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Abstract  Acetylation is a commercialised chemi-
cal wood modification technology that increases the 
durability of wood against microbial attack. How-
ever, the details of how acetylation protects the wood 
structure from fungal degradation are still unclear. In 
this study, we tested the hypothesis that the resistance 
against microbial attack depends on the localisation 
of acetylation within the cell wall. The methodol-
ogy involved two types of acetylation (uniform and 
lumen interface modification), which were analysed 
by lab-scale degradation with Rhodonia placenta, 
chitin quantification, infrared spectroscopy, and 
Raman microspectroscopy. The location of the acety-
lation did not affect overall mass loss during degrada-
tion experiments. Instead, the mass loss was related 
to the intensity of the treatment. However, chemical 

imaging of the interface acetylated specimens showed 
that degradation primarily took place in cell wall 
regions that were less acetylated. It was also observed 
that the fungus required more fungal biomass (i.e., 
fungal mycelia) to degrade acetylated wood than 
untreated wood. Based on dimensions and compari-
son to a reference spectrum, several cross-sections 
of hyphae located within lumina were discovered in 
the Raman images. These hyphae showed presence of 
chitin, water and chelated metals within their walls, 
and could be separated into an inner and an outer part 
based on their chemistry as seen in the spectra. The 
outer part was distinguished by a relatively higher 
amount of water and less chelated iron than the inner 
part.

Keywords  Wood · Acetylation · Degradation · 
Spectroscopy · Holocellulose

Introduction

Wood possesses several appealing characteristics as 
a construction material, including the ability to store 
carbon while in use and its visual appeal as a natu-
ral material. However, wood is vulnerable to dam-
age from wood-degrading organisms when used in 
construction (Daniel 2016). Wood is prone to fungal 
degradation if exposed to moist environments, lead-
ing to significant strength loss and reduced service 
life (Schultze-Dewitz 1966), especially when brown 
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rot fungi are involved (Arantes and Goodell 2014; 
Wagner et  al. 2015). Previous studies indicate that 
this group of fungi break down the cell walls of 
wood in a two-stage mechanism comprising initial 
oxidative processes followed by enzymatic activ-
ity (Daniel 2016; Schilling et al. 2013; Zhang et al. 
2016), resulting in depolymerisation of mainly 
cellulose and hemicelluloses and modification of 
lignin (Arantes et  al. 2011; Daniel 2016; Durmaz 
et al. 2016; Yelle et al. 2011).

Several wood modification technologies (i.e., 
wood protection systems with non-biocidal mode of 
action) have been developed to enhance the durabil-
ity of wood (Hill 2006; Rowell 1983). Among these, 
acetylation has been commercialized (Mantanis 
2017; Zelinka et  al. 2022). Acetylation improves 
wood durability by replacing hydroxyl groups with 
acetyl esters within wood cell walls, thereby reduc-
ing the space available for water (Mantanis 2017). 
Reducing the equilibrium moisture content to less 
than 0.23–0.25  g/g appears to effectively prevent 
decay in modified wood (Thybring 2013; Williams 
and Hale 2003). This is likely because water is 
needed by the wood degrading fungi for transport 
purposes to and from the hyphae located in the cell 
lumina, but water is also used to form hydrated min-
erals such as oxalates, a known byproduct of fun-
gal depolymerization of wood cell walls (Arantes 
and Goodell 2014; Gadd 1999; Gadd et  al. 2014; 
Guggiari et  al. 2011). Nonetheless, recent results 
suggest that even highly acetylated wood can be 
degraded after sufficient time under optimal mois-
ture conditions (Beck et  al. 2018b; Thygesen et  al. 
2021). Gene expression studies have shown that 
brown rot fungi are able to do so by upregulating 
and prolonging the oxidative stage when degrading 
acetylated wood (Beck et al. 2018).

Here we tested the hypothesis that not only the 
extent of acetylation, but also how it is distributed 
within the wood cell wall affects how brown rot fun-
gal degradation plays out on the nm to µm scale. To 
this end, we included both uniformly acetylated wood 
and wood subjected to targeted acetylation where 
only the lumen-cell wall interface was acetylated 
(Digaitis et al. 2021). This model substrate is interest-
ing because it shows how the fungus reacts to the sit-
uation where the central S2 layer remains (partially) 
untreated, while the cell wall material closest to the 
hyphae in the cell lumen is heavily acetylated.

Materials and methods

Wood samples and acetylation

Wood blocks of 5 × 5 × 10 (longitudinal) mm3 Nor-
way spruce sapwood (Picea abies (L.) Karst) were 
obtained from an experimental forest in northern 
Sweden, see Fredriksson et  al. (2016) for more 
information. 512 blocks were used in total for this 
study, equally divided into four batches of wood 
material: untreated and three types of acetylation.

•	 The acetylated samples were modified as in 
Digaitis et  al. (2021), using acetic anhydride 
(99.3%, VWR Chemicals, Radnor, PA, USA) and 
pyridine (Sigma Aldrich, Merck KGaA, Darm-
stadt, Germany) following two different proto-
cols to either modify the cell wall uniformly, or 
the interface between cell walls and cell lumina.

•	 Prior to acetylation, all specimens were dried for 
24 h at 60 °C in a vacuum oven and subsequently 
weighed. Following the acetylation procedure, 
the specimens were dried once more at 60  °C 
for 24  h under vacuum, after which their mass 
was re-measured. The dry mass before and after 
modification was compared to determine the 
degree of modification ( Rmod):

•	 where mdry,0 (g) and mdry (g) are the dry masses 
before and after modification, respectively.

•	 Independent of the treatment, 10  g of reagent 
solution was used for each gram of dry wood. A 
detailed and complete protocol can be found in 
Digaitis et al. (2021).

•	 Specifically:
•	 UNIFORM HIGH: 128 blocks impregnated 

with a 1:4 mixture (v/v) of acetic anhydride and 
pyridine were held at 80 °C for 180 min, obtain-
ing uniformly acetylated samples with Rmod = 
0.224 ± 0.006 g/g

•	 UNIFORM LOW: 128 blocks impregnated with 
a 1:4 mixture (v/v) of acetic anhydride and pyr-
idine were held at 80  °C for 20  min, obtaining 
uniformly acetylated samples with Rmod = 0.155 
± 0.008 g/g

(1)Rmod (g∕g) =
mdry −mdry,0

mdry,0
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•	 INTERFACE: 128 blocks impregnated with pure 
acetic anhydride were held at 75  °C for 24  h, 
obtaining interface acetylated samples with Rmod 
= 0.096 ± 0.009 g/g.

•	 The use of pure acetic anhydride resulted in acety-
lation of cell wall-lumen interfaces only (INTER-
FACE), while the addition of pyridine promoted 
swelling, which facilitated the diffusion of ace-
tic anhydride and ensured uniform acetylation 
of wood cell walls (UNIFORM) (Digaitis et  al. 
2021; Mantanis et al. 1994). All the samples were 
leached according to the European standard EN 84 
(CEN 1997) before the decay test.

Wood decay in a controlled laboratory environment

Rhodonia (Postia) placenta FPRL 280 (Fr.) Niemelä, 
K.H. Larss. & Schigel was used for the decay test. 
Fungal monoculture inoculation followed the method 
used in Thygesen et al. (2021). Briefly described, the 
fungus was initially grown on 4% malt agar medium 
and then transferred to a liquid culture containing 4% 
malt. After two weeks, the liquid culture was homog-
enized and used to inoculate the samples. Petri dishes 
were filled with sterile soil adjusted to 95% of the 
soil’s water-holding capacity, and the wood samples 
were placed on top of the soil with a sterilized plas-
tic mesh in between wood and soil. Each sample was 
inoculated by pipetting 300 µL of the fungal suspen-
sion on top of the sample. The samples were incu-
bated at 22  °C and 70% relative humidity until har-
vested. Every third week the mass of the dishes was 
measured, and sterile water was added to the soil to 
ensure stable moisture conditions throughout the 
experiment.

For untreated wood, 8 samples were harvested 
every week up to 6 weeks, with two harvests in the 
first week, yielding a total of 56 samples. For acety-
lated wood, 8 samples were harvested every week 
for the UNIFORM LOW and INTERFACE samples 
up to 15 weeks and every third week up to 45 weeks 
for UNIFORM HIGH samples. Thus, a total of 120 
samples were harvested for each type of acetylated 
wood, as detailed in Table 1.

Three of the eight samples from each treatment 
and each harvesting point were vacuum dried at 
60 °C for 24 h in order to determine the mass loss 
from fungal degradation. Mass losses were not cor-
rected for acetylation mass gain. The remaining five 
samples were wrapped individually in aluminum 
foil and put directly into a container with liquid 
nitrogen. The samples were then stored at − 80 °C.

Specimens with mass loss above 15% were 
selected, when possible, for the spectroscopic anal-
yses. The mass loss and harvest time of the samples 
subjected to the aforementioned analyses are high-
lighted in Fig. 1 and described in Tables S1.

Chitin monomer analysis

The chitin content was indirectly quantified by 
analysing monomer content (i.e., glucosamine 
after acid hydrolysis) by analyzing specimens with 
increasing levels of mass loss. 13 UNIFORM HIGH 
samples, 13 UNIFORM LOW, 16 INTERFACE and 
11 UNTREATED samples were employed for this 
analysis, as depicted in Sect.  3.1.2 and in Fig.  S1. 
The amount of chitin present in the degraded 
specimens was measured as an indicator of fungal 
biomass, according to the protocol described by 
Eikenes et  al. (2005), including online fluorimet-
ric o-phthalaldehyde derivatisation using a HPLC 
linked to a fluorescence detector (HPLC-FL).

Table 1   Average degree of 
modification (Rmod), harvest 
interval, maximum harvest 
time and number of samples 
employed for brown rot 
fungal degradation, for each 
type of wood material

Material Rmod
(g/g)

Total no of 
samples har-
vested

Harvest interval (weeks) Maximum 
harvest time 
(weeks)

UNTREATED 0 56 1 (+ after 4 days) 6
UNIFORM HIGH 0.225 ± 0.006 120 3 45
UNIFORM LOW 0.155 ± 0.008 120 1 15
INTERFACE 0.096 ± 0.009 120 1 15
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Attenuated total reflectance Fourier transform 
infrared (ATR‑FTIR) spectroscopy

Infrared spectroscopy was used to investigate the bulk 
chemical changes in the wood samples. The wood 
samples, both acetylated and unmodified, were dried 
in a vacuum oven for 18 h at 60 °C to determine indi-
vidual mass loss. Two thin cross-sections were cut 
from each dried specimen using a razor blade and 
allowed to acclimate in the laboratory environment 
for 72 h before being used for infrared measurements. 
Three replicate spectra were taken for each cross-sec-
tion, and the mass loss data for each sample is pro-
vided in Table  S1. The infrared measurements were 
conducted using a Nicolet 6700 FT-IR spectrometer 
(Thermo Scientific, Waltham, MA, USA) equipped 
with a Pike Technologies GladiATR diamond ATR. 
The spectra were obtained as the averages of 64 scans 
(128 for background) using a resolution of 4  cm−1 
and a spectral range of 3800 − 400  cm−1. MATLAB 
(version 2021a, MathWorks, Natick, MA, USA) 
was used for spectral analysis. The spectral ranges 
between 400 and 790  cm−1, and between 1900 and 
2500 cm−1, were removed as they did not contain any 
relevant information about the wood samples. Linear 
baselines were applied to each absorbance peak, and 
three characteristic absorbance bands were chosen 
for analysis: the 1508  cm−1 band, which represents 
lignin with no carbohydrate contribution (Faix 1991), 
the 1107  cm−1 band, which is attributed to holocel-
lulose (Schwanninger et al. 2004), and the 1732 cm−1 
band, which is attributed to acetylation as well as 

hemicellulose as it is assigned to unconjugated C = O 
valence vibration of acetyl groups and C = O stretch 
in unconjugated ketones, carbonyls, and ester groups 
(Faix 1991). The 1107 cm−1 absorption is expected to 
contain information on both hemicellulose and cel-
lulose, while the 1508  cm−1 absorbance is expected 
to remain relatively constant throughout the decay 
period, as the aromatic rings in lignin are thought to 
be the least affected structure of the wood cell wall 
degraded by brown rot fungi, albeit lignin modifica-
tion does take place (Beck et al. 2018b; Füchtner and 
Thygesen 2023).

Raman micro‑spectroscopy

To examine the chemical changes within wood cell 
walls, Raman micro-spectroscopy (Raman) was 
employed. Six specimens, each from acetylated and 
unmodified wood, were vacuum-oven dried for 18 h 
at 60 °C, and vacuum-saturated with deuterium oxide 
(99.98%, D2O, Sigma-Aldrich, Munich, Germany). 
Three of the six specimens were pristine wood, 
while three where degraded. The mass loss data for 
unmodified and acetylated samples employed for 
this method is provided in Table  S1. Using a cry-
otome (CM3050S, Leica Biosystems, Wetzlar, Ger-
many) and following the protocol from Gierlinger 
et  al. (2012), except for the use of D2O instead of 
H2O, two 20 μm cross-sections were produced from 
each specimen. The samples were then mounted in 
D2O, covered with a borosilicate glass slide (thick-
ness #1), and sealed with nail polish. Raman scans of 

Fig. 1   Mass loss of the 
brown rot degraded spruce 
samples at different harvest 
times after incubation. The 
empty icons show samples 
studied by Raman micro-
spectroscopy (Raman), 
while dark filled icons are 
samples studied by infrared 
spectroscopy (ATR-FTIR)
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one full tracheid were taken from each wood cross-
section utilizing a confocal Raman microscope (alpha 
300R, WITec GmbH, Ulm, Germany) equipped with 
a UHTS 300 spectrometer and a 100x oil immersion 
objective (Zeiss “NAchroplan,” NA = 1.2, transmit-
tance 73%, Carl Zeiss GmbH, Jena, Germany). A 
linear polarized 532 nm Nd:Yag laser was employed 
with a 20 mW laser power and 0.1 s exposure time. 
The cross-sections for image acquisition were aligned 
beforehand with the radial direction parallel to the 
laser polarization Raman scattered light was detected 
using a back-illuminated charge-coupled device 
(CCD) camera, air-cooled with Peltier cooling to 
-60 °C, and a 600 g/mm grating, resulting in a spec-
tral resolution of 3.8 cm−1. The images were obtained 
with a lateral spatial resolution of approximately 
0.3 μm, which is the diffraction limit.

The Raman scattering data analysis was performed 
in MATLAB and involved several pre-processing 
steps. First, each image was cropped to reduce the 
dataset size while keeping a full cross-section of a 
tracheid in view. Then, wavenumber ranges that did 
not contain any information on the specimens were 
removed, i.e., the wavenumbers below 300 cm−1 and 
above 3720  cm−1 approximately. Cosmic rays were 
eliminated through median filtering using the MAT-
LAB built-in function medfilt1 with default settings. 
Next, an Alternating Least Squares (ALS) baseline 
correction was performed using parameters λ = 105 
and p = 0.005 according to Eilers (2003) to reduce 
fluorescence contribution to the spectra (De Juan 
et al. 2014). Each image was clustered into two seg-
ments by use of k-means cluster analysis, which 
separated the lumina from the rest of the wood struc-
ture (i.e., the cell walls of tracheids and ray cells as 
well as the middle lamellae between cells, hence-
forth together denoted ‘the cell wall cluster’). Before 
applying the k-means algorithm, the spectra were 
normalized to equal length using 2-norm. We found 
that this improved clustering based on visual inspec-
tion. For the spectra assigned to the cell wall cluster, 
average spectra were computed, and Raman peak 
heights or areas were estimated using a linear base-
line that was individually set for each Raman band. 
Peak areas were preferred over peak heights when 
the peak of interest was an isolated peak and not a 
shoulder. The average spectra of cell walls were fur-
ther baseline corrected (ALS, λ = 104 and p = 0.001) 
to enhance visual comprehension. The peak heights 

and areas were normalized over the aromatic ring 
stretching peak height at 1601 cm−1 to account for the 
differences in band intensity resulting from changes 
in the focal plane. Before normalization, peak areas 
lower than 0.1 and peak heights lower than 0.01 were 
respectively set to 0.1 and 0.01 to discard outliers. As 
in Ponzecchi et al. (2022), a statistical test was con-
ducted to exclude unreliable information from the 
main peaks of interest, namely the C = O, O-D, and 
O-H stretching vibrations, due to high noise content. 
Furthermore, threshold clustering was utilized to 
identify the regions of the cell wall where hyphae or 
oxalate deposits were present. The spectra for which 
the sum of the peak areas at 641 cm−1 and 1457 cm−1 
was higher than a certain threshold were assigned to 
oxalates. The threshold was individually set for each 
image in which hyphae were observed. The thresh-
old ranged between 9 a.u. and 11 a.u. (arbitrary unit). 
The spectra assigned to the hyphae were clustered 
using k-means algorithm, baselined using normal-
ized to equal length using 2-norm, baselined using 
ALS baseline correction with parameters λ = 105 and 
p = 0.001 and then over the peak height at 2938 cm−1, 
to allow for visual comparison of intensities among 
spectra from different clusters. A summary of the 
peaks studied is provided in Table S2.

Results and discussion

Fungal degradation as seen on specimen level

Mass loss vs. harvest time

Figure 1 shows that no type of acetylation fully pre-
vented decay. As expected, the UNTREATED wood 
had the lowest decay resistance, and its mass loss 
increased linearly during the first six weeks. UNI-
FORM HIGH wood had the highest decay resistance, 
while UNIFORM LOW and INTERFACE wood had 
lower resistance due to milder modification, which 
aligns with previous research by Beck et  al. (2018) 
and Thygesen et  al. (2021). The durability of the 
treated samples was influenced by the degree of acet-
ylation, but the distribution of acetylation (uniform or 
interface) did not have a significant effect on durabil-
ity. A slightly lower mass loss of UNIFORM LOW 
wood compared to INTERFACE wood was found and 
attributed to the higher Rmod of the UNIFORM LOW 
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wood (Table  1). That INTERFACE wood contains 
regions of untreated wood beneath the surfaces that 
are easily accessible for depolymerisation by the fun-
gus also contributed to this result.

As expected from earlier studies, the mass loss 
varied substantially between replicates, confirm-
ing that several replicates are needed for this type of 
experiment. The spread in mass loss was higher for 
INTERFACE than for UNIFORM LOW. The rea-
son is hypothesized to be the difference in distribu-
tion of acetylation within the cell wall, i.e., that slight 
variations in the INTERFACE modification directly 
will affect the fungal colonisation and depolymeri-
sation more than slight variations in the UNIFORM 
LOW modification. Further, the spread in mass loss 
between the acetylated specimens increased with 
time, which might be due to uneven treatment, which 
becomes more decisive with increasing mass loss 
(Ringman et al. 2016).

Many samples showed negative mass losses. This 
is expected to be due to the fact that a mass loss will 
not show until the decrease in mass due to degrada-
tion becomes larger than the increase in fungal bio-
mass (Ringman et al. 2016).

The fact that interface acetylated wood does not 
exhibit increased durability compared to uniformly 
acetylated wood, even at comparable levels of modi-
fication, suggests that the acetylated interface did not 
function as a significant barrier. Fungal access to the 
S2 layer may instead take place from the cell corner 
and middle lamella side via pits. This would align 
with previous observations (Füchtner and Thygesen 

2023; Kim et  al. 2015), and suggest that pits are 
likely access points, albeit hyphal penetration of the 
S3 layer from the lumen side has also been observed 
(Daniel 2016).

Since our imaging did not specifically focus on 
pits, we cannot confirm the observation of hyphae 
accessing the cell corners and middle lamella through 
these structures. In the Raman images obtained, 
hyphae were frequently found attached to the cell 
wall from the lumen side without any penetration (see 
Sect. 3.3).

Chitin monomer content vs. mass loss

Based on Fig. 2, it appears that the chitin monomer 
content in degraded wood samples is influenced by 
both the degree of decay and the degree of acetyla-
tion. The UNIFORM HIGH samples have a higher 
chitin monomer content for a given mass loss, which 
could be due to their longer exposure time to the 
fungus. However, a poor correlation between har-
vest time and chitin monomer content is shown in 
Fig. S1. Instead, it seems that acetylated samples have 
a higher chitin monomer content at similar mass loss 
compared to untreated wood. This could mean that 
the fungus needed to grow more hyphae to explore 
larger parts of the specimen in order to find suitable 
entryways into the wood with areas of sufficiently 
digestible material. This finding agrees with the more 
abundant mycelium growth observed on Norway 
spruce heartwood than on extracted Norway spruce 

Fig. 2   Chitin monomer 
content (mg/g) plotted 
against the mass loss (%) of 
selected samples
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heartwood when both types of wood were exposed to 
Rhodonia placenta (Füchtner and Thygesen 2023).

Cell wall changes in degraded samples

Deacetylation and carbohydrate degradation

The ATR-FTIR results were compared with previ-
ous studies to confirm the expected patterns of deg-
radation. Based on earlier studies of similar speci-
mens (Beck et  al. 2018b; Thygesen et  al. 2021), we 
chose to focus on the three bands at 1108, 1508 and 
1732  cm−1. The intensity ratio of the infrared bands 
at 1508  cm−1 to 1108  cm−1 increased in all types of 
wood as degradation progressed (Fig. 3a), confirming 
the more pronounced degradation of carbohydrates 
compared to lignin, as expected for a brown rot fun-
gus (Beck et al. 2018b; Daniel 2016; Thygesen et al. 
2021). In the degraded samples, less pronounced 
results were observed for the UNIFORM LOW sam-
ples. However, these results followed the same trend 
as the other types of acetylation, indicating both de-
acetylation and carbohydrate degradation.

The ratio of the infrared bands at 1732  cm−1 to 
1508  cm−1 significantly decreased in all degraded 
samples (Fig. 3b), indicating de-acetylation of the cell 
wall. This observation was seen in both acetylated 
and untreated samples and is in agreement with pre-
vious results (Beck et  al. 2018). The de-acetylation 
of the cell wall was due to the action of the brown 
rot fungus, which both reduced the naturally occur-
ring acetyl esters and those introduced by chemical 
modification (Khodayari et  al. 2021; Terrett et  al. 
2019). The infrared analysis did not highlight any 
significant structural differences between the unde-
graded INTERFACE and UNIFORM samples. This 
is not surprising as the method gives information with 
lower spatial resolution than the thickness of the acet-
ylated layers at the wood cell wall-lumen interface.

Figure  3c shows the infrared spectra from UNI-
FORM HIGH and UNTREATED samples plotted in 
the region between 800 and 1800  cm−1, both from 
undegraded and degraded specimens. The plot shows 
that several bands were influenced by acetylation, 
while others seemed to decrease with degradation.

The unexamined absorbance bands in Fig.  3 
include several peaks that are more intense in acety-
lated wood, such as the peaks around 1218  cm−1 
and 1367  cm−1. The difference in intensity between 

untreated and acetylated samples around those peaks 
is documented in previous studies and respectively 
linked to C=O stretch and to C−H bending of meth-
oxyl groups (Faix 1991; Schwanninger et  al. 2004; 
Thygesen et  al. 2021). The peaks around 896  cm−1 
and 1030  cm−1 are related to both carbohydrates 
and lignin. The former is linked to C1−H deforma-
tion, while the latter is associated with C−H in-plane 
deformation and unconjugated C=O stretch (Schwan-
ninger et al. 2004).

The results confirm that brown rot degraded the 
wood as expected from earlier studies, allowing fur-
ther exploration of the chemical changes in even 
smaller detail with Raman.

Chemical changes of single wood cell walls 
after brown rot degradation

The average Raman spectra of the cell walls of a sin-
gle wood tracheid in each wood cross-section were 
analysed. To compare the changes before and after 
degradation, the average cell wall spectra were nor-
malized relative to the 1601 cm−1 peak height, which 
is associated with the stretching of aryl groups of 
lignin substructures and therefore is not susceptible to 
substantial brown rot degradation (Beck et al. 2018c; 
Daniel 2016; Thygesen et  al. 2021). Each spectrum 
depicted in Fig.  4 is the average Raman spectrum 
from the cell walls of six tracheids. The results in 
Fig.  4 confirmed the de-acetylation and degradation 
of carbohydrates shown by the ATR-FTIR measure-
ments, and indicated degradation of aliphatic lignin 
structures.

Brown rot fungi lack the enzymes to cleave the 
phenyl ring of lignin substructures, but they are capa-
ble of breaking down the aliphatic tail of the lignin 
structures, which is reflected in a loss of intensity 
of the 1660 cm−1 peak (Fig. 4) (Goodell et al. 2017; 
Yelle et al. 2011). Unfortunately, due to the normali-
zation to the 1601  cm−1 peak, it is not possible to 
address any variation in total lignin intensity. Thus, it 
cannot be ruled out that even the aromatic lignin peak 
at 1601 cm−1 is affected by minor changes in absolute 
intensity, as recently suggested by Füchtner and Thy-
gesen (2023).

De-acetylation was seen for all peaks associated 
with acetyl content, including 641  cm−1, 912  cm−1, 
1740  cm−1, and 2942  cm−1 (Fig.  4). Although the 
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effect was less visible in untreated samples, it was 
still present in the average spectrum (Fig. S2).

Degradation of carbohydrates was observed at 
1098 cm−1 and 1128 cm−1 for all types of wood stud-
ied and was also visible at 912 cm−1 and 2898 cm−1 
in acetylated samples (Fig.  4), although here the 
information from acetylation or other lignin sub-
structures may overlap (Bock and Gierlinger 2019; 
Digaitis et  al. 2021). The peak at 2898  cm−1 could 

also be affected by the presence of hyphae in the cell 
walls (Füchtner et al. 2023).

In addition, the O−D peak at 2300–2685 cm−1 gen-
erally increased with degradation, indicating that the 
moisture content and accessible hydroxyls increased 
with degradation (Fig. 4). Simultaneously, an overall 
decrease in the O-H peak at 3170–3650 cm−1 confirm 
increased hydroxyl accessibility (Fig. 4).

Among the various wavenumbers analysed, only 
three showed an increase in intensity: 641  cm−1, 

Fig.  3 Chemical changes due to degradation seen by ATR-
FTIR for all types of wood studied, comprising a 1508/1108 
ratio, b 1732/1508 ratio and c spectra of UNTREATED and 
UNIFORM HIGH wood samples, before and after degrada-

tion, in the selected wavenumber between 800 and 1800 cm−1. 
Letters in (a) and (b) indicate significant difference (p < 0.05) 
tested with Wilcoxon rank-sum test
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1479  cm−1, and 1379  cm−1. A probable reason for 
changes in the first two bands is the formation of iron 
and calcium oxalates during degradation, caused by 
fungal oxidative activity (Füchtner et  al. 2023). The 
third wavenumber, 1379  cm−1, could likely be from 
the hydration with deuterium oxide of highly amor-
phous cell wall carbohydrates, possibly released in 
the cell wall by degradation (Agarwal 2022).

Bar charts displaying the average variations of all 
the studied Raman peaks before and after degradation 
can be found in Fig. S2.

Pattern of brown rot degradation at the sub‑micron 
scale

A visualization of the sub-micron chemical changes 
before and after degradation can be seen by the 
Raman intensity maps of the cell walls (Fig.  5). 
These maps allow the visualization of specific chemi-
cal changes within the single cell walls of tracheids, 
otherwise imperceptible from the average spectra 
in Fig.  4. In addition to the de-acetylation and deg-
radation trend of carbohydrates described before, 
the Raman intensity maps in Fig. 5 localize the sub-
micron scale degradation pattern specific to compo-
nents and types of wood acetylation.

As expected, the maps for the C=O peak 
(1740  cm−1) (Fig.  5, first column) show that the 
acetyl content of UNTREATED wood was rather low 

in content and uniformly distributed in the cell walls, 
while acetyl groups mostly concentrated around the 
lumen in INTERFACE wood. The intensity maps of 
the C = O peak indicate that the cell wall undergoes 
de-acetylation during degradation, regardless of the 
type of wood attacked.

The holocellulose intensity maps (1130  cm−1) 
(Fig.  5, second column) show carbohydrate degra-
dation in the secondary cell wall of UNTREATED 
degraded samples, with slightly more prevalence 
in the radial direction than the tangential direction 
and in the proximity of the lumen. This effect could 
be due to the sample orientation relative to the laser 
polarization as well as to sample preparation. In acet-
ylated samples, carbohydrates were degraded mostly 
in the secondary cell wall region which shows less 
acetylation, suggesting that acetylation locally pro-
tected holocellulose from degradation (Fig. 5, second 
column, white arrows). This trend was seen in several 
of the INTERFACE degraded samples, but also in the 
intensity maps of UNIFORM degraded samples (Fig. 
S3–S6). This implies that the acetylated “barrier” lin-
ing the lumen did not protect the untreated S2 layer 
from degradation.

The C−H intensity maps (2898  cm−1) closely 
resembled the holocellulose intensity maps, with the 
exception of some clusters with higher signal inten-
sity usually located in the cell wall-lumen interface 
of degraded samples (Fig.  5, third column). These 

Fig. 4   Average Raman spectra of spruce cell walls before and 
after brow-rot degradation. UNTREATED in black and grey; 
UNIFORM HIGH in red and orange; UNIFORM LOW in blue 
and light blue; INTERFACE in green and light green. Bands 

in yellow are associated with acetylation; band in blue is O−D 
stretching, associated with moisture content and deuterated 
hydroxyl groups; band in green is O−H stretching, associated 
with inaccessible hydroxyl groups
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clusters are likely due to the presence of fungal 
hyphae and will be further discussed in Sect. 3.3.

The O−D intensity map (2500  cm−1) shows that 
the increased moisture content seen in the cell wall 
of degraded samples (Fig.  4) might be due to a for-
mation of micro-pools of liquid water rather than 
a homogeneous increase in hygroscopicity (Fig.  5, 
fourth column). These pools have a thread-like shape 
and extend radially through the cell wall and travel 
through tracheids, crossing the less hygroscopic mid-
dle lamella. Interestingly, the O-D intensity maps 
did not resemble the one of holocellulose or C−H, 
because these pools were not confined to the most 
degraded region of the cell wall. Although a similar 
trend has been previously assigned to brown rot in 
degraded tracheids (Schwarze 2007), we believe that 
the origin of these threads is microcracks formed dur-
ing sample preparation and cutting.

Finally, O−H intensity maps (Fig. 5, last column) 
are associated with inaccessible hydroxyls, known 
to be found in the most ordered areas of cellulose 
microfibrils (Hofstetter et  al. 2006; Tarmian et  al. 
2017). These maps in UNTREATED wood showed 
similarity to the O−D map and the 1130  cm−1 map 
(holocellulose), both in pristine and degraded wood. 
The similarity with the holocellulose intensity maps 
(1130  cm−1) is expected because fungi consume 
the cellulose, making some previously inaccessible 
hydroxyls groups accessible to water molecules while 
reducing the amount of carbohydrates. The consist-
ent decrease in OH signal throughout the entire cell 
wall in acetylated and degraded samples, irrespec-
tive of the location of the acetylated region, coupled 
with the reduction in average signal from the peak 
at 380  cm−1, suggests that degradation leads to a 

Fig. 5   Raman microspectroscopy intensity maps of untreated 
(UNTREATED) and interface acetylated wood (INTER-
FACE), both in pristine state and after brown rot degradation. 
Each column contains intensity maps of different cell wall tra-
cheids, describe the same band and share common colour bar 
limits. Each map shows the composition of the cell wall clus-

ter, while spectra assigned to the lumen cluster were artificially 
set to zero. The arrows point to the holocellulose which was 
protected by interface acetylation. The white scale bar in the 
images corresponds to 5 μm. Additional maps are available in 
Fig. S3–S6
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reduction in cellulose crystallinity in both untreated 
and acetylated samples.

However, in INTERFACE, UNIFORM HIGH 
(Fig.  5) and UNIFORM LOW, holocellulose 
(1130  cm−1) was partially protected after degrada-
tion in those regions where higher acetylation was 
present, but this was not reflected in O−H maps as 
in UNTREATED wood (Fig. S3–S6). Because of this 
ambiguity, while we can affirm that holocellulose was 
partly protected by acetylation, we cannot state that 
cellulose crystallinity was also preserved in those 
areas.

In this study, a preferential degradation of regions 
of the cell wall with lower acetylation was observed, 
while cell wall de-acetylation was often more pro-
nounced in the outer edges of the S2 layer. These 
findings align with previous research by Füchtner and 
Thygesen (2023) on extracted and non-extracted Nor-
way spruce heartwood, where brown rot degradation 
initiated in the S1 layer or compound middle lamella. 
However, while the presence of extractives delayed 
the initial stages of degradation, particularly the mod-
ification and breakdown of lignin-rich polymers, acet-
ylation, even at late stage of degradation (ML > 15%), 
slowed the decay by locally protecting carbohydrates 
from degradation.

Overall, the combined outcome of macroscopic 
and microscopic investigations on the two differ-
ent types of acetylation, i.e. INTERFACE and UNI-
FORM, suggest that while the these two types of 
acetylation affect where brown rot degradation takes 
place within the cell wall, both offer increased dura-
bility compared to native wood, and that at bulk level, 
this protection depends on the degree of modification 
rather than on the distribution of the treatment within 
the cell wall. From a commercial standpoint, this 
insight could signify a suggestion towards prioritizing 
the degree of modification.

Hyphae and extracellular polymeric substance

While analyzing the Raman images of degraded cell 
wall tracheids, it was found that twelve of them had 
small regions where the spectra were significantly 
different from the average cell wall spectrum. These 
regions contained spectra that could be grouped into 
three clusters.

Two of the three closely matched a reference 
hyphae of R. placenta (Füchtner et  al. 2023), while 
the third resembled hydrated cell wall fragments such 
as lignin substructures and amorphous cellulose, or 
hydrated minerals such as calcium oxalates (Fig.  6, 
Fig. S7). Several of these groups were observed at the 
cell wall-lumen interface of degraded samples and 
had the two hyphae-looking spectra spatially divided 
into an inner and outer shell, as depicted in Fig. 6a−c 
and in Fig. S7.

In Fig. 6d, it was observed that the two concentric 
clusters had similar spectral features, particularly in 
the 1000–1400 cm−1 area, which was also consist-
ent with the reference hyphae spectrum. The findings 
indicate that the hyphae involved in wood degradation 
look similar to the ones observed by Op De Beeck 
(2020) using OPTIR microspectroscopy. Hyphae are 
enveloped by an extracellular polymeric substance 
(EPS), which is a complex mixture of biopolymers. 
Here, we tentatively denote the inner cluster (Fig. 6, 
red) as the hyphae, while the outer cluster (Fig.  6, 
blue) is referred to as the EPS.

The hyphae showed lower O−D signal in the 
region between 2300 and 2700 cm−1 and higher O−H 
signal in the region between 3200 and 3650  cm−1 
than the EPS (Fig. S7p). This suggest that the outer 
area of the hyphae is relatively richer in water and in 
inaccessible O−H groups, possibly from the chitin 
present in cell wall or from hydrated minerals such 
as oxalates. In addition, the spectrum of the hyphae 
showed a relatively stronger and broader peak in the 
region around 600–650 cm−1 (Fig. 6d) than the one of 
EPS. That band can be assigned to O−C=O in plane 
stretching, i.e. acetyl esters, chitin hydrogen bonding, 
or to ferrous/ferric chelated ions (Adebajo et al. 2006; 
Conde-Morales et  al., 2020; De Gussem 2007). The 
two latter options are more likely as it is known that 
hyphae contain chitin as well as iron chelating ele-
ments in their cell walls, such as siderophores (Liu 
et al. 2013; Op De Beeck et al. 2021; Renshaw et al. 
2002; Wagner et al. 2015). Further, iron is a key ele-
ment in the Fenton chemistry employed by brown rot 
fungi to oxidatively degrade wood cell walls (Goodell 
et al. 2017; Hastrup et al. 2014; Op De Beeck et al. 
2021; Tamaru et al. 2019). This is to our knowledge 
the first study to show the presence of chelated iron 
ions in the hyphae of wood-degrading fungi with 
vibrational spectroscopy, and this finding will need 
further investigations to be confirmed.
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In Fig. 6d, a strong shoulder peak can be observed 
at around 1483 cm−1 in both the EPS and the hyphae, 
but not in the reference Raman spectrum of a hyphae. 
This peak may be related to calcium oxalates or cal-
cium chelated ions, which are known to be involved 
in brown rot wood cell wall degradation (Füchtner 
et  al. 2023; Gadd 1999; Hastrup et  al. 2014; Rusa-
kov et  al. 2021). While the reasoning behind the 
chelated calcium ions is analogous to the one of iron 
ions (Hastrup et  al. 2014), calcium oxalates such as 
whewellite and weddellite are known byproducts of 
fungal degradation of wood cell walls (Connolly et al. 
1996; Füchtner et  al. 2023; Gadd et  al. 2014; Arm-
bruster and Danisi 2016; Rusakov et al. 2021). How-
ever, calcium oxalates have been observed in crystal 
forms only outside the hyphae, and to our knowledge 
they have never been reported to form inside hyphae 
or within their cell walls (Connolly et  al. 1996; 
Füchtner et al. 2023; Gadd et al. 2014; Rusakov et al. 
2021). Since the analysed samples are wood cross-
sections, we assume that the concentric clusters show 

cross-sections of hyphal cell walls, but we cannot 
confirm this. Smearing of loose oxides over the sam-
ple surface during microtoming is also a possibility.

Another difference between the reference hyphae 
and the clustered hyphae spectra is the presence of 
two peaks around 1601 cm−1. These peaks are distinct 
and located at 1593 cm−1 and 1604 cm−1 (raw spec-
tra, not shown). In wood cell walls the peak at 1600 
cm−1 is assigned to pure lignin components and origi-
nate from symmetric, aromatic C=C stretch of aro-
matic lignin substructures, so these peaks are likely 
to be signals from either lignin substructures or other 
phenolic compounds such as quinones, which contain 
aromatic rings like lignin (Agarwal and Atalla 2010; 
Bock et al. 2020; Gierlinger et al. 2013; Op De Beeck 
et  al. 2021). Both aromatic lignin substructures and 
quinones are elements that can be found in the pres-
ence of wood and cell wall-degrading hyphae (Op De 
Beeck et  al. 2021; Tamaru et  al. 2019). Other than 
being a wood structural component, lignin substruc-
tures can function as electron donors for ferric iron, 

Fig. 6   a–c Cluster maps 
of Norway spruce cell 
wall cross-sections after 
brown rot degradation 
showing cell wall mate-
rial in mustard colour, 
lumen in dark blue, while 
red and blue spectra show 
the hypothesized hyphae. 
d Raman spectra of the 
cluster tentatively assigned 
to hyphae cell wall and the 
extracellular polymeric 
matrix (EPS), and a refer-
ence Raman spectrum of 
hyphae from Rhodonia pla-
centa (Füchtner et al. 2023), 
plotted in the wavenumber 
region between 320 cm−1 
and 1780 cm−1. The spectra 
in d) are normalized over 
the 2938 cm−1 peak height 
to allow relative compari-
son among them. The grey 
bands indicate the regions 
of the spectra where che-
lated metals and oxalates 
are expected to be found
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possibly playing a key role in the chelated Fenton 
chemistry (Op De Beeck et  al. 2020; Tamaru et  al. 
2019). Similarly, quinones, present in the EPS, could 
be involved in the redox cycling of iron and oxygen 
species, although this has not been verified (Op De 
Beeck et al. 2021). The prominent peak at 1647 cm−1 
can also be attributed to lignin substructures and qui-
nones (Agarwal 2009; Bock 2020).

We speculate that the differences observed 
between the spectra of the hyphae in the degraded 
cell wall, i.e., the hyphae and the EPS, and the ref-
erence hyphae might be due to differences in the 
substrate. The reference spectrum was from a hypha 
grown on soil, while the hypha from our material 
grew on wood. Differences in substrate composition 
can greatly impact fungal metal chelation and mineral 
formation (Connolly et al. 1996; Frank-Kamenetskaya 
et al. 2021; Hastrup et al. 2014; Heim et al. 2017; Op 
De Beeck et al. 2021).

The findings suggest a complex interplay between 
hyphae, metal ions, and degradation processes within 
the cell wall, highlighting the dynamic nature of 
fungal wood degradation and the multifaceted roles 
played by various components in this intricate sys-
tem. Further research is warranted to explore these 
mechanisms in greater detail.

Conclusion

This study set out to investigate the impact of the 
distribution of acetylation within the cell wall on 
brown rot fungal degradation. Since the mass loss in 
the fungal degradation experiments was related to 
the overall degree of modification (Rmod) rather than 
the type of modification (UNIFORM or INTER-
FACE), the results showed that the overall degree of 
modification is more important in determining dura-
bility than the specific distribution of acetylation 
within the cell wall. Nevertheless, spectroscopic 
analyses conducted during the later stages of deg-
radation revealed that acetylated regions retained 
a higher concentration of holocellulose, which 
shows that degradation primarily took place in cell 
wall regions that were less acetylated. This finding 
demonstrates that interface acetylation can be har-
nessed as a valuable tool for customizing wood cell 
wall degradation, targeting specific regions with 
precision. In addition, the results showed that the 

fungus required more fungal biomass (i.e., fungal 
mycelium) to degrade acetylated wood compared to 
untreated wood.

On a separate note, the study offers a glimpse 
into the characterization of fungal hyphae residing 
within lumina. The results from Raman imaging 
show that these hyphae exhibit a distinct two-layer 
structure, each with its own chemical signature.
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