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Abstract  Cellulose has been developed as an alter-
native to petrochemical materials. By comparison 
with refined nanofibers (RCNFs), lignocellulose 
nanofibers (LCNFs) show particular promise because 
it is produced from biomass using only mild pretreat-
ment. The mechanical properties of LCNFs depend 
on the contained lignin. However, the microscopic 
location of the lignin contained in LCNFs has not 
been determined. Thus, we developed two methods 

to detect and visualize lignin. One uses a scanning 
transmission electron microscope (STEM) equipped 
with an energy dispersive X-ray spectroscopy detec-
tor. The other method uses an atomic force micro-
scope (AFM) equipped with a cantilever coated with 
an aromatic molecule. Both methods revealed that the 
lignin in LCNFs covers a thin cellulose fiber and is 
precipitated in a grained structure. In particular, the 
AFM system was able to determine the nanoscopic 
location of lignin-rich areas. The present study estab-
lishes a strong tool for analyzing the characteristics of 
lignin-containing materials.
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Introduction

Over the past two decades, materials manufactured 
using petrochemicals are being converted to sustain-
able materials via the use of chemistry that is con-
sidered “green” from the viewpoint of environmental 
conservation. Cellulose has attracted attention for its 
utility as an alternative to petrochemical materials. 
This is happening because cellulose is the most abun-
dant biomass in nature. Also, cellulose has excellent 
mechanical properties and thermal stability (Nishino 
et  al. 2004) as well as the advantage of low density 
and properties that allow it to be easily processed. 
Furthermore, unlike engineered plastics, cellulose is 
biodegradable, which means the oceans and the soil 
are not polluted by debris when cellulose decomposes 
(Nishino and Arimoto 2007; Fujisawa et al. 2013).

Cellulose nanofibers are considered a beneficial 
use of cellulose (Nogi et  al. 2009; Liu et  al. 2016). 
Cellulose nanofibers (CNFs) exhibit desirable 
mechanical properties (Saito et  al. 2013), transpar-
ency (Fukuzumi et  al. 2009), and gas-barrier prop-
erties (Fukuzumi et  al. 2009; Yang et  al. 2012). 
Therefore, CNFs are expected to be applied for the 
reinforcement of glass (Nogi and Yano 2008), as 
packaging for foods and medical supplies (Fukuzumi 
et al. 2009; Azeredo et al. 2017), and as gas-separa-
tion membranes (Fukuzumi et al. 2013).

CNFs are produced from sources such as bam-
boo, wood, rice and wheat straw, hemp, potatoes, 
bagasse, and kenaf. Sorghum (Sorghum bicolor (L.) 
Moench) is a C4-species crop and is considered to 
be a dedicated biorefinery feedstock due to its high 
productivity (Rooney et  al. 2007). Among hybrid 
forage sorghum cultivars, Tentaka (F1 hybrid) is the 
top yielding cultivar per unit of land (40.3 t ha−1 y−1) 
(Venuto and Kindiger 2008).

CNFs are classified as either refined cellulose 
nanofibers (RCNFs) or lignocellulose nanofibers 
(LCNFs) based on differences in their chemical com-
position. LCNFs contain a rich fraction of lignin 
compared with RCNFs. General lignocellulosic bio-
mass is composed of cellulose, hemicellulose, starch, 
xylan, and lignin. The lignin and hemicellulose are 
removed via chemical pretreatment. To produce 
RCNF, the lignin is completely removed via processes 
that include several pulping procedures (Gierer 1985) 
and treatment with sodium chlorite (NaClO2) (the 
Wise method) (Wise et al. 1946). Hemicellulose can 

be removed via alkaline treatment (Wise and Ratliff 
1947). RCNFs are produced from lignocellulosic 
biomass using a double process of alkaline treatment 
and the Wise method (Nobuta et  al. 2016). LCNFs 
are produced via a mild delignification process that 
includes treatment with dilute sulfuric acid (Teramura 
et al. 2016) and with an organic acid (Espinosa et al. 
2019). After pretreatment for removing lignin and 
hemicellulose, the biomass is subjected to chemical 
or mechanical fibrillation. To accomplish mechanical 
fibrillation, several methods are considered: grinding 
(Taniguchi and Okamura 1998), aqueous counter col-
lision (Kose and Kondo 2011), and twin-screw extru-
sion (Baati et al. 2017; Rol et al. 2017).

LCNFs are materials that have the potential for a 
“greener” status than that of RCNFs because LCNFs 
are produced via pretreatment using simple and 
mild conditions (Hassan et  al. 2018; Smullen et  al. 
2019). Currently, the primary industrial applications 
of LCNFs include use as a filler of polymer materi-
als (Travalini et  al. 2019) and as sheets and fibers 
that can be applied to products (Iwamoto and Endo 
2015; Oliaei et  al. 2021). The mechanistic proper-
ties of LCNFs depend on their residual lignin content 
(Iwamoto et  al. 2008; Karimi et  al. 2014). In addi-
tion to the content, the location of lignin also could 
affect the properties of LCNFs, because lignin is 
known to locate between plant fibers and in cell walls, 
which forms a complex lignin-carbohydrate linkage 
(Zoghlami and Paës 2019). The location of lignin 
in lignocellulosic biomass has been studied using 
microscopic techniques that include the use of a con-
focal laser scanning microscope (Liao et  al. 2022), 
CLSM with immunolabeling (Hou et al. 2013), Fou-
rier transmission infra-red imaging (Li et  al. 2018), 
and Raman imaging (Sasani et  al. 2021). Electron 
microscopes offer a spatial resolution that is superior 
to that of optical microscopes, and electron micro-
scopes have also been employed for biomass that is 
mercurialized (Westermark et  al. 1988) and reacted 
with potassium permanganate (Hepler and Fosket 
1970; Hou et  al. 2013). Atomic force microscopes 
(AFM) have also been employed to observe ligno-
cellulosic materials on a nanoscopic scale (Lambert 
et al. 2019). AFMs scan the sharp-tipped probe of a 
cantilever on the surface of a material of interest to 
generate a morphology map (Binnig et al. 1986). As 
an adaptation of AFM, chemical force microscopy 
(CFM) is able to gain information about the chemical 
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surface variations and the magnitude of chemical 
forces. CFM uses a probe modified with specific 
ligand molecules. Several groups reported a hetero-
geneous distribution of interactive forces between a 
self-assembled monolayer of a hydrophobic molecule 
and lignocellulosic surfaces (Arslan et al. 2015; Elin-
ski et al. 2017; Gusenbauer et al. 2020). However, the 
variety of the molecules modified on the probe was 
limited and the nanoscopic location of the lignin in 
LCNFs is not determined using this process.

In the present study, we applied two techniques to 
visualize and quantify the lignin contained in LCNFs 
on either a microscopic or nanoscopic scale. The first 
involved the use of a scanning transmission electron 
microscope (STEM) equipped with an energy disper-
sive X-ray spectrometry (EDS) detector. In this pro-
cess, the lignin in LCNFs was electron-stained with 
KMnO4; lignin molecules are oxidized by KMnO4, 
and conversely, the permanganate anion is reduced 
to manganese dioxide, which then precipitates and 
indicates the site of the reaction (Fig. 1a). The second 
process involved the use of an atomic force micro-
scope (AFM) with a cantilever modified with an arbi-
trary ligand molecule. AFM detects an interactive 
force between the ligand and the material’s surface 
via a system of force-distance curve measurements, 

which allows force-curve mapping (FCM) (Dufrêne 
et al. 2013). Lignin molecules are composed of three 
building blocks of aromatic molecules (Fig.  1b). 
Thus, we attempted to detect the lignin on LCNFs by 
using an AFM equipped with a cantilever coated with 
aromatic molecules to ensure an affinity for the aro-
matic rings in lignin molecules that would result in 
hydrophobic and π–π interactions (Fig. 1c).

Hypothesis

STEM-EDS with KMnO4 staining and AFM 
equipped with a cantilever modified with thiophenol 
may visualize and determine the location of lignin on 
cellulose nanofibers in a nanoscopic scale.

Materials and methods

Biomass‑derived materials

Two kinds of materials were prepared from the 
hybrid sorghum cultivar Tentaka (Venuto and Kin-
diger 2008). This sorghum was grown in 2013 at 
an experimental field in Okinawa, Japan. After har-
vest, a fine powder was prepared with the previous 

Fig. 1   The detection meth-
ods of lignin deposited on 
cellulose nanofibers (CNFs) 
that are reported in the 
present study, involved a a 
scanning transmission elec-
tron microscope equipped 
with an energy-dispersive 
X-ray spectroscopy (EDS) 
detector and c an atomic 
force microscope equipped 
with a cantilever modified 
with an aromatic molecule. 
b Building blocks of a 
lignin molecule
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reported method of purification and degreasing 
(Teramura et  al. 2016). Then, the materials were 
pretreated with two different methods: sulfuric 
acid treatment (Teramura et  al. 2016) and refining 
(a combination of the Wise method and alkaline 
treatment, Nobuta et al. 2016). Then, water disper-
sion samples were prepared via fibrillation by pass-
ing the pretreated biomass through a high-pressure 
homogenizer (LM-20-30 Microfluidizer®, Micro-
fluidics International Co.) ten times at 207  MPa. 
These two materials are referred to as LCNFs and 
RCNFs, respectively.

As a reference sample of pure lignin, organo-
solv-treated lignin was prepared via a previously 
reported method using 1-butanol (Teramura et  al. 
2016). Organosolv treatment is a practical method-
ology that is based on sulfuric acid treatment with 
the addition of a solvent for the isolation of high-
quality lignin and high-purity cellulose. Acetone 
was used to adjust the pure lignin solution to 10 g/L 
(Nacalai Tesque, Kyoto, Japan). Then, 40 µL of this 
solution was applied to the cover glass (φ13 mm 
glass; Matsunami Glass Industries, Osaka), which 
then was spin-coated at 3000  rpm for 1  min. To 
assess the nonspecific interaction of the probe, a 
cellulose acetate membrane (C020A047A; Advan-
tec, Tokyo, Japan) was used as a control sample.

Chemical composition analysis

The chemical compositions of these materials were 
determined according to analysis based on the 
National Renewable Energy Laboratory (referred to 
as NREL) method (Sluiter et al. 2012). In brief, the 
polysaccharide composition was calculated based 
on the monomer content after two-step acid hydrol-
ysis. First, each 300 mg of a sample was added into 
3 mL of 72% (w/w) sulfuric acid, followed by incu-
bation at 30 oC for 2  h. Second, the reacted sam-
ple was diluted to 4% (w/w) using deionized water, 
after which it was autoclaved at 121 oC for 1 h. The 
hydrolysis sample was neutralized to pH 5.0 using 
calcium hydroxide. Finally, the sugar content of 
the liquid hydrolysate was determined via GCMS-
QP2010 SE (Shimadzu, Kyoto, Japan). The acid-
soluble lignin content was determined by measuring 
the optical density at 240 nm.

Scanning electron microscope (SEM) observation

The water dispersions of RCNF and LCNF were vac-
uum filtered and dried in vacuo at 50 °C for 12 h to 
obtain the RCNF and LCNF sheets. The surfaces of 
the CNF sheets were observed using a JSM-7100  F 
(JEOL, Tokyo, Japan) at 2 kV following the applica-
tion of a Pt–Pd coating.

STEM observation and EDS analysis

The dispersion samples were separated from the dis-
persion by centrifugation (4000 g, 2 min, RT). Then, 
these samples were stained with a 1% (w/v) potassium 
permanganate (KMnO4) (Nacalai Tesque, Kyoto, 
Japan) solution for 5 min followed by washing with 
distilled water 4 times, and were again dispersed in 
water. Finally, the stained samples were drop cast on 
900-mesh copper grids and dried to form a thin film 
of CNFs. Unstained samples were prepared according 
to the same procedure without KMnO4 staining.

Each observation sample was mounted on a grid 
and examined using a JEM-2100  F (JEOL, Tokyo, 
Japan) equipped with a scanning transmission elec-
tron microscopy (STEM) mode, a high-angle annular 
dark-field (HAADF) detector (JEOL), and an energy 
dispersive X-ray spectrometer (EDS) (JED-2300T; 
JEOL), at an accelerating voltage of 200 kV. For sta-
tistical analysis, the percentages of Mn atom content 
in five random fields of view for each sample were 
calculated using Analysis Station and Analysis Pro-
gram (JEOL) software under the assumption that 
the sample consisted of only carbon, oxygen, and 
manganese.

AFM imaging and force curve measurement analysis

A silicon cantilever (Olympus Co. Ltd., Tokyo, Japan, 
OMCL-TR400PB-1, spring constant: 0.09  N/m, tip 
radius: < 40  nm, tip angle: < 70  deg., Au coated) 
was used in this study, and chemical modification 
was performed using a previously reported method 
(Takenaka et al. 2015, 2017) with only minor modifi-
cation. In brief, the cantilever was treated with ultra-
violet light irradiation for 1.5  h to clear the organic 
compounds that may have previously adhered to the 
cantilever surface. The concentration of thiophe-
nol (Wako pure chemical industries, Osaka, Japan) 
was adjusted to 20 mM via the use of 99.5% ethanol 
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(Nacalai Tesque, Kyoto, Japan). The treated cantile-
ver was dipped into the 20 mM thiophenol solution 
with shading for 30 min. The reacted cantilever was 
washed with 99.5% ethanol and then with distilled 
water.

Water-dispersion samples (100 mL) were dropped 
onto poly-L-lysine-coated glass (Matsunami Glass 
Industries, Osaka). Then, these samples were dried in 
an oven at 80 °C for 2 h.

A SPA400-Nanonavi AFM unit (Hitachi High-
Tech Science, Tokyo, Japan) was used to perform 
all measurements in distilled water. The measure-
ments and mapping were performed using previously 
reported methods (Takenaka et  al. 2015, 2017). In 
brief, the sample surface was imaged at a resolution 
of 64 × 64 pixels, which allowed the simultaneous 
measurement of force via a force-distance curve. The 
force-distance curve was recorded in 512 steps with a 
dwell time of 10 msec. The forces between the can-
tilever and each sample were analyzed using three 
random field-of-view (FOV) that contained 4096 data 
points. The force-curve mapping was visualized using 
FlexPro7 software (Hulinks, Tokyo, Japan).

To evaluate the non-specific interaction between 
the cantilever probes and polysaccharides, force-
curve measurements were conducted on a cellulose 
acetate membrane filter. To verify the π–π interaction 
between the thiophenol-modified probe and aromatic 
molecules, force-curve measurements were per-
formed on a thiophenol-modified gold substrate using 
a thiophenol-modified cantilever. The gold substrate 
underwent the same thiophenol modification condi-
tions as those used for the cantilever.

Results and discussion

Chemical compositions of RCNFs and LCNFs

RCNFs and LCNFs were prepared from raw biomass 
according to the scheme in Fig.  1a. The chemical 
compositions of the samples were evaluated via anal-
ysis based on the National Renewable Energy Labo-
ratory (NREL) method (Sluiter et  al. 2012). RCNFs 
are 74.2% cellulose, 13.8% hemicellulose, and 17.8% 
lignin—of which, 3.72% are acid-soluble and 14.1% 
are acid-insoluble. LCNFs are approximately 64.7% 
cellulose, 3.52% hemicellulose, and 39.9% lignin—
of which, 32.8% are acid-soluble and 7.12% are 

acid-insoluble. The lignin content of LCNFs was 
approximately twice that of RCNFs.

As far as we could ascertain, the present study is 
the first to compare the chemical compositions of 
CNFs treated by two different methods. Previously, 
although the material was made from kenaf, the 
chemical composition of RCNF sheets was reported 
to be 85% cellulose, 9.4% hemicellulose, and 5.5% 
lignin (Nobuta et  al. 2016). On the other hand, the 
chemical composition of the biomass pretreated 
with sulfuric acid (as LCNFs before fibrillation) was 
reported as 53.0% cellulose, 12.6% hemicellulose, 
and 36% lignin (Teramura et  al. 2016). The results 
show that the proportions of the constituents were not 
significantly changed by fibrillation. Residual lignin 
did not be extracted to a water phase even with the 
use of destructive shear force, because the chemi-
cal pretreatment had fully penetrated the biomass 
powder.

SEM observation

Before the detection of lignin, the surfaces of CNF 
sheets were observed via SEM to inspect the topol-
ogy of CNFs. RCNFs were uniformly fibrillated into 
< 10 nm fibers (Fig. 2c). The primary fibers became 
entangled or crystallized into clumps in places. 
LCNFs were fibrillated into variable thick fibers 
(< 100 nm) (Fig. 2d). In addition to fibers, we found 
grained structures and smooth sections that varied 
in diameters from < 10  nm to as much as 500  nm. 
Notably, only fibers were found in RCNFs, although 
it is 14% acid-soluble lignin. Acid-soluble lignin is 
hydrophilic and thus might co-exist with cellulose 
fiber rather than forming a separate structure. Thus, 
the grains in LCNFs are derived from acid-insolu-
ble lignin. A part of acid-insoluble lignin should be 
alkaline-soluble lignin that is free of associated poly-
saccharides and is composed mainly of the aromatic 
building blocks of lignin (Sun et  al. 2000). Because 
these aromatic molecules are relatively hydropho-
bic, acid-insoluble lignin forms a grained structure 
in LCNFs. Some previous researchers have reported 
that lignin forms a grained structure in pretreated bio-
mass, which is based on the hypothesis that lignin is 
melted by the heat of pretreatment, which causes it 
to migrate out of a biomass matrix (Selig et al. 2007; 
Schmetz et al. 2019).



11362	 Cellulose (2023) 30:11357–11367

1 3
Vol:. (1234567890)

Lignin detection using STEM observation and EDS 
analysis

First, we performed lignin detection in RCNFs and 
LCNFs using STEM-EDS with KMnO4 staining. 
MnO4

− is reduced by lignin building blocks and 
is precipitated at lignin sites as MnO2. The depos-
ited MnO2 thus indicates the location of lignin, 
which allows quantification. For statistical analy-
sis, the percentages of Mn atom content in five ran-
dom fields of view for each sample were calculated 
under the assumption that the sample consisted of 
only carbon, oxygen, and manganese. The manga-
nese content in LCNFs was significantly higher 
than that in RCNFs (Fig.  3a). No manganese was 
detected in the unstained CNF samples. RCNFs 
and LCNFs stained with KMnO4 contained a 
median of 0.13 atom% and 8.4 atom%, respectively. 
Atomic mapping images produced with STEM-
EDS also revealed differences in the manganese 
content between RCNFs (Fig.  3b(i)) and LCNFs 
(Fig.  3b(ii)). HAADF represents a typical STEM 
image where the object appears to be white. The 
topographical images of both RCNFs and LCNFs 

corresponded to the SEM images discussed above. 
Only fiber was found in RCNFs that were not 
stained with manganese. In LCNFs, the fibers not 
stained with manganese were covered by obscure 
and hazy structures that were stained with manga-
nese. Manganese stained the grained structures. 
KMnO4 staining indicated that the hazy structures 
and distinct grains could have been lignin. Rather 
than manganese, carbon was detected in the LCNF 
fibers, which could exist in cellulose without lignin 
as it does in RCNFs. The thick fiber found in the 
SEM image of LCNFs could be thin cellulose fib-
ers coated by lignin (Fig. 2d). Lignin was detected 
in only LCNFs. The amount of lignin in RCNFs, 
however, is approximately half that in LCNFs. 
This inconsistency could derive from the differ-
ence in lignin characteristics between the conditions 
of acid-soluble and acid-insoluble. As mentioned 
above, acid-insoluble lignin is rich in aromatic 
building blocks that react with a permanganate ion. 
Thus, the lignin detection method using STEM-
EDS with KMnO4 could be applied to the detection 
of acid-insoluble lignin. This is the first report to 
detect and visualize lignin in CNFs using STEM-
EDS with KMnO4 staining.

Fig. 2   a  Schematic method for the production of cellulose 
nanofiber from biomass. b  Carbohydrate and lignin composi-
tion of refined cellulose nanofibers (RCNFs) and sulfuric acid 

treated cellulose nanofibers (LCNFs). The data are indicated 
as the mean of 3 different runs. Scanning electron microscope 
image of c LCNFs and d RCNFs. Scale bar: 500 nm
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Lignin detection via AFM imaging and 
force‑measurement analysis

To detect lignin in RCNFs and LCNFs, we devel-
oped a cantilever modified with a probe molecule 
that detects lignin with specificity via force measure-
ment using an AFM. An Au-coated cantilever was 
modified with thiophenol via thiol-gold interaction. 
An aromatic ring bound on a cantilever would have 
an affinity for other aromatic compounds such as the 
building blocks of lignin. For a proof of concept, the 
thiophenol-modified cantilever was first used to detect 
the interaction with a thiophenol-modified gold sub-
strate surface. Force-curve measurement was taken at 
12,288 different points for each samples. The strong 
interaction was observed between the thiophenol-
modified probe and the thiophenol modified gold sub-
strate, compared to the bare gold substrate (Fig. S1). 
The positive interaction would be due to π–π interac-
tions. A film of pure lignin that was extracted from 
biomass via organosolv treatment was also used to 
demonstrate the interaction with the thiophenol-mod-
ified cantilever and the lignin. Compared with a bare 
cantilever, the modified cantilever showed a stronger 
interaction with pure lignin (Fig. 4a(i)). The detected 
interactive forces did not change during and after the 
FCM (Fig. S2). It was suggested that the probe sur-
face was not degraded by the measurements. Then, 
RCNFs and LCNFs were tested with the AFM system 
for the specific detection of lignin. The repeated force 

measurements at each of the 12,288 different points 
showed that the median of detected force was larger 
in LCNFs than in RCNFs (Fig.  4a(ii)). Although 
the difference in median values appeared small, the 
number of points representing strong affinity was 
significantly high. Since the CNF sample surface 
was not uniform and the places with strong interac-
tions were limited, the averaged data reflected little 
change between RCNFs and LCNFs. It is possible 
that the AFM system could detect not only acid-insol-
uble lignin but also acid-soluble lignin, which is not 
within the capacity of the STEM-EDS and KMnO4 
methods. In addition, nonspecific interaction of the 
thiophenol-modified probe tip was assessed using a 
polysaccharide surface. The FCM conducted on a cel-
lulose acetate membrane revealed that the interaction 
force between the cellulose acetate and the thiophe-
nol-modified tip was slightly lower compared to that 
with the bare tip. The modification of AFM tips did 
not provoke non-specific interactions with polysac-
charides (Fig. S3).

Local images of both topology and FCM pro-
vided rather comprehensive results. In FCM, only 
the points with an affinity force above 100 pN were 
spotted. The topographical image of RCNFs showed 
isolated thin fibers and no other significant structure 
(Fig. 4b(i)). The FCM of RCNFs showed few points 
that would represent a strong interaction (Fig. 4b(ii)). 
The merged image confirmed no correspondence 
between the topology and the FCM (Fig.  4b(iii)). 

Fig. 3   a  Manganese content in refined cellulose nanofib-
ers (RCNFs) and lignocellulose nanofibers (LCNFs) with and 
without treatment of potassium permanganate (KMnO4) meas-
ured by STEM-EDS. Each experiment was performed with 4 

different runs. b Visualization of lignin in (i) RCNFs and (ii) 
LCNFs with KMnO4 staining using STEM-EDS. HAADF: 
high-angle annular dark-field image, C: carbon, O: oxygen, 
Mn: manganese
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In LCNFs, thick fibers and grained structures were 
found in the topographical image (Fig.  4b(iv)). The 
FCM showed locally dense points that represent 
high affinity (Fig. 4b(vi)). The points were located in 
smooth areas that had no fiber but did show grains. 
Thus, the AFM system indicated that the smooth cov-
erage on the nanofiber and on the grained structure 
was lignin, which corresponded to the results of the 
lignin detection using STEM-EDS. Subsequently, 
high-magnification observation was performed in 
limited areas in the topographical image of LCNFs, 
and these are indicated as X and Y in Fig. 4b(iv). The 
X area shows many grained structures (Fig. 4b(vii)). 
The corresponding FCM shows an area on the left 
edge of the spherical structure expressed a high level 
of interaction with the cantilever modified with thio-
phenol (Fig. 4b(viii), (ix)). The Y area displays thick 
fibers with sub-µm diameters (Fig.  4b(x)). Strong 
interactions were detected on the left edge of the fib-
ers, similar to those observed in the grained structures 

(Fig.  4b(xi), (xii)). It was investigated whether the 
lignin was actually deposited on one side of the struc-
tures, or this was an artifact derived from the sweep 
direction of the AFM probe. FCM was conducted 
on LCNFs using a thiophenol-modified cantilever, 
and the scan direction of the probe was reversed for 
additional FCM within the same FOV. Consequently, 
strong interactions were detected from the left side 
of the fibers, regardless of the probe’s scan direction 
(Fig. S4). This suggests that lignin is indeed asym-
metrically deposited onto LCNFs. The anisotropic 
deposition of lignin may have occurred during the 
drying process of the samples.

Few previous reports have used AFM to study the 
lignin on CNFs. Lignin precipitated on a Kraft pulp 
surface has been observed using AFM only from a 
topographical point of view (Maximova et  al. 2001; 
Gidh et  al. 2006; Gilli et  al. 2012). Hydrophobic 
CFM was able to detect lignin selectively. In the pre-
sent study, a modification of an AFM probe with an 

Fig. 4   a  Interactive force measured by AFM on (i) the lignin 
thin film using a bare cantilever or a thiophenol-modified can-
tilever and on (ii) the refined cellulose nanofibers (RCNFs) 
and lignocellulose nanofibers (LCNFs). Each measurement 
was performed on 12,288 different points. b  AFM imaging 

and force-curve mapping (FCM) of (i–iii) RCNFs and (iv–xii) 
LCNFs. Magnified image of (vii–ix) area X and (x–xii) area 
Y (iv). (i, iv, vii, x) topographical image. (ii, v, viii, xi) FCM 
image. (iii, vi, ix, xii) merged topographical and FCM image
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aromatic molecule indicated the nanoscopic location 
of lignin on CNFs utilizing π-π interactions.

Conclusion

We used two methods to detect and visualize lignin 
on LCNFs, which were produced from sorghum bio-
mass via dilute sulfuric acid pretreatment. STEM-
EDS with KMnO4 staining showed that acid-insolu-
ble lignin in LCNFs covers thin cellulose fibers and is 
precipitated in a grained structure. An AFM equipped 
with a cantilever modified with thiophenol also 
detected acid-insoluble lignin in LCNFs via a π–π 
interaction between thiophenol and lignin building 
blocks. These lignin detection methods could reveal 
the prospective mechanical characteristics of vari-
ous LCNF materials by determining the amounts and 
locations of lignin.
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