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Nonlinear microscopy, namely multiphoton imaging and second harmonic generation (SHG), is an established
noninvasive technique useful for the imaging of extracellular matrix (ECM). Typically, measurements are per-
formed in vivo on freshly excised tissues or biopsies. In this article, we describe the effect of rehydrating paraffin-
embedded sections on multiphoton and SHG emission signals and the acquisition of nonlinear images from he-
matoxylin and eosin (H&E)-stained sections before and after a destaining protocol. Our results reveal that bringing
tissue sections to a physiological state yields a significant improvement in nonlinear signals, particularly in SHG.
Additionally, the destaining of sections previously processed with H&E staining significantly improves their SHG
emission signals during imaging, thereby allowing sufficient analysis of collagen in these sections. These results are
important for researchers and pathologists to obtain additional information from paraffin-embedded tissues and
archived samples to perform retrospective analysis of the ECM or gain additional information from rare samples.

Introduction

Multiphoton-induced microscopy has become an
important tool in various applications, such as in vivo

imaging with subcellular resolution on skin,1 early cancer di-
agnosis,2 evaluation of tissue-engineered products,3 and in situ
drug screening,4 and for imaging extracellular matrix (ECM)
structures.5 Two-photon excitation is based on the simulta-
neous absorption of two photons with generation of fluores-
cence in the visible range. This concept of quantum optics
was predicted by Göpert-Mayer in her doctoral dissertation
in 19316 and first observed using laser excitation in 1961.7

Near-infrared (NIR) light generates photons with a high con-
centration in space and time, which are capable of exciting
fluorophores to a higher electronic state. When this photon state
becomes relaxed, this leads to emission of light in a wavelength
greater than one half of the excitation wavelength.2 Other mi-
croscopy techniques, such as confocal microscopy, use wave-
lengths in the ultraviolet (UV) spectral range. However, UV
light can alter tissue structures by bleaching, polymerizing, or
thermal damaging.8 Such effects do not occur with multiphoton
excitation due to the low energy input of the NIR laser light.

Multiphoton excitation can enable autofluorescence of a
variety of endogenous fluorophores, such as nicotinamide
adenine dinucleotide phosphate (NADH) in the mitochon-
drial matrix, elastin in the ECM,5 or keratin in epithelial
cells.9 Two ECM structures, elastic and collagen fibers, can
be therefore easily imaged without the use of histological
staining techniques and processing.

Mature elastic fibers are composed of elastin, which can
be visualized using multiphoton imaging. Elastin is a highly
hydrophobic protein formed by cross-linking tropoelastin
molecules into an organized microfibrillar network, and
elastic fibers are typically present in tissues that undergo
stretch, such as blood vessels, lungs, and skin.10 Elastic fi-
bers are often present in combination with collagen fibers to
prevent overexpansion by restoring collagen fibers back into
their original position11. Such collagen molecules consist of
three collagen polypeptide chains, called a-chains, which
wind around one another in a rope-like arrangement to build
a long, stiff, triple-stranded helical structure12 that functions
to strengthen and organize the ECM to endure longitudinal
tensile forces. Fibrillar collagen is a noncentromeric mole-
cule, therefore making it ideal for a specific luminescence
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phenomenon of multiphoton imaging: second harmonic
generation (SHG).13,14 This occurs in highly polarizable
materials with nonsymmetric molecular organization15 and
was first demonstrated in crystalline quartz by Kleinman in
1962.16 SHG excitation depends on the simultaneous inter-
action of two photons with target molecules. The two pho-
tons are not absorbed; rather, the energy and coherence of
the laser light are preserved to generate one photon of twice
the energy. The wavelength of the emitted light is half that
of the NIR excitation source, or in other words, the fre-
quency of the incident NIR is doubled by passing through
the noncentrosymmetric structures.15

Freshly obtained tissue samples are suitable for multi-
photon and SHG imaging, which enables tissue evaluation
under unaltered physiological conditions and allows imme-
diate access to structural information. The possibility to
perform microscopy on fresh unprocessed tissues is of great
interest clinically to identify tissue structures without time-
consuming preservation methods.8,17 Nonlinear microscopy
can be also performed on cryopreserved tissues, but the for-
mation of ice crystals during the preservation process creates
morphological distortions, which is a limiting factor.18,19

Preservation of tissues via fixation and paraffin embedding
maintains an adequate tissue morphology comparable to fresh
tissue and enables prolonged storage of the tissue for years.20

Paraffin embedding also allows a detailed investigation of
tissues at various depths via serial sectioning. However, par-
affin wax and fixation agents imbibe autofluorescence within
tissues, which results in a reduced nonlinear image quality.21,22

Based on this, multiphoton imaging is more often done with
fresh biopsies before paraffin embedding and hematoxylin and
eosin (H&E) staining to receive an additional preprocessing
result.23,24 It would be extremely advantageous to perform
satisfactory multiphoton imaging of tissue samples archived in
pathology laboratories for possible reinvestigations of tissues
upon which minimum tissue volume is available, especially in
rare diseases so as to increase the number of samples to gain
statistically noteworthy data. Therefore, the aim of this study
was to enable adequate multiphoton imaging of paraffin-
embedded tissue sections by applying clearing protocols to
reduce the influence of the paraffin on the emission profiles of
sections. We also sought to investigate if multiphoton imaging
can be performed on histologically stained sections.

Materials and Methods

Unless otherwise stated, all materials and reagents were
obtained from Sigma-Aldrich (Taufkirchen, Germany).

Multiphoton-induced laser scanning microscopy

In this study, we used a custom-made multiphoton laser
system (Fig. 1; JenLab GmbH, Jena, Germany). A tunable
titanium–sapphire laser with a pulse repetition rate of
80 MHz and tunable wavelength excitation range of 720–
920 nm (MaiTai XF 1; Spectra Physics, Santa Clara, CA)
was used for multiphoton imaging. Multiphoton and SHG
imaging was performed (40· oil immersion objective: N.A
1.3; Carl Zeiss, Jena, Germany) at an acquisition time of
48.5 s and a pixel resolution of 512 · 512. The system was
equipped with two photomultiplier tubes (PMTs), 425–509
and £425 nm, therefore enabling multiphoton and SHG
imaging simultaneously with this optical setup. The atten-

uator of the laser was set to 20 mW and the PMTs to 1000 V
for contrast and 52.7% for brightness. These settings were
maintained for all multiphoton and SHG imaging in this
study.

Tissue processing and routine histology

As a model tissue for imaging, porcine pulmonary
semilunar valves were excised from hearts obtained from a
local slaughterhouse, rinsed twice in PBS, and cut into three
leaflets before further processing. These fresh leaflets were
positioned on coverslips for multiphoton imaging. After
imaging, the tissues were fixed in 4% PFA at 4�C overnight
and subsequently embedded in paraffin. Paraffin-embedded
tissues were later sectioned into 3-mm-thick sections and
deparaffinized in xylene, rehydrated in gradients of ethanol
as previously described,25 mounted using an aqueous mount-
ing medium (Dako Faramount; Dako Deutschland GmbH,
Hamburg, Germany), and sealed with a coverslip. As a con-
trol, untreated paraffin sections (without deparaffinization and
without rehydration) were also mounted with coverslips using
Dako Faramount. All samples were left at room temperature
overnight before imaging. Imaging was performed at the
ventricularis, spongiosa, and fibrosa of the heart valve leaflets.

Routine H&E staining was performed on the depar-
affinized tissues, followed by dehydration via increasing
gradients of alcohol and mounting the sections with a cov-
erslip using Isomount 2000 (VWR GmbH, Darmstadt,
Germany). Slides were left overnight before multiphoton
imaging. Bright-field images of the H&E-stained sections
were taken with the Observer.Z1 (Carl Zeiss, Oberkochen,
Germany) using a 40· water immersion objective (N.A 1.1;
Carl Zeiss, Jena, Germany).

Destaining of H&E-stained sections

H&E-stained and mounted slides were immersed in 100%
xylene on an orbital shaker overnight at room temperature to
detach the coverslips. Following this, the slides were wa-
shed in fresh 100% xylene for 10 min to remove any excess
mounting media. The slides were then rehydrated in gradi-
ents of alcohol. Hematoxylin was removed by incubation in
0.25% hydrochloric acid in 50% ethanol for *3 min, fol-
lowed by washing in distilled water for 3 min. Eosin was
removed using a mixture of 1.5% ammonium hydroxide in
70% ethanol for *3 min. Afterward, samples were washed
twice in distilled water for 5 min and mounted with an
aqueous mounting medium (Dako Faramount) for both
multiphoton imaging and routine bright-field microscopy.

Calculation of acquired image qualities

Gray value (GV) intensities of the acquired images were
determined and analyzed with ImageJ (freely available from
www.nih.org). Briefly, the GV data from each image assign
a value for the brightness of each pixel in the image and
provide an overview of the distribution of the pixel bright-
ness for the complete image. The mean of these GVs (x) is a
metric of the intensity of an image [Eq. (1)]:

GVI¼ 1

n
+n

i¼ 1
xi (1)
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The standard deviation of these GVs (sdv(x)) represents
the contrast of an image [Eq. (2)]:

GV SD¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

(n� 1)
�+n

i¼ 1
(xi� x)2

r
(2)

In this instance, a high intensity represents a stronger
emission intensity, and a high standard deviation within one
image indicates a good separation between the true signal
and background.

Statistical analysis

Normal data distribution was assessed using a Shapiro–
Wilk test. For statistical analysis, the commercially available

program GraphPad Prism 6 was used (GraphPad Software,
Inc., La Jolla, CA). A one-way ANOVA or two-way ANOVA
was performed when appropriate. p < 0.05 was considered
statistically significant.

Results

An increasing number of researchers are using multiphoton
imaging as an analytical tool before routine histological
processing. In the majority of the studies, multiphoton im-
aging is performed on sections before the beginning of a
staining procedure, such as H&E, to gather more information
about a sample.26,27 In other cases, whole paraffin-embedded
tissues have been clarified using various agents and imaged
as one whole piece due to the advantageous penetration
capabilities of multiphoton imaging.20 Here, we rehydrated

FIG. 1. Overview of the
nonlinear femtosecond laser
system used in this study. (A)
Custom-built MP laser scan-
ning MP/SHG imaging sta-
tion. (B) Laser pathway setup
with beam splitter to allow si-
multaneous acquisition of MP
and SHG signals using PMTs
with the detection of 425–509
and £425 nm, respectively.
MP, multiphoton; PMT, pho-
tomultiplier tube; SHG, sec-
ond harmonic generation.
Color images available online
at www.liebertpub.com/tec

FIG. 2. (A) MP and (B)
SHG signal contrast of por-
cine heart valves after exci-
tation with 720–920 nm
(GV SD = gray value stan-
dard deviation). Data are
presented as mean – standard
deviation, n = 4. *Statistically
significant increase in the
emission signal contrast of
rehydrated sections com-
pared with paraffin sections
at the excitation wavelengths
indicated, p < 0.05. Merged
MP and SHG images (C)
before and (D) after rehy-
dration. Scale bar equals
60 mm. Color images avail-
able online at www.liebertpub
.com/tec
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paraffin-embedded tissue sections using a routine protocol to
bring the samples to a physiological state for improved
multiphoton and SHG imaging. Using the custom laser sys-
tem in this study (Fig. 1), excitation wavelengths in the range
of 760–840 nm provided the strongest contrast in the emission
signals of the multiphoton channel, which can be mainly at-
tributed to the elastic fibers in the heart valve sections
(Fig. 2A). Bringing these sections to a rehydrated state gave
significantly higher multiphoton emission signal contrasts
(thereby reduced background and improved imaging) at ex-
citation wavelengths of 840 and 880 nm. However, the
strongest multiphoton emission signal contrast was obtained
at 800 nm. Analysis of the effect of excitation wavelength on
SHG signals is more profound, with the strongest contrast
SHG emission signal obtained at an excitation of 760 nm
(Fig. 2B) with both paraffin-embedded and rehydrated sec-
tions. The effect of rehydrating the paraffin sections also had
a statistically significantly higher SHG emission signal value

of contrast at this excitation compared with paraffin-
embedded sections. These results are reflected in the micro-
graphs of the paraffin sections before and after rehydration
(Fig. 2C, D). Notably, the signal of the SHG emission, re-
flective of the collagen content in the valve leaflet, has a
much stronger contrast. Based on this result, simultaneous
acquisition of the multiphoton and SHG emission signals
could be obtained at an excitation wavelength of 760 nm.

It was next sought to determine if it would be possible to
acquire satisfactory multiphoton and SHG images of histo-
logically stained sections. As H&E is one of the most com-
monly used staining techniques in both research and
pathology, paraffin sections were stained with H&E using
standard protocols and then mounted for storage (Fig. 3A–C).
Multiphoton and SHG images were acquired from these sec-
tions, which yielded extremely saturating emission signals,
particularly in the multiphoton emission channel (Fig. 3D–F
and see Supplementary Fig. S1 for monochromatic signals of

FIG. 3. (A–C) Bright-field
images of H&E-stained por-
cine leaflet sections, followed
by (D–F) subsequent MP and
SHG imaging of the same
regions. Green represents
collagen fibers, whereas red
indicates elastic fibers. The
same sections were destained
and again subjected to (G–I)
bright-field microscopy as
well as (J–L) MP and SHG
imaging. Scale bar equals
60mm. H&E, hematoxylin
and eosin. Color images
available online at www
.liebertpub.com/tec
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these images; Supplementary Data are available online at
www.liebertpub.com/tec). These saturating signals in the
multiphoton emission channel were also observed at lower
laser excitation powers (Supplementary Fig. S2). Images ob-
tained from these H&E-stained sections were deemed un-
suitable for interpretation of the ECM structure (namely
collagen and elastic fibers). Using a destaining protocol based
on acidic and alkaline dissolution of the histological dyes out
of the tissue sections, we succeeded in destaining the tissue,
whereby no dyes were visually present when imaged using
bright-field microscopy (Fig. 3G–I). Satisfactory multiphoton
and SHG imaging was attainable from these sections (Fig. 3J–L
and see Supplementary Fig. S3 for monochromatic signals of
these images) following the destaining protocol, whereby the
tissue was brought again to a hydrated state as optimized for
Figure 2. However, there was a statistically significant increase
after the destaining protocol in the multiphoton signal intensity
and contrast values compared to paraffin-embedded and re-
hydrated sections, most likely due to residual elements of the
H&E dyes (Fig. 4B, D). However, the SHG signal was sig-
nificantly improved with a level closer to that of nonstained
paraffin-embedded tissues. Rehydrated tissues remained to
have the highest SHG detection with a significantly higher
contrast and intensity compared with destained and paraffin-
embedded tissues (Fig. 4C, E).

Discussion

Noninvasive multiphoton and SHG imaging has already
been used in the analysis of fresh biopsies,28 in vivo,1 and of
cryopreserved tissues.18 However, it can sometimes be dif-
ficult to correctly orientate fresh tissues, and although
multiphoton imaging extends the depth of imaging that is
possible, it still has its limitations.29 Additionally, although
cryosectioning can enable the storage of tissue without fix-
ation, the rapid freezing processes can incur damage to the

morphological structure of the tissues and ECM structures
via water expansion, and therefore, a realistic representation
of the tissue using nonlinear imaging is impaired.18 Paraffin-
embedded tissue, in contrast, maintains a relative repre-
sentation of the morphological structure of the tissue.
Therefore, many research groups have attempted clearing
protocols to remove paraffin from tissue with the aim of
maintaining the structural integrity of the tissue for multi-
photon imaging.20

Here, we demonstrated that by simply removing paraffin
during a standard staining protocol and bringing tissue
sections to a rehydrated state, adequate multiphoton imaging
can be performed on tissue sections. The effect of rehy-
dration was most significant in the SHG emission channel,
whereby the contrast was significantly increased when an
excitation of 760 nm was applied. This could be for a couple
of reasons. The physiological state of collagen is very im-
portant, and previously, the hydration state of collagen has
been shown to have a significant effect on the mechanical
properties of collagen fibers based on intermolecular forces
between tropocollagen monomers.30 In addition, the envi-
ronmental pH has a significant effect on the stability of the
triple helix.31 Indeed, SHG has been demonstrated to radiate
from the shell of collagen fibrils, rather than from its bulk,
with physiological relevant changes in environmental ionic
strength changing the intensity and nature of the SHG
signal.32 The same study found that paraformaldehyde-fixed
tissues exhibited similar SHG signaling as fresh tissues at
very low ionic concentrations (0–2 mM NaCl). Furthermore,
SHG signaling decreased rapidly with increasing ionic
concentrations, even at physiological levels.32 This is at-
tributed to the swelling properties of collagen as immersing
collagen in water can result in a 10–20% increase in the
average lateral spacing between collagen triple helices.33

Although we do not have complete tissues of collagen, but
rather histological sections, it can be taken that the hydration

FIG. 4. (A) MP and SHG imaging of porcine leaflets while present in paraffin, deparaffinized rehydrated states, and
destained H&E sections. Merged images represent the MP (red) and SHG (green) channels. Scale bar equals 60mm. Bar
graphs represent (B, C) MP and (D, E) SHG intensities (GVI = gray value intensities) and contrast (GV SD = gray value
standard deviation). Data are presented as mean – standard deviation, n = 8. *Statistically significant difference between the
groups indicated, p < 0.05. Color images available online at www.liebertpub.com/tec
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process causes the collagen in the leaflet tissue to swell and
increase the SHG signal. Therefore, it is suggested that fu-
ture imaging of fixed tissues and sections should be per-
formed in water or solutions of extremely low ionic
concentrations.

H&E staining is commonly used in animal histology and
routine pathology.34 It is known that hematoxylin stains the
nuclei in a purple/blue color, whereas eosin shows the ex-
tracellular and intracellular protein in pink. The significance
of this study is that multiphoton and SHG imaging can be
performed on sections that were previously stained histo-
logically using a suitable destaining protocol. We identified
that the quality of the images was drastically improved
(although not ideal) after destaining, which allowed identi-
fication of ECM structures. Moreover, the destained sections
did retain a rather high level of multiphoton fluorescence
intensity and contrast. We did investigate the influence of
mounting media on the multiphoton and SHG emission
signals of deparaffinized sections but found no significant
influence on the quality of the images obtained (Supple-
mentary Fig. S4). Hematoxylin is nonfluorescent and gen-
erally stains the nuclei of cells; therefore, it can be taken that
even if trace amounts of hematoxylin remain, they do not
contribute to the increased multiphoton signal. Eosin, in
contrast, accumulates in the cytoplasm and ECM and has
been reported to contribute to emission signaling in fluor-
escence lifetime imaging microscopy (FLIM) and multi-
photon microscopy.35,36 Observations in previous studies
noted that from H&E-stained cervical tissue, epithelial fluo-
rescence originated from the extracellular and intracellular
components, and not the nuclei, which emphasizes the con-
tribution of eosin to the multiphoton fluorescence.36 It has
also been reported that the spectral properties of eosin are
varied upon binding with proteins, which could be used as an
indirect way to distinguish between various grades of tissue
based on fluorescent lifetimes.35 Our results here agree in that
although the destaining protocol was successful in generating
satisfactory micrographs, the multiphoton emission signals
were significantly increased, most likely due to the presence
of residual eosin in the tissue sections. However, SHG sig-
naling was not significantly affected by the histological dyes.

Conclusion

Simultaneous multiphoton-induced autofluorescence and
SHG imaging on paraffin-embedded sections was achieved
in this study. We identified that rehydrating such sections
can significantly improve the autofluorescence and SHG
signal detection capabilities. H&E staining significantly in-
fluences the multiphoton emission signals, even after a de-
staining protocol is applied. However, prior H&E staining
does not impact the SHG emission signaling after destaining
even though eosin molecules are still present that affect the
multiphoton emission signal. Our findings are important if
researchers are to combine H&E staining with multiphoton
imaging or reinvestigate fixed stained sections with non-
linear microscopy. This will enable the acquisition of ad-
ditional data regarding the ECM on tissue sections that are
being used for histological processing where limited tissue
is available or only a small number of tissue sections have
an area that is of interest to the researcher/pathologist and
retrospective nonlinear imaging is desirable.
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