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1 | INTRODUCTION

Confocal Raman imaging is a powerful microscopic tech-
nique that links the high spatial resolution of confocal
laser scanning microscopy to the chemical sensitivity of
Raman spectroscopy (Figure 1la). This combination
enables spatially confined vibrational spectroscopy and
can be employed to create images solely based on local
spectral differences. With significant improvements in
imaging speed and automated data processing in the last
years, confocal Raman imaging and its related develop-
ments nowadays find applications in various fields,

Simon Thiele'?

Confocal Raman microscopy enables 3D imaging of various samples solely
based on chemical contrast. However, optical artifacts impair resolution and
image quality in subsurface imaging. With serial section Raman tomography,
we show that serial ultrathin and semithin sectioning by ultramicrotomy can
successfully be combined with subsequent confocal Raman imaging. This new
3D Raman imaging technique reaches a depth resolution of up to 100 nm,
which is about 10-fold better than in confocal Raman microscopy. Structurally
complex and optically inhomogeneous samples can not only be imaged, but
also be used to quantify structural parameters. Serial section Raman tomogra-
phy is a promising method for materials science and possibly also for life

polymer, Raman imaging, serial sectioning, tomography, 3D reconstruction

including, for medicine, and
pharmaceuticals.

Especially in materials science, Raman imaging har-
bors great potential due to its ability of nondestructive
imaging without the necessity to contrast samples prior
to the analysis. For instance, imaging of polymers is often
conducted with electron microscopy, although its appli-
cation is challenging because of the high sensitivity of
polymers toward radiation-induced damage and due to
the low electron contrast of light elements such as car-
bon, oxygen, and hydrogen.*! Many polymers are strong
Raman scatterers, and already small deviations in the

example,
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Comparison of confocal and serial section Raman tomography. (a) In confocal Raman microscopy, a microscope focuses a

laser onto a sample, and Raman signals are collected by a spectrometer. The confocal aperture in the microscope's beam path blocks light
from above and below the focus point to enable optical sectioning. (b) In case the refractive index (n) of a sample does not match the
refractive index the objective is designed for (n;, here with n, > n;), spherical aberration occurs below the sample surface. Among the effects
caused by refraction are a loss in intensity with increasing focus depth, a shift between apparent and actual focus depth (Az, blue bar
compared with red bar), and a decrease in the axial spatial resolution (r; versus ry). Refraction and reflection at phase boundaries in 3D
structured samples additionally contribute to optical artifacts (R), and scattering and absorption generally reduce signal intensity with
increasing focus depth. (c) In serial section Raman tomography, semithin or ultrathin sections are imaged after producing sequential
sections by ultramicrotomy. (d) Tomograms are obtained by stacking images of sections, which avoids artifacts induced by refraction and
increases depth resolution. In serial section Raman tomography, axial resolution is defined by section thickness (t), which allows to
circumvent the classical resolution limit of confocal microscopy [Colour figure can be viewed at wileyonlinelibrary.com]

chemical structure of a sample can be determined by
changes in the Raman spectrum.'! Consequently, Raman
imaging is a well-suited characterization tool for poly-
mers, despite the inferior spatial resolution of confocal
light microscopy compared with electron microscopy.!”!
Besides obtaining single spectra or 2D images from sam-
ple surfaces, confocal microscopy also provides the option
to perform optical sectioning as depicted in Figure 1la:
imaging at different planes beneath the surface of a
specimen.[®!

Confocal microscopy requires highly transparent
samples with minimal absorption and scattering of the
laser light for obtaining signals from deep within a sam-
ple The technique is commonly used in life sciences for

the analysis of cells and biological tissues that are stained
with fluorescent dyes, where it typically reaches penetra-
tion depths of about 100 pm.[°! Compared with fluores-
cence, the Raman scattering cross section is much
smaller and therefore already in ideal cases requires
high-intensity laser sources to obtain sufficient signal
intensities.!”®! At the same time, laser power needs to be
strictly limited in order to avoid local thermal degrada-
tion of the sample during imaging.

Inherent difficulties are linked to confocal imaging
below the sample surface. Microscope objectives are opti-
mized for focusing light in a medium of a specific refrac-
tive index, and spherical aberration occurs as soon as a
phase boundary to a material with a different refractive
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index occurs along the beam path.!®! Figure 1b highlights
the most serious artifacts from refraction in a simplified
manner: spherical aberration leads to a lower signal
intensity with increasing focus depth, caused by an axial
broadening of the focus spot. As a result of this broaden-
ing, the axial resolution of the microscope is reduced (r;
and 1, in Figure 1b), and a shift between apparent and
actual axial focus position of the microscope is induced
(Az in Figure 1b). Data quality additionally deteriorates
in 3D structured samples because of refraction and reflec-
tion at internal phase boundaries (R in Figure 1b)''°! and
in general light absorption and scattering reduce the
achievable imaging depth.

Confocal microscopes for application in life sciences
are equipped with immersion objectives that are designed
to match the refractive index of the investigated biologi-
cal tissues, which alleviates the abovementioned issues.
In materials science, a broad variety of samples is of
interest for chemical imaging, often without established
protocols for preparing them for microscopy. Thus, con-
focal Raman microscopes for broad application ranges
are operated with metallurgical objectives. This type of
objective works without immersion liquid and without
cover slip on the sample surface, which allows imaging
on most samples straightforward and with minimal prep-
aration. On the other hand, gross artifacts occur due to
refraction when imaging below the sample surface is
conducted.!'!!

It has been shown that the use of immersion objec-
tives also in materials science is a simple way to mitigate
refraction-induced artifacts,m but any deviation in the
refractive indices of immersion liquid and different sam-
ple components deteriorate the resolution of confocal
microscopy and would require sophisticated adaptive
optics for compensation.[u] There are several restraints
for the use of immersion objectives in Raman imaging.
Limiting factors are, for example, Raman-active immer-
sion liquids that interfere with signals obtained from the
sample or undesirable interactions between liquid and
sample. Even if cover glasses between liquid and sample
are used to prevent direct contact between both, it is
mandatory for the application of immersion objectives to
avoid air gaps between sample and cover slip, which is
not possible with every sample material.

With serial section Raman tomography, we combine
for the first time serial sectioning of a sample with subse-
quent Raman imaging to overcome the limitations of
confocal tomography (Figure 1c). Using the ATUMtome
(automated tape collecting ultramicrotome), sequential
ultrathin (<200 nm) or semithin (200 nm to 2 pum) sec-
tions are cut from a sample with a diamond knife and
collected on tape.[13] In a second step, these sections are
imaged by confocal Raman microscopy, and a 3D
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reconstruction of the original sample is generated by stac-
king the single images (Figure 1d). This approach is
inherently destructive, but on the other hand, we aim to
prevent artifacts from refraction by avoiding imaging
below the sample surface. Therefore, 3D imaging of opti-
cally challenging samples like complex polymer blends
becomes feasible. Additionally, the depth resolution can
be increased compared with confocal microscopy by
reducing section thickness (Figure 1d).

Sectioning of samples and subsequent imaging of sec-
tions or remaining sample surfaces is a common micro-
scopic technique that can be combined with various
imaging  modalities such  as  bright-field,[**!
multiphoton,** or electron microscopy.l'® Automated
sectioning is particularly important for reliable and large-
scale tomography,'”! and the ATUMtome allows to col-
lect large numbers of sections simply and reliably on vari-
ous substrates. It was originally developed for life science
applications and has already shown its potential by col-
lecting more than 1,000 ultrathin sections of brain tissue
for electron microscopy.[w] Serial section Raman tomog-
raphy is similar to array tomography, which was devel-
oped for correlative volume imaging in life sciences, !
but this method so far was never combined with confocal
Raman microscopy.

In this study, we provide an in-depth comparison of
serial section Raman tomography to standard confocal
Raman microscopy used for 3D imaging. In both
methods, image contrast is solely based on intrinsic dif-
ferences in the Raman spectra of the investigated sample.
With a 3D-structured sample made from polylactic acid
(PLA) and polystyrene (PS), we show that our new
approach can not only exceed standard confocal Raman
microscopy in the achievable imaging volume, but also in
terms of axial spatial resolution.

2 | EXPERIMENTAL
2.1 | Sample preparation and serial
sectioning

A polymer blend of PS and PLA was prepared by dis-
solving both polymers (1:1 weight ratio) in dic-
hloromethane. The dispersion was precipitated in
ethanol, and the polymer blend was allowed to dry at
room temperature. Subsequently, the PS/PLA blend was
hot-pressed at 110°C. In order to generate a solid block
for ultramicrotomy, hot-pressing was performed several
times and with stacking of multiple layers of the blend.
Serial sectioning was performed using an ATUMtome
(RMC Boeckeler) equipped with a Diatome Histo
(500 nm section thickness) or a Diatome ultra 45°
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(100 nm section thickness) diamond knife. Sectioning
was performed at room temperature and deionized water
was used as floating liquid in the boat. Prior to section-
ing, the specimen was trimmed to a rectangular block
face using a Diatome trim 90, which ensured constant
section size for serial sectioning. Section collection with
the ATUMtome was performed on an aluminum-coated
polyethylene terephthalate tape of 50 um thickness and
8 mm width (Goodfellow ES301955).

2.2 | Raman imaging

Imaging of sections was conducted with a confocal
Raman microscope (WITec alpha 300). The system was
equipped with a 532-nm laser operated at 8 mW. The
microscope was coupled to a WITec UHTS 300 VIS-NIR
spectrometer connected to a thermoelectrically cooled
charge-coupled device (CCD) camera. The spectrometer
was equipped with a 300-gr/mm optical grating, leading
to a spectral resolution of approximately 8.2 cm™. A dry
objective (Zeiss Epiplan-Neofluar 100x/0.9) was used for
imaging. Pixel sizes for Raman imaging were set to meet
the nominal section thickness (500 x 500 nm? for 500 nm
sections; 100 X 100 nm? for 100 nm sections), and the
integration time was reduced to the device's lower limit
of approximately 34 ms/pixel. For the semithin 500 nm
sections, a cubic volume of 40 x 40 x 40 ,um3 was imaged
(large volume tomogram). An edge of the sections was
used to identify the region of interest on each section.
Image acquisition took approximately 5.5 min per sec-
tion. For the ultrathin 100-nm sections, a volume of
10.0 x 10.0 x 2.5 ym® was analyzed (high-resolution
tomogram). Since exact identification of the region of
interest by bright-field microscopy prior to Raman imag-
ing was difficult due to the small field of view, larger
images spanning 12.0 X 12.0 um? were taken per section.
Imaging time was approximately 10.5 min per section.
Confocal Raman tomography of the sample block was
performed after serial sectioning with the same equip-
ment and imaging settings, yet with a laser power of
30 mW (100 nm voxel side length) and 50 mW (500 nm
voxel side length).

2.3 | Image processing

Background subtraction from spectral data was per-
formed with WITec Project Five+ using the shape-based
algorithm of the software at a shape size of 100 and a
noise factor of 1. Further processing steps were per-
formed with Matlab (Mathworks). We chose a multivari-
ate phase assignment algorithm that utilizes the

complete Raman spectrum of each hyperspectral voxel
for generation of false-color tomograms. Compared with
evaluating the intensity of single or a few selected vibra-
tional modes, a multivariate method is more robust
against single pixel outliers due to cosmic rays and
against minor spectral deviations of a component caused
by, for example, its molecular orientation relative to the
polarization of the excitation laser.!?”! Further, the influ-
ence of random spectral noise on the result is minimized
by this approach. We applied a nonnegative linear least
squares algorithm to hyperspectral Raman mappings, as
previously described.*!! In brief, the specific spectral con-
tribution of predefined reference spectra to every voxel of
a hyperspectral tomogram was determined by this algo-
rithm. Subsequently, data was transformed into stacks of
2D grayscale images in which brightness of a pixel repre-
sents the relative contribution of a reference spectrum to
this pixel. One 8-bit image stack was created per refer-
ence spectrum. High-quality spectra of PS and PLA were
recorded separately and were provided to the algorithm
as reference spectra (Figure 2).

Image stacks from serial section Raman tomography
required image alignment to account for small offsets
between the fields of view of images from single sections.
Intensity-based image registration was applied on one of
the two component stacks, and subsequently the same
transformation was applied to the second stack. Rigid
image registration was performed, which only allows
translation and rotation of single images. In the large vol-
ume tomogram (500-nm section thickness), we found
that image registration led to a spatial distortion of the
image stack as the 3D structure of the PS/PLA blend had
a preferential direction that was not perpendicular to the
cutting plane. We performed a manual transformation of
the image stacks after image registration to realign the
stacks toward the cubic volume that they originated from
(Figure S1).

In serial section Raman tomography, we identified
three main sources of imaging artifacts, which occurred
randomly and sparsely distributed on single sections:
upon section collection, section folds in the area of inter-
est can occur that lead to parts of a section being out of
focus during imaging. Second, contamination with parti-
cles on the tape used for section collection or on the sur-
face of sections can occur, which we found causes local
thermal degradation of the sample during Raman imag-
ing. Third, and independently from sample and tomo-
graphic technique, cosmic rays are a source of artifacts in
Raman spectra from spectrometers based on CCD
cameras, ! which can lead to single pixel outliers during
phase assignment. We applied median filtering in z-
direction with a window size of three voxels to the tomo-
gram from 500-nm sections after phase assignment as a
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FIGURE 2 Raman spectra of polylactic acid (PLA) and
polystyrene (PS). Provided are high-quality reference spectra (upper
lines, black) as well as spectra of single pixels from Raman imaging
of semithin sections (center lines, green) and from imaging of ultra-
thin sections (lower lines, orange). Spectra are area-normalized to
the displayed spectral range (200 to 3,800 cm™). Signal-to-noise
ratio is reduced in spectra from sections due to low integration time
and additionally because of the reduced sampling volume
(especially for ultrathin sections) [Colour figure can be viewed at
wileyonlinelibrary.com]

simple and efficient tool to minimize the influence of
these artifacts (Figure S2). The tomogram from 100-nm
sections was processed by a 3D median filter with a win-
dow size of three voxels along all three axes to compen-
sate for the aforementioned artifacts and to additionally
account for the low signal-to-noise ratio of Raman spec-
tra from ultrathin sections.

RAMA
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Section compression from ultramicrotomy was deter-
mined by comparing the size of the sample block face
after serial sectioning with the sizes of sections on tape
(Figure S3). We found that semithin sectioning led to
29% compression along the cutting direction and
ultrathin sectioning to 30% compression. No change in
section width (orthogonal to the cutting direction) was
observed. Thus, we scaled up the datasets along the
affected axis with bicubic interpolation to restore the
original block face size (x1.40 for the large volume tomo-
gram and x1.43 for the high-resolution tomogram). Final
datasets spanned 112 x 80 x 80 voxels (56 x 40 x 40 ,um3,
large volume tomogram) and 143 X 100 X 25 voxels
(14.3 X 10.0 x 2.5 yum’, high-resolution tomogram).

Data from confocal Raman tomography was directly
transformed into stacks of 8-bit grayscale images after
phase assignment. The tomograms were scaled up axially
with bicubic filtering by a factor of 1.53 in order to at
least partially compensate for axial compression because
of spherical aberration. This factor was chosen according
to the mean difference in refractive indices of PLA
(n = 1.46)'*! and PS (n = 1.60)!**! compared with air
since a metallurgical objective was used for imaging.
Note that this rough compensation was applied under
the assumption of a local 1:1 volume ratio of both poly-
mers and that it does not take into account that the
microscope's focus spot is axially enlarged by spherical
aberration. Therefore, it presumably still underestimates
axial compression.'?*!

Finally, false-color Raman images were obtained by
assigning different colors to the individual image stacks
of PLA and PS (red and blue) and by merging the data
to RGB-images in Image]. The workflow for all data
processing steps is depicted in Figure S4. High-
resolution figures for the manuscript were created by
upscaling single through-plane images from tomograms
10x with nearest neighbor interpolation to increase
image resolution while maintaining original voxel sizes.
3D images and movies of tomograms were created with
CTVox (Bruker microCT). Video S1 (confocal Raman
tomography at 500 nm voxel side length) and Video S2
(serial section Raman tomography at 500 nm voxel side
length) cover an imaging depth of 40 ym. Video S3
(confocal Raman tomography at 100 nm voxel side
length) and Video S4 (serial section Raman tomography
at 100 nm voxel side length) cover an imaging depth of
2.5 ym.

2.4 | Quantification of tomographic data

Volume proportions in tomograms from serial
section Raman tomography were determined by simple
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counting of voxels after grayscale thresholding. Image
processing resulted in 8-bit image stacks for PLA and
PS, each covering the intensity range from 0 to 255.
Intensity values greater than 127 were positively seg-
mented, and the resulting binary data was used for
quantitative evaluation. No correction for double-
positive segmented voxels was performed as they were
negligible in our data (23 of 716,800 voxels in the large
volume tomogram, and 2 of 357,500 voxels in the high-
resolution tomogram).

Domain size distribution was determined by calcu-
lating local thicknesses within segmented volumes
using a custom-built Matlab code. See Figure S5 for an
illustration of the calculation. For histogram represen-
tation, the data was normalized to the total voxel count
per chemical phase and binned to 250-nm intervals
(100-nm sections) or 1-um intervals (500-nm sections).
Anisotropy within the large volume tomogram was
evaluated by determining the mean chord length along
25,000 random directions with a custom-built Matlab
code. Refer to Figure S6 for more details regarding this
analysis. For graphical representation, these values
were plotted as a mesh grid on a sphere with interpo-
lated triangle surfaces, where each point corresponds to
the direction of its linear connection toward the center
of the sphere. Brightness corresponds to the mean
chord length in the direction indicated by the position
on the sphere. Brightness was scaled between black
(4.3 ym) and white (10.3 pm, the highest mean chord
length found in the data), and no values smaller than
the mean value of the chord length distribution
(4.3 ym) are shown on the sphere. Raw and processed
imaging data as well as custom Matlab codes for
Raman data processing and quantification of tomo-
graphic data are available from the corresponding
author on request.

3 | RESULTS AND DISCUSSION

3.1 | Large volume tomograms

A 3D-structured polymer blend made from PLA and PS
was investigated by confocal Raman tomography, which
employs optical sectioning using a confocal microscope,
and by Raman imaging of a series of sequential sections.
Serial section Raman tomography was performed at a
section thickness of 500 nm and at a pixel size of
500 X 500 nm? on 80 sequential sections, and we com-
pared the obtained tomogram with optical sectioning at
equal voxel size (Videos S1 and S2). Note that both
datasets were gathered on the same sample, yet at
different locations since the topmost layers of a sample

are lost when performing (serial) sectioning with
ultramicrotomy.

Data obtained from confocal depth profiling suffered
from a severe loss in quality with increasing focus depth,
which can be seen in the through-plane Raman image in
Figure 3a by blurring between the two phases. A rapid
loss in signal intensity occurred with increasing focus
depth, which resulted in spectra with a poor signal-to-
noise ratio (Figure S7). Between 10 and 15 ym below the
sample surface, spectral data was of insufficient quality
for a reliable phase assignment, whereas imaging of sec-
tions cannot suffer from a loss in signal quality with
increasing imaging volume. Consequently, serial
section Raman tomography allowed us to image a larger
volume at a high and constant quality (Figure 3b),
enabling a complete 3D reconstruction of the original
sample volume (Figure 3c).

The specific Raman activity of different sample com-
ponents is of importance whenever mixed spectra occur,
as the employed phase assignment algorithm is based on
evaluating relative spectral intensities. In our sample, we
found that the summarized spectral intensity of PS is
about 1.7 times stronger than that of PLA by comparing
the raw intensity from single pixels of 500 nm sections
(Figure S8). Pronounced “contamination” of confocal
tomographic data with PS signal has to be expected at
small PLA-features of the sample due to impaired resolu-
tion. Out-of-focus contribution additionally influences
the spectra of voxels in confocal Raman tomography: the
objective does not only illuminate the focus point, and
Raman scattering can occur at any illuminated spot,
although most of the detected photons are scattered
within the focal volume.!! Refraction reduces the laser
intensity at the ideal focus point, despite the total laser
power used to irradiate the sample being constant. Thus,
out-of-focus contribution increasingly influences spectra
at larger focus depths below the sample surface. Small
feature sizes, impaired axial resolution, and out-of-focus
contribution explain why the PLA signal becomes
blurred and weak directly below the surface and why at
larger focus depths only PS signal is observed in confocal
Raman tomography (Figure 3a). We exclude that the
algorithm we employed for phase assignment led to an
intrinsically biased result that favored PS over PLA, since
neither blurring of features nor weak PLA representation
were found in serial section Raman tomography
(Figure 3b).

3.2 | High-resolution tomograms

Next, we performed serial sectioning of the PS/PLA
blend at a section thickness of 100 nm. Theoretically,
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FIGURE 3 Comparison of large volume tomograms (500 nm voxel side length) from confocal and serial section Raman tomography.
(a and b) Through-plane images from volumes imaged by (a) confocal Raman and (b) serial section Raman tomography. Note that the
tomograms were not acquired at identical positions of the sample. Data from confocal Raman tomography is compensated for spherical
aberration by axial upscaling (x1.53). The upper images show spectral contributions of polylactic acid (PLA) (red) and polystyrene

(PS) (blue), whereas the lower images are segmented for PLA by a simple threshold (>0.5). (c) The complete volume imaged by serial
section Raman tomography after correction for section compression (56 x 40 x 40 ym3), with signals of PLA and PS in the upper image and
only the spectral contribution of PLA in the lower image. For a clearer representation, for both phases voxels with an intensity less than 0.2
are not displayed in (c) [Colour figure can be viewed at wileyonlinelibrary.com]

confocal microscopy can reach a depth resolution of
about 1 ym (Figure S9), but the axial resolution is worse
in real applications and typically in the range of several
microns: as soon as refraction at phase boundaries
between air and sample (metallurgical objectives),
between immersion liquid and sample (immersion objec-
tives), and between different phases within a sample
occurs, depth resolution is impaired."!! Axial resolution
is defined by section thickness when imaging of sequen-
tial sections is performed (Figure 1d), and it has already
been shown that the classical resolution limit of confocal
microscopy can be circumvented with this approach.'!
Figure 4 compares confocal Raman tomography at
100 nm voxel side length with serial section Raman
tomography of 100-nm sections imaged at a pixel size of
100 x 100 nm? (see also Videos S3 and S4). Inferior data
quality from optical sectioning can be observed by blur-
ring of features in Figure 4a: influence of structures from

below and above the focus points led to mixed spectra to
which both PLA and PS contributed. This phenomenon
can be explained by the fact that features within the
sample are as small as 1 ym and less (Figure 4b). There-
fore, mixed spectra of both polymers generally have to
be expected because of the diffraction limited resolution
of confocal microscopy. On the other hand, serial
section Raman tomography remained unaffected by this
effect and therefore allowed us to perform tomography
beyond the achievable spatial resolution of confocal
microscopy and despite the inherently weak Raman
effect (Figure 4c).

Collection and imaging of sections was performed on
an aluminum-coated tape. The metal coating prevents
evoking Raman signals from the polymer tape, which
would otherwise lead to spectral contamination by the
substrate if a polymer or glass was used. Thus, pure spec-
tra from sections were recorded at an effective depth
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FIGURE 4 Comparison of high-resolution tomograms

(100 nm voxel side length) from confocal and serial section Raman
tomography. (a and b) Through-plane images from volumes imaged
by (a) confocal Raman tomography and (b) serial section Raman
tomography. Note that tomograms were not acquired on identical
positions of the sample. Data from confocal Raman tomography is
compensated for spherical aberration by axial upscaling (x1.53).
The upper images in each panel show spectral contributions of
polylactic acid (PLA) (red) and polystyrene (PS) (blue), whereas the
lower images are segmented for PLA by a simple threshold (>0.5).
(c) Signal of PLA in the complete volume imaged by serial

section Raman tomography after correction for section compression
(14.3 X 10.0 x 2.5 um3). For a clearer representation, voxels with an
intensity less than 0.2 are not displayed in (c) [Colour figure can be
viewed at wileyonlinelibrary.com|

resolution equal to section thickness. It is particularly
important to obtain pure sample spectra for successful
phase assignment in hyperspectral images from ultrathin
sections: in order to minimize time required for imaging,
the integration time per pixel was set to the device's tech-
nical limit of about 34 ms. While the signal intensity of
semithin 500-nm sections from the large volume tomo-
gram at this low integration time was still at around
1,450 counts per voxel (median of 1,443 counts in the
spectral interval from 200 to 3,800 cm™}, after back-
ground removal), the small sampling volume in imaging
of ultrathin sections became apparent by noisy spectra
with less than 500 counts (median of 458 counts) of the
high-resolution tomogram (Figure 2). As a comparison,
the signal intensity of the reference spectra shown in
Figure 2 was more than 600,000 counts. Nevertheless,
chemical phase assignment was robust as no Raman sig-
nals other than pure spectra from the ultrathin sections
were evoked.

Imaging time is a critical factor in confocal Raman
imaging. In comparison with other imaging techniques,
relatively long integration times per pixel are required
for collecting hyperspectral Raman images. For exam-
ple, taking a single 2D image of the high-resolution
tomogram (120 X 120 pixels) required approximately
10.5 min. There have been attempts to increase speed
of Raman imaging by, for example, combining a light
sheet microscope with Raman spectroscopy,’®®! but in
the end, laser power remains as a limiting factor that
can cause sample drift and thermal degradation during
imaging. In our work, integration time per pixel was
set as low as possible to evaluate the minimum signal
quality required for successful imaging. At least for
imaging of semithin sections of the PS/PLA blend we
see potential to further reduce the integration time per
pixel: even the lower signal to noise ratio from
ultrathin sections was still sufficient for a robust phase
assignment. The speed of confocal Raman tomography
is nevertheless out of reach with serial section Raman
tomography, due to its more time-consuming sample
preparation.

We find that the serial section approach is advanta-
geous in avoiding sample drift. In confocal tomography,
constant input of heat by laser irradiation for several
hours during Raman imaging possibly leads to thermal
expansion and therefore a drift of the sample, which can
severely impair data quality of high-resolution tomo-
grams. The risk of sample drift is minimal in serial
section Raman tomography, as no bulk sample is imaged,
only a few minutes are spent on imaging a single section,
and a relatively low laser intensity is employed. Serial
section Raman tomography may lead to a similar artifact,
a spatial distortion of the image stack caused by image
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registration of the single images. In this case, the original
volume shape can be simply restored by transforming the
image stack toward the original rectangular sample
block.

3.3 | Feasibility of quantification of
volume properties

High-quality tomograms allow to quantify structural
properties and structure-derived parameters from a speci-
men. Data from confocal tomography was scaled up axi-
ally as a rough compensation for artifacts induced by
refraction. However, this correction cannot take the full
complexity of optical artifacts from the inhomogeneous
sample into account.?”! In addition to the inevitably
remaining spatial inaccuracy, phase assignment was not
reliable due to insufficient resolution, out-of-focus contri-
bution, and poor signal-to-noise ratio: the data from con-
focal Raman tomography was not adequate for an
analysis of the sample's 3D structure. While serial
section Raman tomography is unaffected from these opti-
cal issues, physical sectioning leads to
section compression as an artifact. We compensated the
data for section compression by uniaxial upscaling of the
single images.

Tomograms from serial section Raman tomography
showed high discriminability between the two polymers
in the PS/PLA blend. Using a straightforward threshold
segmentation, we found that 13.8% of the volume imaged
from 500-nm sections consisted of PLA, and 84.3% of the
volume was PS. 1.9% of the voxels neither consisted of
greater than or equal to 50% PLA nor greater than or
equal to 50% PS. Small offsets in the fields of view
between single sections led to a small volume fraction of
1.9% with missing information, as image registration was
performed prior to segmentation. The volume propor-
tions of the polymers remained almost constant (less
than 3% deviation) when we accounted for the different
spectral intensities of PS and PLA by using a weighted
threshold segmentation (>37% for PLA and >63% for PS).
We conclude that the simple threshold segmentation is
robust on tomograms from this sample system. Weighted
threshold segmentation or phase assignment with
intensity-weighted reference spectra are possible means
to compensate for differences in the Raman scattering
cross sections between different phases in mul-
ticomponent samples. In the tomogram obtained from
100-nm sections, a larger field of view was imaged ini-
tially, and only a subset of the original field of view was
processed after image registration to minimize missing
information due to an offset between single sections. In
this volume, we found that 35.5% of all voxels consisted

RAMAN ;
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of PLA, while 64.5% contained PS, and less than 0.1%
were ambiguous.

As the different volume proportions of the two tomo-
grams reveal, the PS/PLA blend sample is a microscopi-
cally heterogeneous sample. The sampled volumes are
not representative for the whole sample. Nevertheless,
we performed basic quantitative analyses to exemplarily
show some parameters that can be obtained from tomo-
grams. Figure 5 displays the domain sizes of the two com-
ponents within the tomograms: local thicknesses of both
PLA and PS were computed and are provided as histo-
grams. Domain size in polymer blends is an important
factor that determines, for example, mechanical

(a)
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FIGURE 5 Domain size distribution in (a) large volume and
(b) high-resolution tomograms from serial section Raman
tomography. Local thicknesses of polylactic acid (PLA) and
polystyrene (PS) within the tomograms were computed and are
provided as histogram plots. Data is given relative to the total
number of voxels of each component [Colour figure can be viewed
at wileyonlinelibrary.com]|
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parameters of the bulk sample.[28] Formation of larger or
smaller domains of immiscible polymer blends can be
controlled, for example, by compatibilizers,'**! and a reli-
able 3D characterization can assist in elucidating rela-
tions between variables in processing and properties of
the end product.

(a) _

Z-direction

N

Z-direction

FIGURE 6 Determination of anisotropy in the large volume
tomogram from serial section Raman tomography. (a) Cubic part of
the tomogram (80 x 80 x 80 voxels) with segmentation of polylactic
acid (PLA). (b) Chord length distribution of the structure shown in
(a). Mean chord length along different directions was determined
and results are displayed as brightness on the surface of a sphere.
The linear connection between surface and center of the sphere
represents the direction, and brightness indicates the corresponding
mean chord length. Since only values higher than the mean chord
length of the structure (4.3 ym) are shown, the sphere is not
completely visible: anisotropy of PLA in the volume in (a) occurs as
a preferential direction along the plane that is given by the ring in

(b)

Further, serial section Raman tomography revealed
that the distribution of PLA and PS is anisotropic
(Figure 3c). We computed the chord length distribution
of PLA within the large volume tomogram, which con-
firmed that the PLA domain is mainly oriented along a
preferential plane (Figure 6). This finding can be easily
traced back to sample preparation, as hot-pressing of the
polymer blend was part of the manufacturing process.
Anisotropy is required in functional materials that need
to exhibit different properties in different directions, for
example, to act as a barrier along a specific plane.[zsl In
other applications, anisotropy may be an undesired result
from production that needs to be minimized in order to
obtain a macroscopically homogeneous material. In both
cases, evaluation of anisotropy by tomography is a valu-
able tool for sample characterization.

4 | CONCLUSION

In this study, we showed for the first time that serial sec-
tioning of a sample can be successfully combined with
Raman imaging to obtain reliable tomograms of a speci-
men. Using an ultramicrotome with automated
section collection (ATUMtome), we created and imaged
series of semithin and ultrathin sections of a PS/PLA
blend, followed by 3D reconstruction of its inner struc-
ture. Further, we exemplarily quantified structural
parameters in the investigated volumes.

In comparison with optical sectioning with confocal
microscopy, the serial section approach requires sample
destruction and is more labor intensive due to additional
time spent on physical sectioning, sequential imaging,
and data processing. On the other hand, severe artifacts
from refraction that prevent reliable confocal 3D imaging
are effectively eliminated. Consequently, serial
section Raman tomography is suitable for an accurate
tomography of various samples, irrespectively of changes
in the refractive index within their inner structure. In
addition, samples of low light transmittance can be
imaged after serial sectioning, which would otherwise
result in limited penetration depth in confocal
microscopy.

While superior 3D data quality can be obtained from
serial section Raman tomography, the approach is lim-
ited to samples that allow processing by ultramicrotomy.
The use of (ultra)microtomes is widely established in life
sciences but may fail on samples in materials science due
to, for example, a low glass transition temperature of
polymers or components with weak interfaces that sepa-
rate upon sectioning. Cryo-ultramicrotomy is a
workaround to obtain sections from demanding samples
for electron microscopy,B] but, to our knowledge, is so
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far not available in combination with the collection of
series of sections on tape. Nevertheless, high-quality sec-
tions of many samples can already be obtained at room
temperature by using optimized diamond knives.!3"!
Serial section Raman tomography is a promising imaging
method in materials science. Also, we see potential of the
technique in life sciences, as, for example, 3D chemical
mappings of embedded tissues may be collected: imaging
of sections eliminates out-of-focus fluorescent back-
ground from the specimen, which may improve signal
quality despite low integration times per pixel. However,
imaging speed and data processing of hyperspectral
images need to be reevaluated in the analysis of complex
biological tissues.

Resolution and field of view of serial section Raman
tomography can be adjusted according to the require-
ments of the sample system. Similar to array tomogra-
phy, where section thickness defines the axial
resolution,®! we showed that it is possible to circum-
vent the classical resolution limit of confocal Raman
microscopy by imaging of ultrathin sections: A depth
resolution of 100 nm was achieved with serial
section Raman tomography. In the future, imaging of
ultrathin sections may be complemented with tip-
enhanced Raman spectroscopy as a super-resolution
imaging method,"*"! which may allow 3D Raman imag-
ing with isotropic voxel sizes in the two-digit nanometer
range. In addition, correlative imaging that combines,
for example, electron and Raman microscopy may be
performed on serial sections, similar to array tomogra-
phy in life sciences,'” to gain a more thorough under-
standing of the investigated sample systems.
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