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A de-waxing protocol that successfully removes paraffin from tissue microarray (TMA) cores of fixed tissue
obtained from oral cancer is described. The success of the protocol is demonstrated by the comparison of
Fourier transform infrared (FTIR) results obtained on paraffin-embedded and de-waxed tissue and the
absence of any significant correlations between infrared scanning near-field optical microscopy (SNOM)

images of de-waxed tissue obtained at the three main paraffin IR peaks. The success of the protocol in
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Accepted 16th June 2020 removing paraffin from tissue is also demonstrated by images obtained with scanning electron
microscopy (SEM) and by energy dispersive spectra (EDS) of a de-waxed CaF, disc which shows no
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Introduction

There has been extensive research on the characterisation of
cancerous cells and tissue using a variety of infrared (IR)
imaging and spectroscopy techniques.'” Many of these studies
involve experiments on tissue obtained in biopsies that have
been formalin fixed and embedded in paraffin. Unfortunately,
paraffin contributes to IR signals in regions of C-H stretching
(3000-2800 cm ') and C-H bending (1500-1350 cm™*) vibra-
tions> and these bands may mask some important contribu-
tions to the IR spectrum of the specimen such as those arising
from lipids. One approach is to perform IR experiments on
paraffin-embedded specimens and either remove the spectral
contributions from paraffin digitally>” or remove these contri-
butions from the analysis since the remaining portions of the
spectrum contain significant information for spectral histopa-
thology classification purposes. Alternatively, the paraffin can
be removed from the tissue by a variety of “de-waxing” proce-
dures in order to remove the paraffin bands from the IR spec-
trum. There is a wide variety of de-waxing protocols that can be
used to remove wax from tissue. For pathological assessment of
tissues, the method should be quick, easy and be good enough
that the specific histochemical stain or stains required will be
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from OE19 oesophageal cancer cells which had never been exposed to paraffin.

taken up by the tissue such that the pathologist can make the
necessary evaluation. Small amounts of residual wax would not
be noticed by these visual inspections - so long as the stain
works the dewaxing is deemed successful. The situation is
slightly different for spectroscopic evaluation since small
amounts of residual wax can greatly influence the spectra
observed. It is important therefore that a protocol be estab-
lished where there is no spectral interference from residual wax.
There are, of course, other studies that have investigated this
process for the purposes of FTIR evaluation of tissue. These use
different solvents, for example xylene, hexane, Citroclear to
mention just three® or have compared the effects of submersion
time of the tissue in the de-waxing agent, on the IR spectrum.
The literature presents conflicting results on the efficacy of de-
waxing procedures,” with some studies showing that not all
the paraffin has been removed and still contributes to the IR
spectrum™ and it is not clear which solvent is more effective at
removing paraffin, though hexane has the advantage that it is
less toxic.'>'* Most previous studies have focused on the impact
on the sample of longer immersion times, varying from sixteen
to twenty hours, with mild stirring or shaking to improve the de-
waxing outcome, in either xylene or hexane. However, longer
immersion times heightened the risk of losing some of the
specimen especially in the case of tissue microarrays (TMA).
Some studies have explored the effect of de-waxing at temper-
atures of 40 °C or higher>™* with varying immersion and
shaking times, but safety considerations are paramount when
utilising xylene at these temperatures that lie so far above its
flash point. A common concern is that immersion in solvents
will remove important native hydrocarbons such as lipids from
the specimens and such processes are expected to be enhanced
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at higher temperatures. However a detailed study' indicates
that although immersion in solvents to remove paraffin will
leach the methylene chains of free, unbound lipids from tissue,
solvent-resistant lipids will remain in formalin-fixed tissue by
being locked into protein-lipid complex matrices, predomi-
nantly in membranes. This means that since there are features
in the IR spectrum which arise from both paraffin and lipids it
is difficult to demonstrate from an IR spectrum that a de-waxing
procedure has removed all the paraffin from a specimen.

This work reports the results of investigations of the influ-
ence of temperature on de-waxing and describes a protocol that
efficiently removes paraffin from tissue at a temperature of
25 °C. This is confirmed by Fourier transform infrared spec-
troscopy (FTIR), infrared scanning near-field optical microscopy
(IR-SNOM) and scanning electron microscopy (SEM) of waxed
and de-waxed specimens of oral cancer tissue. The development
of an effective method of removing paraffin from tissue is
particularly important for studies with the surface sensitive
SNOM technique, where wax remaining on the surface of
a specimen will more strongly affect the resulting spectrum
than in FTIR. The SNOM technique is slower than FTIR since
images are collected one wavelength at a time. However SNOM
is not diffraction limited and has the potential to provide
chemical images of structures such as chromosomes and
microvesicles that play important roles in the development of
disease.*® A protocol that works for the SNOM therefore needs to
be established.

Experimental

The paraffin used in this study was Histoplast paraffin (Thermo
Scientific, Paisley, UK) which has a melting point of 56 °C and
the paraffin is supplied mixed with plastic polymers. A
formalin-fixed paraffin-embedded (FFPE) TMA containing
three, one-millimetre diameter tissue cores of oral cancer tissue
was constructed for pilot experiments. Tissue was obtained
from the local pathology stores after written, informed consent
was obtained from patients under ethical approval numbers EC
47.01 and 10/H1002/53. Five um thick sections were cut from
the TMA and floated onto calcium fluoride (CaF,) discs of
20 mm diameter and thickness of 2 mm (Crystran Ltd, Poole,
UK). These samples were then baked in an oven at 37 °C for 4
hours to evaporate any excess water. Sections of blank paraffin
were prepared in similar way to the tissue.

Prior to the experiments all tools were cleaned by washing in
deionised water and then autoclaved. An extensive series of
pilot experiments were performed to determine the optimum
procedure for removing paraffin from biological tissue by
controlling the immersion time in the solvent and the temper-
ature of the solvent. The solvents used were histological grade
xylene (98.5%) from Sigma-Aldrich and absolute ethanol.
Xylene is highly toxic and flammable and should be used in
a fume hood.

Each CaF, disc was immersed in a beaker of xylene and
sequentially transferred to a second and third beaker with each
immersion accompanied by a gentle swirling of the xylene. The
specimen was then immersed in a sequence of three beakers of
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absolute ethanol for 5 minutes each accompanied by a gentle
swirling. The temperature (10 °C, 15 °C, 20 °C and 25 °C) and
timing (5, 10, 15 and 20 minutes) of the xylene washes were
altered between experiments. Identical pilot experiments were
performed on thirty-two CaF, discs supporting either TMA
sections or paraffin only and repeated three times.

The outcome of these de-waxing experiments was monitored
by viewing the infrared (IR) spectra using a Bruker attenuated
total reflection (ATR)-FTIR alpha spectrometer equipped with
robust pressure clamps to ensure contact between the samples
and a diamond ATR crystal. All results were recorded in trans-
mission mode over the range 400 to 4000 cm™ ' with a spectral
resolution of 2 em ™" using Bruker OPUS spectroscopy software
and were the average of 100 individual scans of both the spec-
imen and the background to improve signal-to-noise. ATR
spectra were collected from three different regions from every
disc of paraffin and from two regions from within the tissue
cores and one from the areas between the cores (i.e. containing
only paraffin) for the TMA specimens. The ATR spectra were
treated by applying the rubber band baseline correction, wavelet
de-noised then finally vector normalised.

After establishing the optimum conditions for removing
paraffin from tissue, additional IR imaging experiments were
performed on a further 6-core oral cancer TMA sectioned onto
two CaF, discs and that were either untreated or treated using
the optimum de-waxing procedure. These experiments were
carried out on an Agilent Cary 670-FTIR spectrometer in
conjunction with an Agilent Cary 620-FTIR imaging microscope
produced by Varian with a 128 x 128 pixel mercury-cadmium-
telluride (MCT) focal plane array with a pixel size of 5.5 pum. The
spectra were corrected for atmospheric and substrate absorp-
tion and the efficiencies of individual pixels in the array. FTIR
images were acquired with a spectral range from 990 cm " to
3800 cm ™" with a spectral resolution of 4 cm ™', co-adding 64
scans for the images and 128 scans to determine the back-
ground. FTIR spectra were corrected with resonant Mie scat-
tering’®*® and then principal component analysis (PCA) noise
reduction was used to improve the signal-to-noise with the first
15 PCs being retained.

Areas of the waxed and de-waxed TMA cores studied by
FTIR were also imaged using the aperture IR-SNOM described
previously.*® In these experiments the SNOM was equipped
with a MIRCat quantum cascade laser (QCL) instrument
(Daylight Solutions, San Diego, USA) operating with modules
covering the wavelength range of 1965 cm ™' to 1145 cm ™ in
pulse mode with a repetition rate of 100 kHz and a pulse
duration of 40-500 ns. IR-SNOM images were obtained on the
same waxed and de-waxed specimens used in the FTIR
experiments at wavenumbers characteristic of paraffin;
1378 em ™%, 1462 cm ™! and 1473 cm ™! and at wavenumbers
used in a recent SNOM study of a single cancerous cell,
1242 em™, 1369 cm™!, 1539 cm™ ', 1650 cm™ ', and
1751 cm™ ' The IR-transmitting fiber used was a cleaved 6 pm
core diameter chalcogenide fiber (CorActive, Quebec, Can-
ada). The signal-to-noise in the SNOM experiments was
assessed by comparing the images obtained with the tip

This journal is © The Royal Society of Chemistry 2020
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moving in the forward and backwards directions. In these
experiments the signal-to-noise was of the order of 100.

Waxed and de-waxed specimens were also studied with
a JEOL JSM-6610 scanning electron microscope (SEM) coupled
with Tungsten filament and Oxford INCA X-act energy disper-
sive X-ray detector. The tissue samples were coated with gold or
chromium before imaging to reduce charging as they are
insulating materials. SEM images were obtained from TMA
cores supported on a CaF, disc before and after the optimum
de-waxing procedure using a 10-15 KV accelerating voltage and
variable pressure ranging from 10 to 270 Pa.

Results and discussion

Preliminary experiments showed that increasing the number
and duration of washes at room temperature did not totally
remove paraffin from the tissue even after 24 or 48 hours in
xylene and demonstrated remaining residue which was visible
to the naked eye. However, variations in ambient temperature
during the xylene washes were found to have a major influence
on the removal of paraffin and this led to a series of controlled
experiments in which the temperature of the xylene and the
total immersion time were varied.

Fig. 1 shows the ATR-FTIR spectra of a blank CaF, disc
coated in paraffin and four separate discs after 60 minutes (3 x
20 minutes) in xylene at 10 °C, 15 °C, 20 °C and 25 °C. The
effects of varying the immersion times of 15, 30 and 45 minutes
were also studied but were found to leave residue on the discs at
all temperatures. In the experiments at 10 °C and 15 °C the
paraffin tended to clump together and after processing at these
temperatures there were peaks in the spectrum associated with
paraffin (Fig. 1). The 20 °C wash left a small residual signal
which indicates that most of the paraffin was removed but there
was a visible stain left on the disc which may be due to the
plastic polymers that are mixed in with paraffin. The 25 °C wash
showed there was no visible residue and a very flat spectrum in
the ATR (Fig. 1) that could not be distinguished from noise.
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Fig. 1 ATR spectra of (a) paraffin (blue line) and de-waxed discs after
60 minutes in xylene at (b) 10 °C (red line), (c) 15 °C (pink line), (d) 20 °C
(green line) and (e) 25 °C (yellow line). The inset shows the most
intense paraffin region of the spectrum in more detail. It is likely that
the upper curve in the inset includes contributions from xylene since
the peak extends to higher wavenumbers than the paraffin peaks.
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Further ATR studies established that the optimum conditions
for de-waxing are three 20 minute washes with fresh xylene at
25 °C followed by three 5 minute washes in absolute ethanol.
Experiments were then carried out on two sequential
sections of the 6-core TMA: one specimen was imaged before
any processing and one after the optimum de-waxing procedure
described above. The average absorption spectra obtained from
within the tissue core and from the area of the CaF, disc outside
the tissue using the FTIR imaging microscope with a focal plane
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Fig.2 (a) Average FTIR absorbance spectra of a waxed tissue core (red
line) and area of the CaF, disc outside the tissue (blue line), (b) average
FTIR absorbance spectra of a de-waxed tissue core (green line) and
area of the CaF, disc outside the tissue (brown line) and (c) is an
expansion of the region between 1500 cm™! and 1200 cm™ for the
FTIR spectra of paraffin, the waxed and de-waxed core. The two strong
paraffin peaks are at 1473 cm ™! and 1462 cm ™! with a weaker peak at
1378 cm™L. The inseted images in both graphs show the FTIR absor-
bance intensity at 1462 cm™. The spectra in (b) have been corrected
for Mie-scattering (note the more sensitive vertical scale in (b)).
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Fig. 3 (a) and (b) show the IR-SNOM images of a waxed and de-waxed TMA core, respectively, at 1462 cm~* and (c) shows the IR-SNOM image
of the same de-waxed core at 1473 cm™. Tissue is located to the left of each image and CaF; slide to the right and the images are all 300 um x
300 pm. Note that the intensity scale on the right that is used for all SNOM images in this paper has red denoting higher transmission and blue
lower transmission — this is opposite to that used for the FTIR images. The rms noise level in the SNOM images is 1%.

T (e) 1369cm™

(9)

I~ (a) 1650 cm'™

- (b) 1539 cm’’

W

(f) 1242 cm!

50 100 150 200 250 300
Distance (um)

Increasing Transmission

Fig.4 300 um x 300 pm IR-SNOM images of a de-waxed TMA core at (a) 1650 cm™, (b) 1539 cm™, (c) 1378 cm ™2, (d) 1751 cm ™2, (e) 1369 cm™*
and (f) 1242 cm ™. Average line profiles over all images (a) to (f) are shown in (g). The corresponding H&E image is shown in (h). The area outlined
in (f) and (h) shows a co-located region containing fewer nuclei. The rms noise level in the SNOM images is 1%.
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array (FPA) are shown for both experiments in Fig. 2(a) and (b).
Wavelengths attributable to the paraffin signal are very strongly
absorbed in the waxed TMA core and the CaF, disc while the de-
waxing procedure leads to very low absorbance in both core and
the CaF, disc [Fig. 2(a) and (b)]. This does not however prove
that there are not areas of residual paraffin in the TMA core.
Fig. 2(c) shows a comparison of the FTIR spectra of paraffin, the
TMA core embedded in wax and the de-waxed core. The paraffin
peaks at 1378 cm ™ *, 1462 cm ' and 1473 cm " can be clearly
seen in the waxed tissue; weak features in the FTIR of the de-
waxed tissue are visible in the same region.

The SNOM technique collects spectra through a sharp tip
close to the surface of a specimen and is expected to be
particularly sensitive to the presence of any surface paraffin. In
order to confirm that this de-waxing protocol is suitable for
SNOM studies the waxed and de-waxed TMAs used in the FTIR
imaging studies were imaged in the SNOM at a range of wave-
numbers including those of the principal paraffin peaks,
1378 em ™Y, 1462 cm ! and 1473 cm ! and those used in
a recent SNOM study of a single cancerous cell, 1242 cm ™,
1369 cm ™', 1539 em ™, 1650 cm ™}, and 1751 cm ™. All these
images were taken in a common area of the core showing the
edge of the core with the bare CaF, disc on the right-hand side
of the image.

The boundary between the core and the CaF, slide cannot be
discerned in the waxed specimen [Fig. 3(a)] obtained at one of
the strong paraffin peaks, 1462 cm™ ', although there are
regions of the specimen in which more light is transmitted (red
colour) through the tissue core (left of image), than through the
CaF, slide (right of image). The boundary between the two
regions can be discerned in images of the de-waxed TMA core
obtained at 1462 cm ™" [Fig. 3(b)] and at the second of the strong
paraffin peaks, 1473 cm ™' [Fig. 3(c)]. The boundary is also more
clearly seen in the images of the de-waxed core obtained at
a number of other wavelengths (Fig. 4).

The images obtained of the waxed specimens at all wave-
lengths (not shown) show similar regions of increased trans-
mission in the left-hand side of the image to those in Fig. 3(a).
This indicates that the thick paraffin layer over the CaF, slide is
more effective at blocking transmission at all wavelengths than
the combination of the core and the interspersed paraffin.
Inspection of the images obtained at the three paraffin peaks
1462 cm™ ', 1473 cm ' [Fig. 3(b) and (c)] and 1378 cm '
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[Fig. 4(c)] shows that there is no clear correspondence in the
location of the small regions of high transmission in the three
images. In order to explore this observation in more detail
a correlation analysis, described in an earlier paper,® was per-
formed on the images obtained of the de-waxed core at all the
wavelengths studied (Table 1). If paraffin is still present in the
tissue, one would expect a very high degree of correlation
between the images obtained at the peaks in the paraffin
spectrum. These correlations are very weak, 0.07 between the
two strong peaks at 1462 cm ™' and 1473 cm ™" and 0.04 and 0.05
respectively with each of these peaks and the weak paraffin peak
at 1378 cm™ ! (Table 1). The correlation study together with the
overlaps in the FTIR spectra shown in Fig. 2(c) confirm that the
SNOM images obtained at 1462 cm™', 1473 cm ' and
1378 em™" do not arise from paraffin but from other contribu-
tors to the FTIR spectrum in these regions of the tissue. We
conclude that there is no significant concentration of paraffin in
the de-waxed core.

The 1462 cm™ ' peak is assigned to a bending (scissoring)
vibration of methylene (CH,) groups in general and many bio-
logical molecules will also have methylene bending vibrations
of similar strength. Consequently, the spectral contribution at
1462 cm ! is not expected to completely disappear after de-
waxing as indicated in earlier work* on human prostate cells
that have been formalin-fixed and not treated with paraffin.
There are significant correlations between the images obtained
at other wavenumbers and in particular with the image ob-
tained at 1378 cm ™', which is weakly present in the paraffin
spectrum. This latter one shows a correlation of 0.45 with the
image obtained at 1751 ¢m™', a wavenumber attributed to
lipids, and of 0.43 with the image obtained at 1539 cm ™', the
wavenumber of the Amide II band and which has been loosely
attributed to B-sheets.” The remaining significant correlation of
0.43 is between the images obtained at 1369 cm™ ' and
1242 cm™'. Images at these two wavenumbers were also found
to be correlated in the earlier study® of a single cancer cell which
is consistent with the attribution of the 1369 c¢cm™" and
1242 cm~ ' wavenumbers respectively to the C-N stretch vibra-
tion of cytosine and guanine components of DNA** and to the
(PO, ") vibration of DNA.’

There are no sharp edges in any of the features in the SNOM
images so it is not possible to determine an accurate value for
the spatial resolution of the experiments but inspection of the

Table 1 Cross-correlation coefficients for the SNOM images taken on the de-waxed core, calculated over the pixels. The error on each
coefficient is £0.02, determined from correlations between images that are nominally identical

Wavenumber

(Cmfl) 1462 1650 1473 1378 1369 1242 1539 1751
1462 1.00 —0.01 0.07 0.04 0.01 0.04 —0.03 —0.01
1650 —0.01 1.00 —0.11 0.19 0.09 0.22 0.30 0.27
1473 0.07 —0.10 1.00 0.05 —0.04 0.13 0.11 —0.14
1378 0.04 0.19 0.05 1.00 0.06 0.18 0.43 0.45
1369 0.01 0.09 —0.04 0.06 1.00 0.34 0.05 0.01
1242 0.04 0.22 0.13 0.18 0.34 1.00 0.16 —0.03
1539 —0.03 0.30 0.11 0.43 0.05 0.16 1.00 0.17
1751 —0.01 0.27 —0.18 0.45 0.01 —0.03 0.17 1.00

This journal is © The Royal Society of Chemistry 2020
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images indicates that this is of the order of two to three pixels
~5 um + 1 um independent of wavelength. Individual features
in the images obtained at all wavelengths shown in Fig. 4 show
a similar distribution of sizes in the range 2 pm to 15 um. The
strong correlation between images obtained at particular
wavelengths are also shown in the average intensity profiles
across the core [Fig. 4(g)]. It is clear from these profiles that the
chemical composition of the core changes significantly near the
edge of the tissue. In particularly the intensities observed at all
wavelengths rise significantly on approaching the edge. This
probably reflects the fact that the profiles are averages over the
whole of the images and there is some variation in the position
of the edge of the core at different points in the image. In
addition, the sharp edge of the tissue will be blurred by the
finite spatial resolution of the SNOM. The line profiles also
show significant correlations between the images obtained at
(a) 1378 ecm ' [Fig. 4(c)] and 1751 em " (lipids) [Fig. 4(d)]
wavelengths suggesting that the contribution at 1378 cm™" also
arises from lipids, (b) the Amide I [1650 cm™" Fig. 4(a)] and
Amide II [1539 em ™" Fig. 4(b)] wavelengths, which are repre-
sentative of protein, and (c) the 1369 cm™ ' [Fig. 4(e)] and
1242 cm™ ' [Fig. 4(f)] wavelengths attributed to different
constituents of DNA. The Haematoxylin and Eosin (H&E) image
obtained from this region of the TMA core and co-located with
the SNOM images to an accuracy of a few pixels is also shown
(Fig. 4(h)). This shows that the majority of the cells in this
region are lymphocytes with nuclei in the size range 4-8 um,
which is consistent with the size of features observed in the
images obtained at the wavelengths associated with DNA. In
particular, it should be noted that areas of high transmission at
DNA-associated wavenumber 1242 cm™" co-locate with likely
keratinised areas demonstrating a lower density of DNA-
containing nuclei (Fig. 4). The relationship between the H&E
and 1242 cm ™' images is imperfect, and this can be attributed
to the fact that the H&E and SNOM images were obtained from
distinct, but adjacent 5 pm sections. Thus, due to the size of the
individual cells, the distribution of the lymphocyte nuclei in the
majority of the H&E image will be different to that in the
1242 cm~ ' image, whereas the larger, cancer cell-containing
structure in the top right of the images is retained in both
sections.

A paraftfin embedded TMA core was also studied with the
SEM technique before and after de-waxing the specimen. Since
the specimens are insulating, they were coated with a thin film
of gold or chromium in the SEM experiments to reduce
charging. Fig. 5(a) and (b) show respectively low magnification
images (95 %) of the waxed and de-waxed TMA core. The effect of
removing the paraffin is marked, with only the edges of the TMA
and folds in the tissue core distinguishable in Fig. 5(a) while
Fig. 5(b) shows additional detail in the tissue of the dewaxed
core. At higher magnification the image of the waxed specimen
shows a swirly texture in the paraffin [Fig. 5(c)] which is missing
in the image of the de-waxed sample [Fig. 5(d)] which shows
a structure consistent with that expected of tissue. The effi-
ciency of the de-waxing procedure was also investigated by
collecting energy dispersive spectra (EDS) from areas of the
CaF, disc outside of a TMA core during the SEM experiments.
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Fig. 5 SEM images of (a) waxed TMA core, (b) de-waxed TMA core at
low magnification and (c) waxed TMA core, (d) de-waxed TMA core at
high magnification.
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Fig. 6 Comparison of average spectra of (a) de-waxed tissue core
(blue line) and (b) OE19 oesophageal cell line (red line) adapted from
ref. 23.

This EDS signal was dominated by contributions from calcium
and fluorine with only a negligible contribution from carbon
demonstrating that the de-waxing procedure has removed the
paraffin wax and also the thin Au coating deposited on the
specimens for the SEM experiments.

A final demonstration that the FTIR spectra observed from
the de-waxed core does arise from components of the tissue
rather than from embedding paraffin is provided by the
complete overlap of the FTIR spectrum of the de-waxed tissue
core with that of formalin-fixed OE19 oesophageal cancer cells*
(Fig. 6) that have never been exposed to paraffin. Both spectral
profiles show features in the 1440 cm ™" to 1480 cm ™" region of
the spectra which are hidden by strong paraffin peaks in the
waxed tissue [Fig. 2(c)].

Conclusions

We have demonstrated that the de-waxing protocol described
above successfully removes paraffin from the TMA cores of fixed

This journal is © The Royal Society of Chemistry 2020
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tissue studied in this work and is suitable for SNOM analysis.
This conclusion is consistent with the data reported using the
FTIR and confirmed by the absence of any significant correla-
tions between the three paraffin peaks in the SNOM analysis,
the results of the EDS spectrum of a de-waxed CaF, disc which
shows no significant contribution from carbon, and the overlap
between the FTIR spectra of the de-waxed TMA core and that of
the OE19 cells which had not been exposed to paraffin. The
SNOM images obtained at a range of wavelengths shows the
potential of the technique to yield detailed information on the
chemical structure of tissue.
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