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Abstract 

Palm leaf manuscripts (PLMs), venerable historical artefacts containing Buddhist scriptures, history, mathematics 
and literature, which are carried by palm leaves (Corypha umbraculifera) and are highly susceptible to microbial degra-
dation during prolonged storage. This degradation results in significant alterations to both the appearance and mate-
rial properties of PLMs, but the precise mechanism underlying this deterioration remains a mystery. To this end, 
the present study focused on ancient PLMs from Xishuangbanna Dai Autonomous Prefecture in Yunnan Province, 
China. The objective of present study was to isolate, culture and identify the microorganisms typically found in these 
manuscripts and to use them to biodegrade the carriers of PLMs. Detailed observations of the biodegradation behav-
ior of these microorganisms on the carriers of PLMs were carried out, together with characterizations of the hierar-
chical structure and mechanical properties of the leaf fiber cell walls. This comprehensive analysis provided insights 
into the deterioration mechanisms of the carriers of PLMs. The study revealed the presence of the common fungus 
Aspergillus niger on ancient PLMs. Aspergillus niger can secrete cellulase, lipase, and acidic substances after coloniz-
ing on the carriers of PLMs. These substances sequentially damage the carrier’s epidermal cells, mesophyll cells, 
and leaf fibers, leading to the separation of different tissue structures. At the molecular level, the lipids on the sur-
face of the leaves were degraded initially, and sequential depolymerization of hemicellulose, amorphous cellulose, 
and crystalline cellulose occurred. Additionally, this study firstly applied nanoindentation technology in the research 
of PLMs. The mechanical properties of the cell walls underwent notable alterations due to the modifications in chemi-
cal and crystalline structure of the carriers of PLMs upon the biodegradation of Aspergillus niger. Specifically, the hard-
ness and elastic modulus of leaf fiber cell walls showed an initial increasing and then decreasing trend, consistent 
with the trend of cellulose crystallinity, which also provided a new reference for assessing the degree of deterioration 
of PLMs.
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Introduction
Palm leaf manuscripts (PLMs), ancient texts inscribed on 
palm leaves (Corypha umbraculifera), cover diverse fields 
including history, mathematics, literature, astronomy, 
art, and medicine [1, 2]. Their unique historical, cultural, 
artistic, and archaeological value makes them a signifi-
cant part of the world’s cultural heritage. These manu-
scripts are currently distributed across several countries 
and regions, including India, Nepal, Sri Lanka, Myan-
mar, Thailand, Indonesia, Cambodia, and China [2]. They 
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serve as a vital resource for understanding Eastern cul-
ture. However, after centuries of use, dissemination, and 
preservation, the PLMs have suffered varying degrees 
of ageing and damage. This included the embrittlement 
of the PLM carriers and the fading and flaking of the 
inscribed ink and pigments [3, 4].

PLM carriers are susceptible to a range of issues due 
to their biological characteristics and external environ-
mental factors, including insect infestation, mold cor-
rosion, pollution, discoloration, acidification, decay, 
and mechanical damage [3]. Furthermore, the painted 
illustrations and inscriptions on these manuscripts suf-
fer blurring or detachment [5]. Current scholarly efforts 
primarily concentrate on collecting, cataloguing, photo-
copying, and craft inheritance, with a paucity of research 
dedicated to the degradation and restoration of PLMs [6, 
7]. Zhang et  al. [8, 9] investigated the surface patholo-
gies, acidification, and degradation of ancient PLMs 
from the Potala Palace in Tibet, China, and compared 
the deterioration of the PLMs under different preserva-
tion conditions. However, due to the precious nature of 
these cultural relics, the research was mostly limited to 
macro-scale observations. Chu et  al. [10] conducted a 
comparative analysis of the anatomical structure, chemi-
cal composition, and mechanical properties of simulated 
PLMs and ancient PLMs from Burma using diverse char-
acterization techniques to enhance comprehension of the 
degradation mechanisms of these materials. However, 
macro-mechanical testing requires large sample quan-
tities and sizes, which has resulted in the destruction 
of numerous artifacts. Moreover, the reliability of test 
results is often compromised due to the inhomogene-
ity of artifact degradation, which limits its application in 
artifact conservation and assessment [11]. It is important 
to note that the degradation factors of ancient PLMs are 
complex and multiple, such as light, temperature, humid-
ity, and biology, making it difficult to identify the degra-
dation mechanism of a single factor [12].

Most organic cultural relics, especially those rich in 
polysaccharides, are highly susceptible to microbial 
erosion and degradation, such as paper and wood [13, 
14]. PLMs, which use leaves as writing carriers, contain 
abundant nutrients such as proteins, starches, lipids 
and cellulose, making them particularly susceptible 
to mildew [15]. Mildew not only affects the appear-
ance of PLMs, causing the painted images and inscrip-
tions to become blurred or obscured, but also leads to 
a decline in the mechanical properties of the carriers, 
significantly limiting their dissemination and utility. 
Currently, there is lack of reports on the mechanism 
of mildew-induced degradation of PLMs. The insuffi-
cient information hinders the development of effective 

conservation strategies and poses a challenge to the 
long-term preservation and legacy of this invaluable 
cultural heritage. Therefore, understanding the mecha-
nism by which mildew degrades PLMs is essential for 
conserving this valuable cultural heritage.

In this study, typical microorganism (Aspergil-
lus niger) on ancient PLMs from Xishuangbanna Dai 
Autonomous Prefecture in Yunnan Province, China, 
were isolated, extracted, cultured and identified. 
Microbial degradation was then conducted on the PLM 
carriers using the isolated microorganisms. The hier-
archical structures of the PLM carriers after microbial 
degradation were characterized using various technical 
methods [16, 17], such as scanning electron microscopy 
(SEM), X-ray photoelectron spectroscopy (XPS), atten-
uated total reflectance-Fourier transform infrared spec-
trometry (ATR–FTIR), and X-ray diffraction (XRD). 
Additionally, nanoindentation (NI) technology was 
applied to the PLM carriers for the first time to explore 
the response mechanism of leaf fiber micromechanics 
under the microbial degradation. The study aimed to 
gain a deeper understanding of the process of micro-
bial degradation on PLM carriers and provide scientific 
basis for future studies about protection of the PLMs 
and other organic artifacts.

Materials and methods
Materials
Ancient PLMs were obtained from Xishuangbanna Dai 
Autonomous Prefecture in Yunnan Province, China. 
The region boasts an annual average relative humidity 
ranging from 82 to 85%. Coupled with a consistently 
warm climate throughout the year, these conditions 
create an exceptionally conducive environment for the 
growth and proliferation of microorganisms. Thus, 
the ancient PLMs were wrapped in cotton cloth, then 
housed within wooden boxes, and finally secured in an 
airtight room. The environmental conditions within 
the storage room were controlled at a temperature 
of 21.9  °C and a relative humidity of 42.0%. However, 
the proliferation of microorganisms remains inevi-
table. The microorganism used in the biodegrada-
tion experiment were isolated from the ancient PLMs. 
Fresh palm leaves, sourced from the Xishuangbanna 
Dai Autonomous Prefecture, were subjected to a series 
of treatments including trimming, steaming, polish-
ing, flattening, and air-drying, prior to being utilized 
in microbial degradation experiments. All fresh palm 
leaves were processed in the same batch, as carrier 
materials. Potato Dextrose Agar (PDA) medium was 
purchased from Shanghai Macklin Biochemical Tech-
nology Co., Ltd.
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Identification of a typical microorganism on the ancient 
PLMs
A sterile cotton swab dipped in a small amount of 0.85% 
NaCl was used to swab a typical microorganism visible 
to the naked eye on ancient PLMs. The obtained sample 
was then placed in PDA medium for cultivation. Follow-
ing the emergence of colonies on the PDA medium, indi-
vidual hyphae were meticulously picked from the colony 
edges and cultured again on fresh PDA medium to ensure 
strain purification. This purification process was repeated 
iteratively until pure strains were obtained, ensuring the 
absence of any contaminating microorganisms. The puri-
fied fungal strains were inoculated onto PDA medium 
and incubated at a temperature of 28 ± 2 °C with a relative 
humidity of 85 ± 5% [18]. The growth characteristics of 
fungal microorganisms on PDA medium were observed, 
and microscopic morphological features were examined 
using an optical microscope (CX31, Olympus, Japan). 
Based on these observations, the typical fungal types 
were initially identified. Adequate quantities of hyphae 
and spore aggregates were collected from the purified 
fungal strains, and their deoxyribonucleic acid (DNA) 
was extracted. Polymerase chain reaction (PCR) amplifi-
cation was then carried out using specific primers, and 
the resulting PCR products were sequenced to accurately 
identify the fungal species involved.

Microbial degradation
Referring to the Chinese standard GB/T 18261–2013 
“Test method for anti-mildew agents in controlling wood 
mould and stain fungi”, the typical fungal suspension 
was uniformly spread onto PDA medium, and sterilized 
U-shaped solid glass rods were placed inside. On top of 
the glass rods, the PLM carrier materials with dimen-
sions of 2 × 4  cm were placed, and finally sealed with a 
sealing film, and placed in the constant temperature and 
humidity chamber at a temperature of 28 ± 2 °C and rela-
tive humidity of 85 ± 5% for microbial degradation exper-
iment. The experiment lasted for 28  days, with samples 
being collected every 7 days. Each group consisted of six 
parallel samples.

Characterization of deteriorated PLM carriers
SEM
The samples designated for the observation of the adax-
ial or abaxial epidermis were trimmed to dimensions of 
5 × 5 mm. The samples designated for the observation of 
the cross-section were cut into strips with dimensions of 
1 × 5  mm and embedded into cubes with dimensions of 
15 × 7 × 7 mm using hot melt glue. The primary constit-
uent of this is a base resin derived from the high-pres-
sure copolymerization of ethylene and vinyl acetate. The 

cross-section of the embedded samples was trimmed into 
a pyramid shape with a top surface shaped into a square 
approximately 1 × 1 mm using a single-edged blade. The 
top surface of the samples was polished using a dia-
mond-knife-equipped ultramicrotome. The samples were 
secured to a mounting surface with a conductive adhe-
sive tape. They underwent a sputtering process to apply 
a platinum coating for enhanced electrical conductivity, 
utilizing an ion sputter coater (E1010, Hitachi, Japan). 
The SEM imaging was conducted using a high-resolution 
scanning electron microscope (S-4800, Hitachi, Japan) to 
acquire detailed images.

XPS
The chemical composition at the surface of the sam-
ple was analyze using the XPS (250 Xi, Thermo Fisher, 
USA). The surface of the samples was wiped clean before 
the experiment. Each sample was precisely trimmed to a 
size of 5 × 5 mm and then dried in an oven at 60 °C. The 
samples were attached to a sample holder and placed 
inside the XPS’s sample chamber. Once the chamber had 
reached the required vacuum level, the samples were 
transferred into the analysis chamber. A full-spectrum 
scan was performed with the following parameters: a 
spot diameter of 400 µm, an operational voltage of 12 kV, 
a filament current of 6 mA, a pass energy of 150 eV, and 
a step size of 1 eV. High-resolution scans were then per-
formed on the C1s spectral range of 279 ~ 298 eV and the 
O1s spectral range of 525 ~ 545  eV, with a pass energy 
of 50 eV and a step size of 0.1 eV. The spectra were cali-
brated using a binding energy of 284.8 eV.

Chemical components content testing
The samples were ground into a powder with a mesh 
size ranging from 40 to 60, and each sample was repli-
cated three times. The content of ethanol–benzene 
extractives in samples was measured according to a pre-
vious research method [19]. The determination of cel-
lulose, hemicellulose, and lignin content was conducted 
according to the National Renewable Energy Laboratory 
(NREL) method [20].

ATR‑FTIR
The surface of the degraded PLM carriers was gently 
wiped clean using a cotton swab. The samples underwent 
mechanical grinding and sieving, and approximately 200-
mesh wood powder was dried in an oven at 60  °C. The 
powdered samples were then placed in an infrared spec-
trometer (Nicolet iS5, Thermo Fisher scientific, USA) 
equipped with a diamond attenuated total reflection 
crystal attachment for detection. The scanning parame-
ters consisted of 32 scans with a resolution of 4  cm−1. The 
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absorption range recorded during the analysis spanned 
from 500 to 4000  cm−1.

XRD
The surface of the samples was cleaned off. The sam-
ples underwent mechanical grinding and sieving, and 
approximately 200-mesh wood powder was dried in an 
oven at 60  °C. The relative crystallinity of the samples 
was measured using an XRD (D8 Advanced, Bruker, Ger-
many). The X-ray tube is equipped with a CuKα target. 
The instrument was operated with a voltage of 40  kV 
and a current of 40 mA. The scanning range was set to 
2θ = 5 ~ 40°, with a scan step size of 0.05° and a scan rate 
of 0.1°/s. The Gaussian function was utilized to fit the 
reflection peaks for accurate calculation. According to 
the Segal method [21], the relative crystallinity of the 
sample was calculated as follows:

where CI is the crystalline index, I200 is the maximum 
intensity of the (200) crystallographic plane, Iam is the 
intensity of amorphous scattering near the 2θ angle of 
18°.

NI
The sample preparation method was consistent with that 
used for observing cross-sections in SEM experiments. 
The samples were placed in the TI-950 nanoindentation 

(1)CI =
I200 − Iam

Iam
× 100%

system (Hysitron, USA) with a relative humidity of 
approximately 45% and allowed to equilibrate for over 
three days. The TI-3900 triangular pyramid indenter with 
an angle of 142.3° and a tip diameter of 100 nm was used. 
Under load control mode, a three-stage loading function 
(with loading and unloading times of 5  s and a holding 
time of 2 s) was applied with a maximum load of 80 µN 
for nanoindentation testing. During the experiment, 
load–displacement data was recorded. Subsequently, 
the hardness and elastic modulus values were calculated 
using the Oliver-Pharr method [22]. The indentation 
modulus and hardness of each sample were averaged 
from at least 30 valid data points.

Data analysis
Data analysis was performed using the statistical soft-
ware SPSS (IBM SPSS Statistic, version 26, IBM Corpora-
tion, New York, USA).

Results and discussion
Microorganism identification
The surfaces of ancient PLMs showed distinct myce-
lium (Fig. 1a). When typical microorganisms from these 
ancient manuscripts were isolated and cultured, it was 
observed that the colonies grew rapidly, took on a flat 
shape. Initially they appeared as white, velvety struc-
tures, eventually changing to brown or dark brown, 
coarse, velvety colonies with blunt, rounded edges 
(Fig. 1b). Microscopically, the colonies exhibited circular, 

Fig. 1 Macro- and micro-morphological characterization of fungi isolated from ancient PLMs. (a) Ancient PLMs, (b) Fungal colony, (c) 
Conidiophores
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radially arranged conidial heads that were dark brown 
in color and surrounded by numerous black spores of 
round or oval shape. The conidiophores were character-
ized by their elongated length, thick walls, and smooth 
appearance (Fig.  1c). This was basically consistent with 
the morphology of Aspergillus niger (A. niger) [23]. The 
DNA sequencing results (Additional file) were subjected 
to comparative analysis on the NCBI website (https:// 
blast. ncbi. nlm. nih. gov/ Blast. cgi), and it was found that 
they share a 99% homology with A. niger. Utilizing a 
combination of DNA extraction, PCR amplification and 
sequencing, along with macroscopic and microscopic 
morphological analysis, the microorganism was identi-
fied as A. niger, belonging to the genus Aspergillus, which 
is a common fungal strain found in ancient paper cultural 
relics [24, 25].

Morphological structure
The hyphae number of A. niger on the surfaces of the 
PLM carriers increased significantly, leading to a prom-
inent darkening in color (Fig. 2a). Even after undergo-
ing degradation, the PLM carriers retained their overall 

structural integrity on a macroscopic level. Notable 
changes in the microstructure of the degraded sam-
ples were observed using SEM. With the extension of 
biodegradation time, the adaxial and abaxial epidermal 
cells gradually collapsed, and internal structures such as 
the mesophyll cells with thinner cell walls also severely 
degraded (Fig. 2f, g). However, the structure of the leaf 
fiber cell walls remained intact. It was noteworthy that 
the adaxial and abaxial epidermal cell wall structure of 
the PLM carriers was compact, making it difficult for 
A. niger conidia, approximately 3.2  µm in diameter, to 
penetrate the interior of the PLM carriers even upon 
collapse (Fig.  2c, d). This indicated that although A. 
niger cannot invade the interior of the leaf, its secre-
tions may be able to penetrate through the adaxial and 
abaxial epidermis of the leaves and invade deeper into 
the interior. Furthermore, the degradation of internal 
leaf components induced by A. niger resulted in the dis-
sociation of different tissue structures (Fig. 2f, g). This 
phenomenon could be a crucial contributor to the peel-
ing of ancient PLM surfaces during the storage process.

Fig. 2 Surface condition and microstructure of PLM carriers upon varying times of degradation by A. niger. (a) Surface condition, (b–d) Adaxial 
surface microstructural characteristics of non-degraded, 14-day, and 28-day biodegraded samples, (e–g) Cross-sectional microstructural 
characteristics of non-degraded, 14-day, and 28-day biodegraded samples

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Chemical composition and structure
The chemical changes on the surface of PLM carriers, 
caused by degradation from A. niger, were thoroughly 
investigated using XPS. The dynamic evolution of the 
oxygen-to-carbon ratio (O/C ratio) and the C1s peak of 
the samples was the primary focus of the analysis. The 
O/C ratio is a crucial indicator for evaluating the chemi-
cal properties of the palm leaf surface, as lignin has a 
larger proportion of carbon atoms compared to carbo-
hydrates [26]. As Fig. 3a illustrated, the O/C ratio on the 
surface of PLM carriers decreased from 0.28 to 0.17 with 
the increase of degradation time. This indicated a prefer-
ential depolymerization and dissolution of carbohydrates 
by A. niger, resulting in an increase of lignin content [27, 
28].

Furthermore, the high-resolution XPS spectra of car-
bon C1s were fitted and deconvolved into four distinct 
sub-peaks: C1 (C-C or C-H), C2 (C-O), C3 (C=O, O-C-
O), and C4 (O-C=O), as illustrated in Fig. 3b–f. Notably, 
the C1 peak primarily originates from lignin with phe-
nylpropane structures, along with fatty acids, fats, waxes, 
and terpenoids. The C2 peak serves as a key structural 
indicator of cellulose and hemicellulose. The C3 peak 
reflects the acetal structures in hemicellulose and the car-
bonyl structures in lignin. Lastly, the C4 peak is closely 
associated with the structures of acetyl groups in hemi-
cellulose molecules, glucuronic acid groups, resin acids 
and fatty acids [26, 29]. The results for the area of C 1 s 
peaks of PLM carriers were shown in Table 1. During the 
degradation process, the intensity of the C1 peak expe-
rienced a transient decrease followed by a pronounced 
increase. This transient decrease might be attributed to 
limited degradation of lipids on the surface of leaves by 
A. niger. Given its stable structure and resistance to deg-
radation, the relative content of lignin rose significantly 
after 21 days of degradation by A. niger, leading to a cor-
responding rise in the intensity of the C1 peak (Fig.  3e, 
f ). The relative content of the C2 peak initially increased 
and then decreased, indicating preferential degradation 
of the lipids on the surface of leaves. This degradation 
subsequently led to an increase in the relative content of 
holocellulose (Fig.  3b, c). A. niger can secrete lignocel-
lulolytic enzymes [30]. The degradation of cellulose and 
hemicellulose led to a decrease in the intensity of the C2 
peak after 7 days (Fig. 3d–f). In addition, the degradation 
of cellulose and hemicellulose generated acidic and alde-
hyde substances, leading to an increase in the contribu-
tions of the C3 peak before 14 days (Fig. 3d). The relative 
content of C4 peak decreased significantly, from 4.24 to 
1.43%, further confirmed the severe degradation of hemi-
cellulose (Fig. 3b and f ).

Quantitative chemical composition studies indicate 
that during the degradation by A. niger, the hemicellulose 

content decreased from 22.5 to 11.2%. The extractives 
content first decreased from 10.6 to 8.5%, and then rose 
to 14.9%. Initially, the cellulose content increased from 
37.5 to 39.1%, but later decreased to 33.6% (Fig.  4a). 
These findings suggested that under the degradation by 
A. niger, hemicellulose and lipids in the PLM carriers 
were preferentially degraded, followed by cellulose. The 
relative content of lignin increased, primarily because 
of its stable structure, which was more resistant to deg-
radation. The observed increase in lignin’s relative con-
tent was also a consequence of the degradation of other 
components.

The ATR-FTIR spectra are presented in Fig.  4b. The 
absorption peaks at 2917 and 2842  cm−1, corresponding 
to asymmetric and symmetric stretching vibrations of 
 CH2, respectively. These peaks are closely associated with 
lipids in PLM carriers [10]. The reduction in the inten-
sity of these peaks indicated that A. niger has the ability 
to degrade the lipids in the PLM carriers, which aligned 
with the previous XPS analysis. Furthermore, previous 
studies have confirmed that A. niger can secrete lipase to 
facilitate this degradation process [31]. The absorption 
peak at 1650   cm−1 corresponds to the conjugated car-
bonyl in lignin [32]. Notably, as A. niger degradation time 
increased, the absorption intensity of this peak remained 
relatively unchanged, indicating the lignin structure’s 
high stability and resistance to degradation reactions. 
However, it’s crucial to acknowledge the sensitivity limi-
tations of ATR-FTIR and XPS in lignin detection, which 
suggested that the possibility of lignin structure modifi-
cation still existed. The absorption peak near 1730  cm−1 
is associated with the C=O stretching vibration of acetyl 
and carboxyl groups, serving as a crucial marker for 
distinguishing hemicellulose from other components 
including cellulose and lignin [33]. The intensity of this 
peak decreased significantly, confirming that hemicellu-
lose in the PLM carrier was preferentially degraded dur-
ing the early stages of fungal attack [34]. In addition, the 
absorption peak at 1160   cm−1, attributed to the C-O-C 
stretching vibration in cellulose and hemicellulose, also 
exhibited a marked decrease in intensity during the later 
stages of degradation. This observation suggested that 
both cellulose and hemicellulose had undergone degrada-
tion at a certain degree.

Figure  5 presents the XRD diffraction patterns of the 
PLM carriers degraded by A. niger. Notably, some extra 
diffraction peaks of crystalline material appeared in 
the degraded sample compared to the control sample 
(Fig.  5a). This was attributed to the reaction between 
acidic substances secreted by A. niger and substances 
such as silica and calcium carbonate in the sample [35].

During the degradation by A. niger, the relative 
crystallinity of PLM carriers initially increased from 
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39.8% in the undegraded state to 56.0% after 14  days 
of degradation, followed by a decrease to 38.8% after 
28  days (Fig.  5b). This change was due to the selective 

degradation of amorphous cellulose regions caused by A. 
niger, leading to an increase in the relative crystallinity of 
cellulose during the initial stages of degradation [36, 37]. 

Fig. 3 XPS spectra of PLM carriers. (a) O/C ratio, (b) Non-degraded samples, (c) 7-day biodegraded samples, (d) 14-day biodegraded samples (e) 
21-day biodegraded samples, (f) 28-day biodegraded samples
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Prior research has demonstrated that a small number of 
unordered cellulose chains appeared on the surface of 
cellulose crystals, while the cellulose chains are highly 

ordered in the core position [38]. This structural charac-
teristic makes crystalline cellulose resistant to microbial 
attack until the outer amorphous cellulose chains are 
fully depolymerized.

Micromechanical properties
The PLM carriers were abundant in leaf fibers, with a 
fiber volume fraction of approximately 23%, exhibiting a 
cell wall thickness of approximately 4 µm, as depicted in 
Fig. 6a. These fibers possess exceptional hardness proper-
ties, playing a crucial role in enhancing the mechanical 
strength of the PLMs. The cell walls, as the actual load-
bearing unit of leaf fibers, are crucial for their mechani-
cal performance. During the degraded period of A. niger, 

Table 1 O/C ratio and area of C 1 s peaks of PLM carriers

Degradation 
time (d)

O/C ration C1 (%) C2 (%) C3 (%) C4 (%)

0 0.28 74.52 11.82 9.42 4.24

7 0.27 74.42 15.82 7.68 2.10

14 0.24 74.21 10.43 13.35 2.02

21 0.20 80.47 10.66 7.16 1.71

28 0.17 84.52 5.96 8.09 1.43

Fig. 4 (a) Chemical components content of PLM carriers, (b) ATR-FTIR spectra between 4000 and 500  cm−1 of PLM carriers

Fig. 5 Cellulose crystalline structures of PLM carriers. (a) X-ray diffractograms, (b) Relative crystallinity
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changes in the chemical and crystal structure of the PLM 
carriers inevitably impacted the cell walls’ performance. 
This study pioneered the utilization of nanoindenta-
tion technology to assess the micromechanical proper-
ties of PLM carriers within extremely small dimensions. 
This technique offered an unprecedented opportunity to 
delve into the micromechanical behavior of leaf fiber cell 
walls during mildew by A. niger. Furthermore, it provides 
a new reference for the evaluation of the deterioration 
degree of ancient PLMs [39].

Figure  6b depicts the indentation depth-load curves 
of leaf fibers from PLM carriers degraded by A. niger for 
varying durations. With increasing degradation time, the 
maximum indentation depth of the leaf fiber cell walls 
exhibited a gradual decline from 99.5  nm to 89.9  nm, 
followed by an increase to 103.5 nm at a force of 80 µN. 
Correspondingly, the hardness of the fiber cell walls 
increased significantly from 0.30 to 0.34 Gpa during the 
initial stages of mildew (Fig. 6c). In view of that the cru-
cial role of lignin in determining cell wall hardness, this 
observed increase in hardness possibly resulted from the 
increase in lignin content resulting from the degrada-
tion of holocellulose [40]. However, a notable decrease 
in cell wall hardness from 0.34 GPa after degraded 
for 14  days to 0.29 GPa after degraded for 28  days was 
observed (Fig. 6c). This reduction could be attributed to 
lignin modification or extensive damage to hemicellulose. 

Similarly, the elastic modulus of cell walls also exhibited 
a trend of first increasing and following decreasing as 
the degradation time by A. niger increased (Fig. 6d). This 
trend was consistent with the changes of relative crystal-
linity, indicating a correlation between the elastic modu-
lus of cell walls and the relative crystallinity of cellulose. 
The elastic modulus of cellulose significantly exceeds that 
of other chemical component, thus it could determine 
the elastic modulus along the longitudinal axis of the cell 
wall to a large extent. However, as mildew developed to 
later stages, the degradation of holocellulose and lignin 
modification resulted in the disruption of intermolecular 
and intramolecular bonds. This weakened the polymer 
connections within the leaf fiber cell walls, ultimately 
compromising their load-bearing capacity [41]. Conse-
quently, there is a significant decrease in the elastic mod-
ulus of the cell walls. These findings provided important 
evidence for a deep understanding of the impact of mil-
dew by A. niger on the performance of the PLM carriers.

Degradation mechanism analysis
The deconstruction model of A. niger on the PLM car-
riers is shown in Fig.  7. After colonizing on the PLM 
carriers, A. niger can secrete cellulose enzymes, lipases, 
and acidic substances, which sequentially caused pro-
gressive damage to the epidermal cells, mesophyll cells, 
and leaf fibers (Fig.  7a). Due to their thinner cell walls 

Fig. 6 Micromechanical properties of leaf fibers in PLM carriers. (a) Procedure of NI testing including test area, test points, and indentation 
after unloading, (b) the indentation depth-load curves, (c) the hardness of the leaf fiber cell walls, (d) the elastic modulus of the leaf fiber cell walls
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and larger intercellular spaces, mesophyll cells under-
went a more severe degree of degradation compared to 
epidermal and leaf fiber cells. Although leaf fibers were 
the primary contributors to the stiffness and strength 
of the leaf, effectively enhancing the stability of the leaf 
structure, the severe degradation of mesophyll cells led 
to the destruction of the interfaces between different 
tissue structures within the leaf. This led to the separa-
tion of different tissue structures, negatively impacting 
the physical properties of the PLMs, and consequently 
causing macroscopic manifestations such as peeling and 
fiber warping on the surfaces of PLMs. Moreover, lipases 
can degrade lipid substances and wax on the leaf sur-
face, facilitating A. niger to degrade the interior part of 
leaves. Cellulose enzymes and acidic substances can suc-
cessively depolymerize hemicellulose, amorphous cellu-
lose, and crystalline cellulose (Fig.  7c). The degradation 
of hemicellulose and amorphous cellulose resulted in an 
increase of the relative crystallinity of cellulose, thereby 
enhancing the hardness and elastic modulus of the leaf 
fiber cell walls. However, upon further degradation of 
crystalline cellulose, the hardness and elastic modulus of 
the leaf fiber cell walls decreased significantly. Simultane-
ously, the disruption of intermolecular and intramolecu-
lar bonds of holocellulose caused severe brittleness in the 
PLMs. This fragile state induced the ink and color on the 
ancient PLMs to fade and fall off more easily. This deg-
radation model of A. niger on the PLM carriers provides 
important scientific guidance for further studying the 
degradation evolution mechanism and protection strate-
gies of A. niger on wooden cultural relics.

Conclusion
The ancient PLMs preserved in the Dai Autonomous 
Prefecture of Xishuangbanna, Yunnan, China, have been 
colonized by A. niger fungus. In order to gain a compre-
hensive understanding of the fungal impact on the PLM 
carriers, the A. niger was employed to degrade the carri-
ers in this study. Subsequently, a systematic investigation 
was conducted to assess the microscopic morphology, 
chemical composition, crystal structure, and microme-
chanical properties of the degraded PLMs. During the 
degradation process, A. niger secreted cellulose enzymes, 
lipases, and acidic substances, gradually destroying the 
epidermal cells, mesophyll cells, and leaf fibers of the 
PLM carriers. Lipid substances and wax on the surface 
of carriers were first degraded, followed by the sequential 
depolymerization of hemicellulose, amorphous cellulose, 
and crystalline cellulose. Lignin was resistant to degrada-
tion due to its stable structure. Additionally, the hardness 
and elastic modulus of the leaf fiber cell walls exhibited a 
trend of first increasing and following decreasing, closely 
related to factors such as the chemical composition and 
crystal structure of the cell walls. This study provides a 
comprehensive understanding of the deterioration and 
evolution process of hierarchical structures within PLM 
carriers under A. niger degradation. Additionally, it is 
firstly to employ nanoindentation technology in exam-
ining the micromechanical properties of PLMs. These 
findings serve as a scientific basis for assessing the extent 
of PLM deterioration and provide valuable references 
for the preservation of organic cultural relics, including 
PLMs and wooden artifacts.

Fig. 7 The deconstruction model of A. niger on the PLM carriers. (a) Deconstruction order of leaf structure, (b) Cell wall deconstruction, (c) 
Depolymerization order of chemical component
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