-3495(02)75414-3
http://www.ncbi.nlm.nih.gov/pubmed/11751336
http://dx.doi.org/10.1364/OE.5.000169
http://www.ncbi.nlm.nih.gov/pubmed/19399061
http://dx.doi.org/10.1038/nbt894
http://www.ncbi.nlm.nih.gov/pubmed/14595363
http://dx.doi.org/10.1167/iovs.04-1520
http://www.ncbi.nlm.nih.gov/pubmed/16505061


20. Hsueh CM, LoW, ChenWL, Hovhannisyan VA, Liu GY, Wang SS, et al. Structural characterization of
edematous corneas by forward and backward second harmonic generation imaging. Biophys J. 2009;
97(4):1198–205. doi: 10.1016/j.bpj.2009.05.040 PubMed PMID: 19686668.

21. Morishige N, Nishida T, Jester JV. Second harmonic generation for visualizing 3-dimentional structure
of corneal collagen lamellae. Cornea. 2009; 28(Suppl.1):S46–S53. doi: 10.1097/ICO.
0b013e3181ae9f37

22. Mega Y, Robitaille M, Zareian R, McLean J, Ruberti J, DiMarzio C. Quantification of lamellar orientation
in corneal collagen using second harmonic generation images. Optics letters. 2012; 37(16):3312–4.
doi: 10.1364/OL.37.003312 PubMed PMID: 23381241.

23. Morishige N, Takagi Y, Chikama T, Takahara A, Nishida T. Three-dimensional analysis of collagen la-
mellae in the anterior stroma of the human cornea visualized by second harmonic generation imaging
microscopy. Investigative ophthalmology & visual science. 2011; 52(2):911–5. doi: 10.1167/iovs.10-
5657 PubMed PMID: 20881300.

24. Barad Y, Eisenberg H, Horowitz M, Silberberg Y. Nonlinear scanning laser microscopy by third harmon-
ic generation. Appl Phys Lett. 1997; 70(8):922. doi: 10.1063/1.118442

25. Debarre D, Supatto W, Pena AM, Fabre A, Tordjmann T, Combettes L, et al. Imaging lipid bodies in
cells and tissues using third-harmonic generation microscopy. Nature methods. 2006; 3(1):47–53. doi:
10.1038/nmeth813 PubMed PMID: 16369553.

26. Muller M, Squier J, Wilson KR, Brakenhoff GJ. 3D microscopy of transparent objects using third-har-
monic generation. Journal of microscopy. 1998; 191(3):266–74. doi: 10.1046/j.1365-2818.1998.00399.
x PubMed PMID: 9767491.

27. Jay L, Brocas A, Singh K, Kieffer JC, Brunette I, Ozaki T. Determination of porcine corneal layers with
high spatial resolution by simultaneous second and third harmonic generation microscopy. Optics ex-
press. 2008; 16(21):16284–93. doi: 10.1364/OE.16.016284 PubMed PMID: 18852734.

28. Germain L, Giasson C, Carrier P, Guérin S, Salesse C, Auger FA. Tissue Engineering of Cornea. Ency-
clopedia of biomaterials and biomedical engineering: Wnek, GE, Bowlin, GL; 2004. p. 1533–44.

29. Germain L, Carrier P, Auger FA, Salesse C, Guerin SL. Can we produce a human corneal equivalent
by tissue engineering? Progress in retinal and eye research. 2000; 19(5):497–527. doi: 10.1016/
S1350-9462(00)00005-7 PubMed PMID: 10925241.

30. Pihlajaniemi T, Myllyla R, Kivirikko KI. Prolyl 4-hydroxylase and its role in collagen synthesis. J Hepatol.
1991; 13 Suppl 3:S2–7. doi: 10.1016/0168-8278(91)90002-S PubMed PMID: 1667665.

31. Guillemette MD, Cui B, Roy E, Gauvin R, Giasson CJ, Esch MB, et al. Surface topography induces 3D
self-orientation of cells and extracellular matrix resulting in improved tissue function. Integr Biol (Camb).
2009; 1(2):196–204. doi: 10.1039/B820208G PubMed PMID: 20023803.

32. Zhu C, Joyce NC. Proliferative response of corneal endothelial cells from young and older donors. In-
vestigative ophthalmology & visual science. 2004; 45(6):1743–51. doi: 10.1167/iovs.03-0814 PubMed
PMID: 15161835.

33. Taylor MJ, Hunt CJ. Dual staining of corneal endothelium with trypan blue and alizarin red S: impor-
tance of pH for the dye-lake reaction. Br J Ophthalmol. 1981; 65(12):815–9. PubMed PMID: 6172144.

34. Tserevelakis GJ, Filippidis G, Krmpot AJ, Vlachos M, Fotakis C, Tavernarakis N. Imaging Caenorhabdi-
tis elegans embryogenesis by third-harmonic generation microscopy. Micron. 2010; 41(5):444–7. doi:
10.1016/j.micron.2010.02.006 PubMed PMID: 20207548.

35. Lee GG, Lin HH, Tsai MR, Chou SY, LeeWJ, Liao YH, et al. Automatic cell segmentation and nuclear-
to-cytoplasmic ratio analysis for third harmonic generated microscopy medical images. IEEE transac-
tions on biomedical circuits and systems. 2013; 7(2):158–68. doi: 10.1109/TBCAS.2013.2253463
PubMed PMID: 23853298.

36. Barzda V, Greenhalgh C, Aus der Au J, Elmore S, van Beek J, Squier J. Visualization of mitochondria
in cardiomyocytes by simultaneous harmonic generation and fluorescence microscopy. Optics ex-
press. 2005; 13(20):8263–76. doi: 10.1364/OPEX.13.008263 PubMed PMID: 19498856.

37. Howat WJ, Wilson BA. Tissue fixation and the effect of molecular fixatives on downstream staining pro-
cedures. Methods. 2014; 70(1):12–9. doi: 10.1016/j.ymeth.2014.01.022 PubMed PMID: 24561827.

38. Campagnola P. Second harmonic generation imaging microscopy: applications to diseases diagnos-
tics. Analytical chemistry. 2011; 83(9):3224–31. doi: 10.1021/ac1032325 PubMed PMID: 21446646.

39. Aptel F, Olivier N, Deniset-Besseau A, Legeais JM, Plamann K, Schanne-Klein MC, et al. Multimodal
nonlinear imaging of the human cornea. Investigative ophthalmology & visual science. 2010; 51
(5):2459–65. doi: 10.1167/iovs.09-4586 PubMed PMID: 20071677.

40. Boulze Pankert M, Goyer B, Zaguia F, Bareille M, Perron MC, Liu X, et al. Biocompatibility and function-
ality of a tissue-engineered living corneal stroma transplanted in the feline eye. Investigative

SHG/THG Imaging of Tissue-Engineered Posterior Corneas

PLOS ONE | DOI:10.1371/journal.pone.0125564 April 28, 2015 12 / 13

http://dx.doi.org/10.1016/j.bpj.2009.05.040
http://www.ncbi.nlm.nih.gov/pubmed/19686668
http://dx.doi.org/10.1097/ICO.0b013e3181ae9f37
http://dx.doi.org/10.1097/ICO.0b013e3181ae9f37
http://dx.doi.org/10.1364/OL.37.003312
http://www.ncbi.nlm.nih.gov/pubmed/23381241
http://dx.doi.org/10.1167/iovs.10-5657
http://dx.doi.org/10.1167/iovs.10-5657
http://www.ncbi.nlm.nih.gov/pubmed/20881300
http://dx.doi.org/10.1063/1.118442
http://dx.doi.org/10.1038/nmeth813
http://www.ncbi.nlm.nih.gov/pubmed/16369553
http://dx.doi.org/10.1046/j.1365-2818.1998.00399.x
http://dx.doi.org/10.1046/j.1365-2818.1998.00399.x
http://www.ncbi.nlm.nih.gov/pubmed/9767491
http://dx.doi.org/10.1364/OE.16.016284
http://www.ncbi.nlm.nih.gov/pubmed/18852734
http://dx.doi.org/10.1016/S1350-9462(00)00005-7
http://dx.doi.org/10.1016/S1350-9462(00)00005-7
http://www.ncbi.nlm.nih.gov/pubmed/10925241
http://dx.doi.org/10.1016/0168-8278(91)90002-S
http://www.ncbi.nlm.nih.gov/pubmed/1667665
http://dx.doi.org/10.1039/B820208G
http://www.ncbi.nlm.nih.gov/pubmed/20023803
http://dx.doi.org/10.1167/iovs.03-0814
http://www.ncbi.nlm.nih.gov/pubmed/15161835
http://www.ncbi.nlm.nih.gov/pubmed/6172144
http://dx.doi.org/10.1016/j.micron.2010.02.006
http://www.ncbi.nlm.nih.gov/pubmed/20207548
http://dx.doi.org/10.1109/TBCAS.2013.2253463
http://www.ncbi.nlm.nih.gov/pubmed/23853298
http://dx.doi.org/10.1364/OPEX.13.008263
http://www.ncbi.nlm.nih.gov/pubmed/19498856
http://dx.doi.org/10.1016/j.ymeth.2014.01.022
http://www.ncbi.nlm.nih.gov/pubmed/24561827
http://dx.doi.org/10.1021/ac1032325
http://www.ncbi.nlm.nih.gov/pubmed/21446646
http://dx.doi.org/10.1167/iovs.09-4586
http://www.ncbi.nlm.nih.gov/pubmed/20071677


ophthalmology & visual science. 2014; 55(10):6908–20. doi: 10.1167/iovs.14-14720 PubMed PMID:
25277228.

41. Su PJ, ChenWL, Li TH, Chou CK, Chen TH, Ho YY, et al. The discrimination of type I and type II colla-
gen and the label-free imaging of engineered cartilage tissue. Biomaterials. 2010; 31(36):9415–21. doi:
10.1016/j.biomaterials.2010.08.055 PubMed PMID: 20875682.

SHG/THG Imaging of Tissue-Engineered Posterior Corneas

PLOS ONE | DOI:10.1371/journal.pone.0125564 April 28, 2015 13 / 13

http://dx.doi.org/10.1167/iovs.14-14720
http://www.ncbi.nlm.nih.gov/pubmed/25277228
http://dx.doi.org/10.1016/j.biomaterials.2010.08.055
http://www.ncbi.nlm.nih.gov/pubmed/20875682


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


