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In this work, ultra-small europium-doped HfO» nanoparticles were infiltrated into native
wood and used as trackers for studying penetrability and diffusion pathways in the
hierarchical wood structure. The high electron density, laser induced luminescence, and
crystallinity of these particles allowed for a complementary detection of the particles in the
cellular tissue. Confocal Raman microscopy and high-resolution synchrotron scanning
wide-angle X-ray scattering (WAXS) measurements were used to detect the infiltrated
particles in the native wood cell walls. This approach allows for simultaneously obtaining
chemical information of the probed biological tissue and the spatial distribution of the
integrated particles. The in-depth information about particle distribution in the complex
wood structure can be used for revealing transport pathways in plant tissues, but also
for gaining better understanding of modification treatments of plant scaffolds aiming at
novel functionalized materials.

Keywords: wood tissue,
nanophosphors

transport pathways, Raman microscopic imaging, X-ray diffraction, hafnia,

INTRODUCTION

Short distance transport is crucial in the metabolism of living plants as well as for the
functionalization of biological tissues for the development of bio-inspired and bio-based materials.
In terms of specific and non-specific targeting of enzymatic structures in cells, novel designed
bio-labels applied in electron microscopy and tomographic techniques can be used to improve
the understanding of metabolic pathways and organizational structures of cell organelles (Geimer,
2009; Mayhew, 2011; Wang S. G. et al., 2012; Wang Z. Y. et al., 2012; Deng et al., 2014). However,
most established marker systems applied in soft biological tissues, e.g., fluorescent proteins or
nanoparticles for immuno-gold-labeling, do target specific molecules in structural assemblies or
are not sufficiently small enough to diffuse into the nano-pores of many rigid biological materials
(Daniel, 1994; Hill and Papadopoulos, 2001; Miyawaki et al., 2003; Daniel et al., 2004; Retterer
and Simpson, 2012). Hence, their application in the analysis of nano-porous biological materials
is limited to the post-preparative staining of thin sections (Ruel et al., 2006), whereas for in situ
staining of nano-sized features inside the native structure and accessing the respective pathways, a
diffusion-driven infiltration of the hydrated structure with detectable and small markers is needed.

Light microscopy and further characterization techniques, including electron microscopy,
super-resolution microscopy techniques, and various scattering methods, allow for resolving the
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structural assembly of natural materials from the macroscopic
level down toward the cellular and subcellular scale (Hell, 2007;
Fruh et al,, 2015). However, the complex organic nature and
the hydrated native state of biological materials still present
challenges for operating electron microscopy and tomography
at high-resolution because of sample degradation under a high
energy electron beam. The deterioration of organic matrices can
be limited by standard preparation techniques, like dehydration,
fixation and electron rich staining, though substantial alterations
of the natural tissue organization cannot be excluded (Walther
and Muller, 1999; Jansen et al., 2008; Beecher et al., 2009).

Recently, a wide range of inorganic ultra-small particle
systems with narrow size distribution and tailorable
functionalities have become available due to remarkable
progress in the synthesis of functional nanomaterials (Cushing
et al., 2004; Niederberger and Pinna, 2009). Their designable
optical properties, crystallinity, and high electron density make
them optimal candidates for universal tracker systems for the
analysis of porous biological materials (Howes et al., 2014).

In this work, short distance pathways and particle
distributions were studied in wood as a biological model
system, characterized by a complex hierarchical structure based
on the arrangement of its macromolecular organic constituents,
cellulose, hemicelluloses, and lignin (Rowell, 1984). Layers
of parallel aligned cellulose fibrils embedded in a matrix of
lignin and hemicelluloses form the secondary cell wall, a main
contributor to the structural support of the tubular wood
cells Figure 1A) (Salmen and Burgert, 2009). A highly lignin
enriched lamella surrounds the cells on the outside (middle
lamella and cell corner) and connects them to an anisotropic
cell assembly (Figure 1B). The specific porosity of these cell
wall layers and its contribution to transport pathways in the
living tree and for post-processing (wood modification) are
still not fully understood (Figure 1B) (Hill et al, 2004). Gas
phase porosity measurements and solute exclusion are suitable

techniques for the determination of the accessible inner surface
and pore size distribution, but do not provide any information
on material penetration and the spatial distribution of the
pores. Recently, Raman hyperspectral mapping was proposed
for label-free analysis of the cellular composition and a spatial
reconstruction based on chemical information (von Erlach et al.,
2015; Hedegaard et al., 2016).

Here, we used europium-doped hafnium dioxide particles
with ultra-small size and narrow size distribution (3.0 + 0.4 nm
average linear dimension), for the investigation of the percolation
pathways and nano-porosity in the native wood structure (Lauria
et al,, 2013). This was previously determined by solute exclusion
measurements to be less than 5 nm (Hill et al., 2005), which can
be seen as a rough threshold for the size of a nanoparticle to
be able to enter the wood cell wall. In this context, the work of
Lauria et al. (2013) revealed that the solvolytic synthesis of HfO,
provides singly dispersed nanocrystals with slightly elongated
shape, the longer axis of which is smaller than 4 nm. While
their bright red luminescence under UV excitation was activated
by incorporating rare earth ions as dopants, a distinct resonant
fluorescence of moderate intensity, obtained by illuminating with
green laser light, make the particles detectable in confocal Raman
microscopy (D’Aléo et al., 2007). In contrast to metallic particles
used in surface enhanced Raman spectroscopy (SERS), the laser
induced photoluminescence of the applied particles allows for the
simultaneous and constant recording of biochemical information
and distribution patterns of the nanoparticles. Moreover, because
of the high stability of these particles in aqueous media, these
dispersions enable the study of biological materials under native
conditions. Indeed, the hierarchical structure of wood with a
broad size distribution of voids, ranging from the nano- up
to the micron-scale, is an ideal material system to study the
feasibility of tracker systems in natural porous materials, based on
diffusion driven infiltration with nanoparticles, which is usually
limited by the native percolated porosity present in the hydrated

3
secondary
cell wall
compound
cell corner

middle lamella

FIGURE 1 | Micro- and ultrastructure of wood. (A) SEM overview of honeycomb-like structure of spruce wood cells (tracheids) in the cross section. Early wood shows
larger lumina, while late wood present higher cell wall/lumen volume ratios. (B) Cell wall model with potential diffusion pathways of aqueous media through the lumina
and nano-porosity present in the cell wall. Cells are connected by a compound middle lamella (middle lamella + primary cell wall). The secondary cell wall consists of
distinct layers, S1, S2, and S3, differentiated through chemical composition and cellulose microfibril angle.
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material. Although transport pathways in plants and the uptake
of nanoparticles into different tissues was studied in various
biological systems on the macro scale, little is known so far about
the interactions at the nanoscale (Marmiroli and White, 2016).
With this system a detailed knowledge on nutrition transport and
water conductance in the organism can be gained.

MATERIALS AND METHODS

Materials

Norway spruce (Picea abies) wood was cut and prepared to
5 x 5 x 5 mm> cubes with smooth surfaces. Hafnium (IV)
tert-butoxide (99.99% + Zr) was purchased from Multivalent
Laboratory, Eriswell, UK. Europium (III) acetate hydrate
(99.99%), 2-[2-(2-methoxyethoxy)ethoxy]acetic acid (MEEAA,
technical grade), and benzyl alcohol anhydrous (BnOH, 99.8%)
were purchased from Sigma-Aldrich. All precursors were used as
received.

Synthesis of Eu:HfO> Nanoparticles

The synthesis of monoclinic HfO; nanoparticles by non-aqueous
sol-gel chemistry was carried out according to a previous
work in a glovebox (O, and H,O < 0.1 ppm) (Lauria et al,
2013). Briefly hafnium (IV) t-butoxide was added to anhydrous
benzyl alcohol (BnOH) into a glass test tube together with
the appropriate volume of europium acetate pre-dissolved in
BnOH. The reaction mixture was transferred into a Teflon liner
of 45mlL, slid into a steel autoclave and carefully sealed. The
autoclave was taken out of the glovebox and heated in a furnace
at 220 °C for 4 days. The resulting suspension was centrifuged
and thoroughly washed with diethyl ether (Aldrich). The washed
particles were re-dispersed in ethanol and functionalized by the
addition of MEEAA (2-[2-(2-methoxyethoxy)ethoxy]acetic acid.
After the solution turned clear under magnetic stirring, hydro-
alcoholic (around 10 %/v/v ethanol) stable suspension with a
concentration of 5 mg/mL was obtained by dilution with water.
The full characterization of this particle system was conducted
previously by Lauria et al. (2013).

Nanoparticle Infiltration

The cubes of Norway spruce wood were placed into a flask
and stored under water for 2 days to reach water saturation
over the whole sample volume and facilitate the particle
infiltration process. Afterwards, the water was exchanged by a
hydro-alcoholic stable solution containing the pre-synthesized
nanoparticles at a concentration of 5 mg/mL. After 6 days of
incubation, the samples were washed with deionized water for
24 h. Finally, the samples were dried under controlled conditions
in a climate room (20 °C/65 % r.h.) until a constant mass was
reached.

Scanning Electron Microscopy

Smooth faces of the wood cubes approximately 2mm below
the surface in both-, cross sectional and longitudinal direction
(LT-plane) were prepared using a rotary microtome. The
measurements were performed on the block samples using a
FEI Quanta 200 probe in the low vacuum mode, driven at an

accelerating voltage of 20 kV equipped with a backscattered
electron and secondary electron detector.

Raman Analysis

Twenty micrometer-thick cross sections from untreated
and particle solution incubated cubes were cut with a
rotary microtome (RM 2255; Leica Germany), in a position
approximately 1 mm below the sample surface. The cross-
sections were sealed on a glass slide in wet conditions (deionized
water) with a cover slip (thickness: 0.17 mm). For further details
on the sample preparation see (Gierlinger et al., 2012).

Raman spectra were recorded in backscattering configuration
through an inVia Raman microscope (Renishaw, UK) equipped
with a motorized xyz stage using the 532 nm line of a Nd:YAG
laser. A 100 x oil immersion objective with numerical aperture
(NA) 1.3 (Nikon) was used. The laser was focused with a
diffraction limited spot size of 0.61 x A\/NA onto the samples
and the Raman light was detected by an air-cooled charge
coupled device (CCD) camera behind a spectrometer (inVia)
with a spectral resolution of about 1 cm~!. The mapping was
achieved with a step size of 300nm and an integration time
of 0.15s in the spectral region between 1050 and 2650 cm™!.
Wire 4.1 software (Renishaw) was used for measurement setup
and spectral pretreatment. Data analysis was performed using
CytoSpec (version 2.00.01), a commercially available MATLAB
based software. For intensity profile line scans, the spectra
were baseline corrected and the particles fluorescence relative
intensities were determined as signal intensity at 2480 cm™!.
Hierarchical Cluster Analysis (HCA) was performed on Raman
maps without baseline correction. The spectral region was
chosen to be 1800-2700 cm ™! for the particle signal and 1100~
1700 cm™! for the finger print region of the wood, respectively.
For the cluster analysis, the distance matrix was calculated by the
D-value method and the Ward’s algorithm was used to perform
the clustering.

Synchrotron Scanning WAXS Measurement
Scanning wide-angle X-ray scattering (WAXS) measurements
were carried out at the nano-focus end-station P03 (MINAXS) of
the synchrotron beamline PETRA III (DESY, Hamburg) (Krywka
et al., 2012). The X-ray beam (17 keV, 0.7293 A) was focused to
a spot size of 1 um by 1 pm using two-dimensionally confining
hard X-ray silicon waveguides, as described elsewhere (Krywka
etal., 2012, 2013). Due to the low signal intensity, 2D diffraction
patterns were recorded with a single-photon counting PILATUS
1M (981 x 1043 pixels, 172 x 172 wm?) detector. Samples
were mounted on a sample holder fixed on a hexapod to ensure
accurate alignment with an optical microscope installed at the
experimental end-station. The sample-detector distance was set
to 17.7 cm to give a maximum q-space ~ 37.6 nm~!. A scanning
step size of 1 x 1 pm? and an exposure time of 1s helped
avoiding X-ray radiation damage of the cellulose. Data analysis
was automated using macros in the software Fit2D (V16.041). A
background reference frame was subtracted from all 2D patterns
to account for air scattering. The sample-detector distance, beam
center and detector tilt was calibrated against a LaBg standard by
the calibrant routine implemented in Fit2D.
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For the reference spectra, all measurements were performed
on an Empyrean diffractometer (equipped with a PIXCellD
detector) from PANalytical (Netherlands). The X-ray diffraction
(XRD) measurements for HfO, and spruce powder (measured
over Si zero background sample holders) were performed in
reflection mode (Cu Ka radiation at 45 kV and 40 mA), operated
with 0.026° step size, and time per step of 75.2s. Crystalline
cellulose in the wood cellular structure is referenced to cellulose
IB (monoclinic, P21 space group, unit cell: a = 7.784 A, b = 8.201
A, c=10.380 A, and y = 96.5°) (Li et al., 2016).

RESULTS

Small cubes of spruce wood were infiltrated with a water
stable suspension of europium-doped HfO, nanoparticles. The
particles were synthesized through a previously established
solvolythic protocol, which was shown to lead to single dispersed
crystals with round, slightly elongated, shape, with sharp size
distribution and diameter of around 3-4 nm (Lauria et al., 2013).
After being functionalized, these nanocrystals could be stabilized
in water dispersions while retaining their fluorescence properties,
provided by the doping with Eu®" ions. Using water instead of
organic solvents for the infiltration helps to retain the native

ultrastructure of wood (Mantanis et al., 1994). The successful
uptake of the particle sol after immersion for 6 days was studied
using electron microscopy in back scattering configuration
(Figure 2). This measurement, probing for Z-contrast, revealed,
after drying, an inhomogeneous distribution of the nanoparticles
throughout the whole sample volume. In several cells, no coating
of hafnia particles at the lumina was observed (Figure 2A).
Nevertheless, no gradient in hafnia concentration from the
outside to the center of the wood cube was detected, suggesting
a penetration of the particle sol through the whole sample
thickness.

With an average diameter of 3nm, individual Eu:HfO,
particles are too small to be visualized in the wood structure
using SEM analysis (Walther and Muller, 1999). Therefore,
only the presence of agglomerates at the interface and
accumulations of particles in close vicinity to the cell wall
tissue could be determined (Figures2A,C,D, arrows). Single
particles internalized in the nanopores cannot be resolved with
this method. The particle coatings at the lumen side of the
cell wall consists of clusters of single particles with a broad
size distribution and different concentrations. The formed film
appears to be rough and ruptured in various sites. In some
areas, fractals formed on the surface can be observed (Figure 2B,

nanoparticles cannot be resolved. Scale bar = 20 um.

FIGURE 2 | Backscattered electron micrograph of a longitudinal tangential (LT) cut (A,B) and cross section (C,D) through spruce wood infiltrated with Eu:HfOo
nanoparticles. Agglomerated (marked with arrows) and fractals [boxes in (B)] formed at the interface between lumen and cell wall are clearly visible, while isolated
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boxes). With high probability, this film is deposited during the
drying of the specimen after infiltration. During drying, solvent
evaporation yields an increase in particle concentration and
can destabilize the colloidal suspension of the hafnia particles.
In proximity to the cell wall surface, the diffusion pathway of
the particles is limited and, as they approach sufficiently close
for interaction, aggregation into clusters can occur. Fractal-
structured clusters can form on the surface following a diffusion
limited growth process (Sander, 2000). As a result, cluster-cluster
aggregation yields the formation of a collection of clusters with a
broad size distribution at the interface between cell walls and cell
lumina (Sattler, 2010).

For a detailed characterization of the diffusion-controlled
infiltration of nano-trackers into the wood cell wall, a Raman-
based analysis was conducted by mapping thin sections taken
at least I mm from the cube surface. Thus, one can make use
of the characteristic luminescence, which is obtained by the
europium doping of the nanoparticles. The peculiar photo-
physical properties of the Eu:HfO, nanocrystals are manifested
in the rare earth based luminescence which is activated through
the homogeneous incorporation of Eu®" ions in the nanocrystal
lattice. The resulting Eu’" related emission can be excited by
532 nm laser irradiation, through the parity-forbidden "Fo1-°Dq
transition (Lauria et al., 2013). Being of relatively higher intensity,
compared to Raman scattering, the emission lines stimulated by
laser irradiation represent a suitable tool for their independent
detection, even at low concentration. An extraction of single lines
from this map, plotting the intensity of the 2480 cm™! band,
which corresponds to the Eu®" laser-stimulated red emission at
613 nm, reveals their local distribution in the wood cells and cell
walls (Figure 3). The spectral position of these emission lines at
relatively high wavenumbers reduces the overlap with the peaks
coming from wood and therefore a simultaneous detection of
both, particle fluorescence and chemical information of substrate,
is possible.

Higher intensities of particle fluorescence were detected in the
cell corners, the middle lamella region and along the interface
between the inner lumen and the cell wall. In the S2 layer, the
luminescence was present as well, but the detected signal was of
lower intensity.

Hierarchical cluster analysis (HCA) was further used for the
extraction of chemical information of the tissue containing the
Euw:HfO, nanocrystals. In a first step, the spectroscopic region
for the analysis was chosen to cover the intrinsic emission of
the particles (1800-2650 cm™!), while the spectral region typical
for wood was excluded (Figure 4A). The hyperspectral map was
fragmented into 5 clusters, according to differences in intensity
and shape of the bands in this spectral region.

The fluorescence signal of the particles was detected across
the whole cell wall area. In agreement with the extracted
line scans, the cell corners and middle lamellae showed an
intense particle luminescence. An even higher intensity of the
particles was detected at the interface between lumen and
cell wall. Considering only particle clustering (Figure 4A), the
lowest intensity was found in the inner part of the S2 and
in the lumen close to the interface. In order to investigate
whether the particle presence coincides with regions of specific
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FIGURE 3 | Microscope image overlaid with single lines extracted from the
hyperspectral Raman mapping showing the resonance fluorescence intensity
(2480 cm~1) profile of Eu:HfO, nanoparticles infiltrated in the wood
ultrastructure. (CW, cell wall; CML, compound middle lamella; dashed line, cell
wall/lumen interface).

chemical composition in the wood structure, the same clustering
algorithm was applied to the spectral range 1100-1700 cm ™!, the
spectral region containing various characteristic vibrations of the
polymeric components in the cell wall, mainly cellulose, lignin
and hemicelluloses (Figure 4B).

The aromatic ring stretching, with the characteristic band
around 1600 cm™!, representing the phenolic compounds, has
the highest intensity. Therefore, the applied clustering algorithm
yielded a fragmentation into chemically differing regions with
strong dependence on lignin content. The most prominent band
for cellulose at 1095 cm™! confirms this clustering. As expected,
cellulose content is lowest in the cluster resembling cell corner
and compound middle lamella (dark blue), where the lignin
concentration is the highest.

A relatively high signal associated with the particle
luminescence was also detected at the interface between
the cell wall and the lumen, with no direct counterpart in
the clustering corresponding to a wood cell wall component.
This suggests that a layer of particles is present at the interface
between cell wall and lumen, sticking to the cell wall but not
being incorporated into the wood structure.

For an additional confirmation of the particle presence in
the cell wall, transmission micro-focused synchrotron WAXS
was performed by scanning particle infiltrated wood cross-
sections. Figures 5C,E display the diffraction profiles of the
pure components, i.e., untreated spruce wood and monoclinic
EwHfO, particles, respectively, obtained through laboratory
powder diffraction which are compared to one profile extracted
from a mapping of the particle infiltrated wood sample
(Figure 5D), recorded at the synchrotron.

An integration in Q-space over the main cellulose reflection
(200) (Figure 5A) and the (220) reflection of monoclinic hafnia
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FIGURE 4 | Hyperspectral Raman mapping of spruce wood incubated with Hafnia nanoparticles. HCA with 5 components was used for reconstruction, revealing the
differences in the particle luminescence intensity (A) and the wood finger print region (B). Spectra represent average spectra of the clusters according to color code.

(Figure 5B) was conducted for simultaneous recognition of
wood structure and hafnia incorporation [JCPDS: 01-078-0050]
(Nishiyama et al., 2002). The spatial reconstruction of the
obtained maps confirms the successful diffusion of the Hafnia
nanoparticle sol into the cell wall structure and is in good
agreement with the Raman microscopy analysis. Nevertheless,
on the right side of the map, the cell wall resembled from the
reflection of crystalline cellulose does not show any presence of
hafnia nanoparticles (Figure 5B), clearly discriminating between
infiltrated and non-accessed cells. This is in accordance with the
SEM investigation, where the presence of matter of high electron
density was found in cells adjacent to empty cells (Figure 2).

DISCUSSION

The distribution patterns of particles observed with the
three complementary analytical techniques further raise the
fundamental question regarding the relevant diffusion pathways
of water based media in the wood structure. Main locations of
particle agglomeration were found at the lumen interface and in
the middle lamella/cell corner area.

A comparison between the two obtained mappings shows
correlation between high particle concentration and the chemical
composition of the different anatomical regions in the cell
wall. Accumulation of particles in lignin rich areas (compound
middle lamella) indicates a stronger affinity of the particles to
lignin compared to cellulose or hemicelluloses. Moreover, in
accordance with the interaction of particles with the highly
lignified middle lamella, it should be noted that the secondary
cell wall layer S3 was decorated with particle clusters (Figure 2).
The S3 is the terminal layer toward the lumen and is known
to possess a higher lignin content compared to the other
secondary cell wall layers (Donaldson, 1987). The particle
accumulation in lignin rich areas can be explained by chemical
interactions of the methoxy groups of the stabilizing ligand
of the particles with functional groups on the phenolic units
of lignin. This indication of possible specific interactions of
the surfactant affecting the particle distribution in the cell
wall might be used in future studies to accumulate the nano-
tracker system during the diffusion process in areas with a
specific chemical functionality. The simultaneous detection of
the particles and vibrational signatures of the surrounding
tissue in a single Raman measurement can deliver further
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FIGURE 5 | Mapping of integrated intensity in Q-space over main cellulose reflection (200) (A) and Hafnia (220) (B). Reference XRD pattern for spruce (C) and
monoclinic Eu:HfO» (E). Diffraction profile extracted from the mapping of the particle infiltrated wood sample (D).

insight into the given molecular organization of biological
materials.

The lumina, particularly of the early wood tracheids,
constitute the main water pathway in the spruce wood structure
at the microscale (Zimmermann and Brown, 1971). Since the
particles are in aqueous solution during the infiltration, they
can diffuse into the nano-pores of the water swollen cell wall.
Subsequent drying results in a reduction of the free volume in
the cell wall and the pore system (Papadopoulos et al., 2003).
The free diffusion pathways for the particles are consequently
diminished, and particles are physically trapped in the cell
wall and hence, they could also be detected, although at lower
concentration in the secondary cell wall. Accordingly, the
particles could diffuse from the lumen into the cell wall and reach
the compound middle lamella through the secondary cell wall
layer. However, this seems rather unlikely in view of the lower
concentration of particles in the S2 layer without any gradient.
Fengel and Wolfsgruber, who infiltrated small cubes of pine
wood with aqueous solutions of metal compounds and studied
the distribution pattern of the stain in a transmission electron
microscope, suggested a second pathway system, running along

the interconnected middle lamellae and cell corners (Fengel
et al,, 1971). In their study, an increased concentration of metal
compounds was found in the compound middle lamellae, at
the interface between lumen and cell wall and at the bordered
pit structures. The concentration in the secondary cell wall,
especially the S2 region, was lower. The present results make
it reasonable to assume that both pathways, schematically
visualized in Figure 1B, are relevant for wood infiltration and
transport processes in plant materials and most probably in the
living plant.

Resolving transport pathways in plant tissues requires a
detailed knowledge on the diffusion patterns and accessibility
of different cell wall areas. In this study a novel ultra-
small nanoparticle system was utilized as a nano-tracker to
study transport pathways and penetration in wood tissue.
Macroscopic wood samples have been infiltrated with a stable
aqueous suspension of Eu:HfO, nanocrystals. The properties
of these nanocrystals, i.e., crystallinity, high electron density,
and tailored optical properties allowed for their detection
by electron microscopy, micro focus WAXS, and confocal
Raman microscopy. All methods confirmed the presence of

Frontiers in Chemistry | www.frontiersin.org

March 2018 | Volume 6 | Article 28


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Segmehl et al.

Transport Pathways in Biological Tissues

the nano-trackers throughout the whole macroscopic sample,
and their successful incorporation into the cell wall. The
simultaneous collection of the vibrational signature of wood and
the tailored fluorescence of the nanocrystals in a single Raman
measurement enables to combine spatial distribution of the
nanoparticles with chemical information of the targeted tissue.
From the obtained distribution pattern, it can be concluded,
that particulate matter with an average size smaller than 5nm
can be incorporated into the native cell wall structure of
wood.

CONCLUSION

A penetration throughout the whole thickness of the macroscopic
wood structures with nanoparticles of ultra-small size was
successfully conducted in this diffusion-based infiltration study.
The aqueous suspension of hafnia nanoparticles was effectively
impregnated in the hierarchical structure, reaching the hollow
regions of the cell lumina as well as the nano-scaled porosity
of the cell wall and the interconnecting layer between the single
cells.

The simultaneous collection of the vibrational signature of
wood and the tailored fluorescence of the nanocrystals in a single
Raman measurement enables to combine spatial distribution
of the nanoparticles with chemical information of the targeted
tissue. Based on this detailed study on the presence of the
nanoparticles in distinct anatomical regions, possible pathways
for their integration can be suggested. A system of open porosity,
percolating through the cell wall structure and into the middle
lamella and cell corner region can therefore be assumed.

A better understanding of transport pathways in plant tissues
is crucial for industrial processing of lignocellulosic materials, but
also fundamental for the targeted functionalization of biological
materials for the development of novel bio-based composites

REFERENCES

Beecher, J. F., Hunt, C. G., and Zhu, J. Y. (2009). “Tools for the characterization
of biomass at the nanometer scale,” in The Nanoscience and Technology of
Renewable Biomaterials, eds L. A. Lucia and O. J. Rojas (Chichester: John Wiley
& Sons, Ltd), 61-90.

Cushing, B. L., Kolesnichenko, V. L., and O’connor, C. J. (2004). Recent advances
in the liquid-phase syntheses of inorganic nanoparticles. Chem. Rev. 104,
3893-3946. doi: 10.1021/cr030027b

D’Aléo, A., Pompidor, G., Elena, B., Vicat, J., Baldeck, P. L., Toupet, L., et al.
(2007). Two-photon microscopy and spectroscopy of lanthanide bioprobes.
ChemPhysChem 8, 2125-2132. doi: 10.1002/cphc.200700375

Daniel, G. (1994). Use of electron-microscopy for aiding our understanding
of wood biodegradation. FEMS  Microbiol. Rev. 13, 199-233.
doi: 10.1111/j.1574-6976.1994.tb00043.x

Daniel, G., Volg, J., and Niku-Paavola, M. L. (2004). Cryo-FE-SEM & TEM
immuno-techniques reveal new details for understanding white-rot decay of
lignocellulose. C. R. Biol. 327, 861-871. doi: 10.1016/j.crvi.2004.08.003

Deng, Y. Q., White, J. C., and Xing, B. S. (2014). Interactions between engineered
nanomaterials and agricultural crops: implications for food safety. J. Zhejiang
Univ. Sci. A 15, 552-572. doi: 10.1631/jzus.A1400165

Donaldson, L. A. (1987). S3-lignin concentration in radiata pine tracheids. Wood
Sci. Technol. 21, 227-234.

(Keplinger et al., 2016; Leitch et al., 2016; Li et al., 2016). With
the possibility to tailor the surface chemistry of the particles, an
investigation of specific interactions and functionalities in the
native assembly of plant tissue, even in subcellular structures
of porous and rigid biological materials can be envisaged. The
employment of such nano-scale probes as a contrast agent in
non-specific and specific targeting experiments for bio-imaging
of cellular and subcellular transport pathways could reveal
further insight into the ultrastructure of wood as well as of other
rigid but porous biological materials.

AUTHOR CONTRIBUTIONS

JS designed the study with support of AL. JS planned the
experiments and JS, AL, TK, JB performed experiments and
analyzed data. JS, TK, AL, JB, and IB co-wrote the paper. JS drew
the conclusions. All authors discussed results and commented
on the manuscript. All authors read and approved the final
manuscript.

FUNDING

This work was financially supported by the EU FP7 MultiBioPro
Project (Project ID: 311804).

ACKNOWLEDGMENTS

We would like to acknowledge the technical support and
with  Christina Krywka, Helmholtz-Zentrum
Geesthacht, X-Ray Imaging with Synchrotron Radiation
Department (Geesthacht, Germany). The Electron Microscopy
Facilities in the division ScopeM at ETH Zirich (Zirich,
Switzerland) and the application scientist Karsten Kunze are
acknowledged as well.

discussions

Fengel, D., Siemens, A. G., and Wolfsgruber, H. (1971). Studies on impregnated
pine sapwood by electron optical methods. Holz Als Roh Und Werkstoff 29,
67-76. doi: 10.1007/BF02615006

Fruh, S. M., Schoen, I, Ries, J., and Vogel, V. (2015). Molecular architecture of
native fibronectin fibrils. Nat. Commun. 6:7275. doi: 10.1038/ncomms8275

Geimer, S. (2009). “Immunogold labeling of flagellar components in situ,” in Cilica:
Structure and Motility, eds S. M. King and G. J. Pazour (Cambridge: Elsevier).

Gierlinger, N., Keplinger, T., and Harrington, M. (2012). Imaging of plant
cell walls by confocal Raman microscopy. Nat. Protoc. 7, 1694-1708.
doi: 10.1038/nprot.2012.092

Hedegaard, M. A., Bergholt, M. S., and Stevens, M. M. (2016). Quantitative multi-
image analysis for biomedical Raman spectroscopic imaging. J. Biophotonics 9,
542-550. doi: 10.1002/jbio.201500238

Hell, S. W. (2007). Far-field optical nanoscopy. Science 316, 1153-1158.
doi: 10.1126/science.1137395

Hill, C. A. S, Forster, S. C., Farahani, M. R. M., Hale, M. D. C., Ormondroyd,
G. A, and Williams, G. R. (2005). An investigation of cell wall micropore
blocking as a possible mechanism for the decay resistance of anhydride
modified wood. Int. Biodeterior. Biodegr. 55, 69-76. doi: 10.1016/j.ibiod.2004.
07.003

Hill, C. A. S., and Papadopoulos, A. N. (2001). A review of methods used to
determine the size of the cell wall microvoids of wood. J. Ins. Wood Sci. 15,
337-345.

Frontiers in Chemistry | www.frontiersin.org

March 2018 | Volume 6 | Article 28


https://doi.org/10.1021/cr030027b
https://doi.org/10.1002/cphc.200700375
https://doi.org/10.1111/j.1574-6976.1994.tb00043.x
https://doi.org/10.1016/j.crvi.2004.08.003
https://doi.org/10.1631/jzus.A1400165
https://doi.org/10.1007/BF02615006
https://doi.org/10.1038/ncomms8275
https://doi.org/10.1038/nprot.2012.092
https://doi.org/10.1002/jbio.201500238
https://doi.org/10.1126/science.1137395
https://doi.org/10.1016/j.ibiod.2004.07.003
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Segmehl et al.

Transport Pathways in Biological Tissues

Hill, C. A. S., Papadopoulos, A. N., and Payne, D. (2004). Chemical modification
employed as a means of probing the cell-wall micropore of pine sapwood. Wood
Sci. Technol. 37, 475-488. doi: 10.1007/500226-003-0193-5

Howes, P. D., Rana, S., and Stevens, M. M. (2014). Plasmonic nanomaterials for
biodiagnostics. Chem. Soc. Rev. 43, 3835-3853. doi: 10.1039/C3CS60346F

Jansen, S., Pletsers, A., and Sano, Y. (2008). The effect of preparation
techniques on SEM-imaging of pit membranes. Iawa J. 29, 161-178.
doi: 10.1163/22941932-90000177

Keplinger, T., Cabane, E., Berg, J. K., Segmehl, J. S., Bock, P., and Burgert, I. (2016).
Smart hierarchical bio-based materials by formation of stimuli-responsive
hydrogels inside the microporous structure of wood. Adv. Mat. Int. 3:1600233.
doi: 10.1002/admi.201600233

Krywka, C., Keckes, J., Storm, S., Buffet, A., Roth, S. V., Dohrmann, R, et al. (2013).
Nanodiffraction at MINAXS (P03) beamline of PETRA III. J. Phys. Conf. Ser.
425:072021. doi: 10.1088/1742-6596/425/7/072021

Krywka, C., Neubauer, H., Priebe, M., Salditt, T., Keckes, J., Buffet, A., et al.
(2012). A two-dimensional waveguide beam for X-ray nanodiffraction. J. Appl.
Crystallogr. 45, 85-92. doi: 10.1107/S0021889811049132

Lauria, A., Villa, I, Fasoli, M., Niederberger, M., and Vedda, A. (2013).
Multifunctional role of rare earth doping in optical materials: nonaqueous sol-
gel synthesis of stabilized cubic HfO, luminescent nanoparticles. ACS Nano 7,
7041-7052. doi: 10.1021/nn402357s

Leitch, M. E., Li, C. K, Ikkala, O., Mauter, M. S, and Lowry, G. V.
(2016). Bacterial nanocellulose aerogel membranes: novel high-porosity
materials for membrane distillation. Environ. Sci. Technol. Lett. 3, 85-91.
doi: 10.1021/acs.estlett.6b00030

Li, Y. Y, Fu, Q L, Yu, S, Yan, M, and Berglund, L. (2016). Optically
transparent wood from a nanoporous cellulosic template: combining
functional and structural performance. Biomacromolecules 17, 1358-1364.
doi: 10.1021/acs.biomac.6b00145

Mantanis, G. I, Young, R. A, and Rowell, R. M. (1994). Swelling of
wood 2. Swelling in organic liquids. Holzforschung 48, 480-490.
doi: 10.1515/hfsg.1994.48.6.480

Marmiroli, N., and White, J. C. (2016). Editorial: nanotoxicology and
environmental risk assessment of engineered nanomaterials (ENMs) in plants.
Front. Plant Sci. 7:1370. doi: 10.3389/fpls.2016.01370

Mayhew, T. M. (2011). Mapping the distributions and quantifying the
labelling intensities of cell compartments by immunoelectron microscopy:
progress towards a coherent set of methods. J. Anat. 219, 647-660.
doi: 10.1111/.1469-7580.2011.01438.x

Miyawaki, A., Sawano, A., and Kogure, T. (2003). Lighting up cells: labelling
proteins with fluorophores. Nat. Rev. Mol. Cell Biol. (Suppl.), S1-S7.
doi: 10.1038/ncb0103-1

Niederberger, M., and Pinna, N. (2009). Metal Oxide Nanoparticles in Organic
Solvents. London: Springer-Verlag.

Nishiyama, Y., Langan, P., and Chanzy, H. (2002). Crystal structure and hydrogen-
bonding system in cellulose 1 beta from synchrotron X-ray and neutron fiber
diffraction. J. Am. Chem. Soc. 124, 9074-9082. doi: 10.1021/ja0257319

Papadopoulos, A. N., Hill, C. A. S., and Gkaraveli, A. (2003). Determination of
surface area and pore volume of holocellulose and chemically modified wood
flour using the nitrogen adsorption technique. Holz Als Roh Und Werkstoff 61,
453-456. doi: 10.1007/s00107-003-0430-5

Retterer, S. T., and Simpson, M. L. (2012). Microscale and nanoscale
compartments for biotechnology. Curr. Opin. Biotechnol. 23, 522-528.
doi: 10.1016/j.copbio.2012.01.002

Rowell, R. M. (ed.). (1984). The Chemistry of Solid Wood. Washington, DC: ACS.

Ruel, K., Chevalier-Billosta, V., Guillemin, F., Berrio-Sierra, J., and Joseleau,
J. P. (2006). The wood cell wall at the ultrastructural scale-formation
and topochemical organization. Maderas Cien. Tecnol. 8, 107-116.
doi: 10.4067/S0718-221X2006000200004

Salmen, L., and Burgert, I (2009). Cell wall features with regard to
mechanical performance. a review COST action E35 2004-2008: wood
machining-micromechanics Holzforschung 63, 121-129.
doi: 10.1515/HF.2009.011

Sander, L. M. (2000). Diffusion-limited aggregation: a kinetic critical
phenomenon? Contemp. Phys. 41, 203-218. doi: 10.1080/001075100409698

Sattler, K. D. (ed.). (2010). Handbook of Nanophysics: Clusters and Fullerenes. Boca
Raton, FL; London; New York, NY: CRC Press.

von Erlach, T. C., Hedegaard, M. A., and Stevens, M. M. (2015). High resolution
Raman spectroscopy mapping of stem cell micropatterns. Analyst 140,
1798-1803. doi: 10.1039/C4AN02346C

Walther, P., and Muller, M. (1999). Biological ultrastructure as revealed by high
resolution cryo-SEM of block faces after cryo-sectioning. J. Microsc. 196,
279-287. doi: 10.1046/j.1365-2818.1999.00595.x

Wang, S. G., Li, N, Pan, W,, and Tang, B. (2012). Advances in functional
fluorescent and luminescent probes for imaging intracellular small-
molecule reactive species. Trac Trends Analyt. Chem. 39, 3-37.
doi: 10.1016/j.trac.2012.07.010

Wang, Z. Y., Xie, X. Y., Zhao, J., Liu, X. Y., Feng, W. Q., White, J. C,
et al. (2012). Xylem- and phloem-based transport of CuO nanoparticles in
maize (Zea mays L.). Environ. Sci. Technol. 46, 4434-4441. doi: 10.1021/
€s204212z

Zimmermann, M. H., and Brown, C. L. (1971). Trees-Structure and Function. New
York, NY: Springer-Verlag.

and fracture.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Segmehl, Lauria, Keplinger, Berg and Burgert. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Chemistry | www.frontiersin.org

March 2018 | Volume 6 | Article 28


https://doi.org/10.1007/s00226-003-0193-5
https://doi.org/10.1039/C3CS60346F
https://doi.org/10.1163/22941932-90000177
https://doi.org/10.1002/admi.201600233
https://doi.org/10.1088/1742-6596/425/7/072021
https://doi.org/10.1107/S0021889811049132
https://doi.org/10.1021/nn402357s
https://doi.org/10.1021/acs.estlett.6b00030
https://doi.org/10.1021/acs.biomac.6b00145
https://doi.org/10.1515/hfsg.1994.48.6.480
https://doi.org/10.3389/fpls.2016.01370
https://doi.org/10.1111/j.1469-7580.2011.01438.x
https://doi.org/10.1038/ncb0103-1
https://doi.org/10.1021/ja0257319
https://doi.org/10.1007/s00107-003-0430-5
https://doi.org/10.1016/j.copbio.2012.01.002
https://doi.org/10.4067/S0718-221X2006000200004
https://doi.org/10.1515/HF.2009.011
https://doi.org/10.1080/001075100409698
https://doi.org/10.1039/C4AN02346C
https://doi.org/10.1046/j.1365-2818.1999.00595.x
https://doi.org/10.1016/j.trac.2012.07.010
https://doi.org/10.1021/es204212z
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Tracking of Short Distance Transport Pathways in Biological Tissues by Ultra-Small Nanoparticles
	Introduction
	Materials and Methods
	Materials
	Synthesis of Eu:HfO2 Nanoparticles
	Nanoparticle Infiltration
	Scanning Electron Microscopy
	Raman Analysis
	Synchrotron Scanning WAXS Measurement

	Results
	Discussion
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


