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areas in the NMR spectra were approximately the 
same between the BC and TO-BC samples, showing 
that TEMPO-mediated oxidation selectively occurred 
on the crystalline BC fibril surfaces. However, the 
crystallinities of the TO-BC-U samples were lower 
than those of the BC and TO-BC samples, indicating 
that ultrasonication of the TO-BC samples in water 
caused partial decreases in crystallinity. The TO-BC-
U samples contained both single fibrils and fibril bun-
dles; completely individualized TO-BC-U fibrils with 
homogeneous widths was not obtained. The average 
widths of the single TO-BC-U fibrils were ~ 3  nm, 
which are close to those of TO-cellulose nanofi-
brils prepared from wood-cellulose samples. Thus, 
the crystalline BC fibrils with widths of ~ 3 nm were 
the smallest crystalline elements. The lengths of the 
TO-BC samples were greater than 2‒3 µm, whereas 
the weight-average cellulose chain lengths of the cel-
lulose/TEMPO-oxidized cellulose molecules in TO-
BC-U samples were < 800 nm. Hence, each TO-BC-
U fibril consisted of multiple cellulose and oxidized 
cellulose molecules, which were packed along the 
longitudinal direction.

Abstract  2,2,6,6-Tetramethylpiperidine-1-oxyl rad-
ical (TEMPO)-mediated oxidation has been applied 
to bacterial cellulose (BC). The TEMPO-oxidized 
BC (TO-BC) gel particles were subjected to ultra-
sonication in water to prepare mechanically fibrillated 
TO-BC (TO-BC-U) samples. The carboxy contents 
of the TO-BC samples were 1.5‒1.6 mmol/g. X-ray 
diffraction patterns and solid-state 13C-nuclear mag-
netic resonance (NMR) spectra of the BC, TO-BC, 
and TO-BC-U samples showed that cellulose Iα was 
the dominant crystalline structure. The crystallini-
ties of the samples calculated from the carbon signal 
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Graphical abstract 
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Introduction

Cellulose is biologically synthesized by plants, tuni-
cates, and aerobic bacteria, such as Gluconaceto-
bacter xylinus. When bacterial cellulose (BC) is 
prepared by stationary cultivation, BC gel pellicles 
containing ~ 98% water are obtained at the air/cul-
ture medium interfaces (Iguchi et  al. 2000; Klemm 
et al. 2005; Shoda and Sugano 2005; Lin et al. 2013; 
Campano et al. 2016). The BC gel pellicles consist of 
ribbon-like cellulose microfibrils of nanometer size, 
forming network structures (Iguchi 2000; Castro et al 
2011; Pentilä et al. 2017). Thus, BC gel pellicles are 
composed of numerous, long, and almost pure cel-
lulose fibrils that are formed by bacteria from low-
molar-mass compounds through bottom-up processes. 
Various medical and material applications of BC 

have been reported based on the unique morpholo-
gies and properties of BC fibrils (Klemm et al. 2005; 
Czaja et al. 2007; Shah et al. 2013; Huang et al. 2014; 
Tajima et al. 2020; Illa et al. 2021).

One of the position-selective chemical reactions of 
crystalline cellulose microfibril surfaces is 2,2,6,6-tetra-
methylpiperidine-1-oxyl radical (TEMPO)-mediated 
oxidation under aqueous conditions (Isogai et al. 2018). 
When wood-cellulose fibers are subjected to TEMPO-
mediated oxidation under suitable conditions, the oxi-
dized cellulose fibers can be converted to TEMPO-
oxidized cellulose nanofibrils (TO-CNFs) with 
homogeneous ~ 3-nm widths by mechanical disintegra-
tion in water (Isogai et al. 2011; Isogai 2021). Sodium 
glucuronosyl units are densely and position-selectively 
formed from glucosyl units present on the crystal-
line wood-cellulose microfibril surfaces by oxidation. 
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Counterion exchange from sodium to diverse metal and 
alkylammonium ions at the carboxylate groups abun-
dantly present on the TO-CNF surfaces under aque-
ous conditions can add new functionalities to TO-CNF 
materials (Isogai et al. 2018; Isogai 2021).

TEMPO-mediated oxidation has been applied to 
various BC materials to introduce sodium carboxy-
late groups densely onto the crystalline BC-micro-
fibril surfaces, and TEMPO-oxidized BC (TO-BC) 
materials have been applied to medical, antibacterial, 
and functional materials (Ifuku et al. 2009; Luo et al. 
2013; Lai et  al. 2014; Feng et  al. 2014; Elayaraja 
et al. 2017; Wu et al. 2018; Jun et al. 2019). TO-BC-
related compounds have also been used as oil-in-
water emulsion stabilizers (Jia et al. 2016; Wu et al. 
2021), supercapacitors (Zhang et al 2017), and metal-
nanoparticle-supports for immobilized catalysts 
(Chen et al. 2017), some of which have been reported 
in review papers (Kim et al. 2015; Parte et al. 2020). 
Some fundamental studies of TEMPO-oxidized BC 
materials in terms of the carboxy contents, oxida-
tion conditions, morphologies, and surface proper-
ties have also been reported (Lai et al. 2013; Wu and 
Cheng 2017; Jun et  al. 2017; do Nascimento et  al. 
2019; Chitbanyong et al. 2020; Yang et al. 2021).

In this study, the chemical structures and molar-
mass parameters of TO-BC samples with different 
carboxy contents and molar masses prepared under 
different conditions were comprehensively investi-
gated. Size-exclusion chromatography with multi-
angle laser-light scattering and refractive-index 
detection (SEC/MALLS/RI) was used to determine 
the molar mass and molar-mass distributions of the 
TO-BC samples. The chemical and crystalline struc-
tures of the TO-BC samples and those ultrasonicated 
in water (TO-BC-U) samples were analyzed by X-ray 
diffraction (XRD) and solid-state 13C nuclear mag-
netic resonance (13C-NMR) spectroscopy. The mor-
phologies of the TO-BC-U samples were observed by 
transmission electron microscopy (TEM) and atomic 
force microscopy (AFM).

Experimental

Materials

BC pellicles were obtained by stationary cultivation 
of Gluconacetobacter xylinus (JCM10150) under 

reported conditions at 28  °C for 1 week (Kim et  al. 
2002; Sun et al. 2017). The BC pellicles were cut into 
small pieces and purified according to the conven-
tional method (Kim et al. 2002; Sun et al. 2017). The 
pieces were converted to gel particles by mechanical 
disintegration in water using a domestic blender, and 
they were washed thoroughly with water by filtration. 
The excess water in the gel particles was removed by 
filtration to prepare wet BC gel particles with ~ 2.5% 
(w/w) solid content. TEMPO, NaBr, 1.33 M NaClO 
solution, ethylene diamine (EDA), LiCl, N,N-dimeth-
ylacetamide (DMAc), and the other chemicals and 
solvents were laboratory grade (FUJIFILM Wako 
Pure Chemical, Co., Tokyo, Japan) and used as 
received.

Oxidation of BC

The gel particles containing 0.8 g BC (on dry weight) 
were suspended in water (80  mL in total), and 
TEMPO-mediated oxidation was applied to the BC 
gel particles with NaBr and NaClO in water at pH 10 
and room temperature (Shinoda et  al. 2012; Hiraoki 
et  al. 2015). The amounts of NaClO added were 5 
and 10 mmol/g-BC. Oxidation was quenched by add-
ing a small amount of ethanol to the reaction mixture 
for complete consumption of any NaClO that might 
have remained in the mixture. After oxidation, one-
pot reduction with NaBH4 was performed in the same 
container at pH 10 and room temperature for 3  h 
(Takaichi et al. 2014). A small amount of acetic acid 
was added to the mixture to decompose NaBH4, and 
the pH of the mixture was adjusted to ~ 2.5 with dilute 
HCl solution. The TO-BC gel particles were filtered 
on a 20-mesh nylon filter and washed thoroughly 
with water by filtration. Some of the TO-BC gel par-
ticles were stored at 4 °C in the never-dried state. The 
rest of the TO-BC gel particles were freeze-dried to 
measure the solid content. The TO-BC samples pre-
pared with NaClO of 5 and 10 mmol/g-BC are called 
TO-BC-5 and TO-BC-10, respectively.

Preparation of TO‑BC‑U samples

The never-dried TO-BC-5 and TO-BC-10 gel par-
ticles were suspended in water at a solid content 
of ~ 0.06% (w/w), and the mixtures were subjected to 
ultrasonication at 4 °C for a total of 8 min in an ice 
bath (Zhou et al. 2018) to prepare aqueous dispersions 
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of TO-BC-U. In laboratory experiments, ultrasonica-
tion can efficiently convert the TO-BC/water mixtures 
(50‒100  mL) into individual BC nanofibril/water 
dispersions in high yields. The TO-BC-U samples 
prepared from TO-BC-5 and TO-BC-10 are called 
TO-BC-5U and TO-BC-10U, respectively. Part of the 
TO-BC-U/water dispersion was freeze-dried.

Carboxy‑content and neutral‑sugar‑composition 
analyses

The carboxy contents of the freeze-dried TO-BC 
samples (~ 0.2  g each) were determined by the con-
ductivity titration method (Zhou et  al. 2018). The 
neutral-sugar compositions of the freeze-dried BC 
and TO-BC samples were determined by the conven-
tional acid-hydrolysis method and subsequent liquid 
chromatography using myo-inositol as an internal 
standard (Ono et al. 2016b).

SEC/MALLS/RI analysis

The freeze-dried BC was soaked in EDA at room 
temperature for 4 d, and then solvent-exchanged to 
DMAc through methanol and dissolved in 8% (w/w) 
LiCl/DMAc according to a previously reported 
method (Ono et  al. 2016b; Ono and Isogai 2020). 
It took ~ 2  weeks to completely dissolve the EDA-
treated BC in LiCl/DMAc. The carboxy groups in the 
freeze-dried TO-BC sample were position-selectively 
methyl-esterified with trimethylsilyl diazomethane in 
DMAc in the presence of a small amount of methanol 
(Hiraoki et al. 2015; Ono and Isogai 2020). After cen-
trifugation of the mixture to remove excess amounts 
of the reagent and solvents, the carboxy-group-meth-
ylated TO-BC gel was washed thoroughly with etha-
nol and then solvent-exchanged to t-butanol several 
times by centrifugation followed by freeze-drying. 
The methyl-esterified TO-BC sample was completely 
dissolved in 8% (w/w) LiCl/DMAc by stirring the 
mixture for 1 d. The BC or methyl-esterified TO-BC 
solution was diluted to 1% (w/v) LiCl/DMAc with 
fresh DMAc, and the solution (100 µL) with ~ 0.05% 
(w/v) sample concentration was subjected to SEC/
MALLS/RI analysis according to a previously 
reported method (Ono et  al. 2016b; Ono and Isogai 
2020). The values of 0.131 and 0.121  mL/g were 
used as the specific refractive index increments (dn/
dc) of BC and methyl-esterified TO-BC, respectively, 

to calculate their number- and weight-average molar 
masses (Mn and Mw, respectively) by SEC/MALLS/
RI analysis (Hiraoki et al. 2015; Ono et al. 2016a).

Solid‑state 13C‑NMR and XRD analyses

The solid-state 13C-NMR spectra of the freeze-dried 
samples were obtained with a JNM-ECA II 500 spec-
trometer (JEOL, Tokyo, Japan) according to a previ-
ously reported method (Funahashi et  al. 2017; Zhou 
et  al. 2020; Ono et  al. 2021). The XRD patterns of 
pellets (~ 0.1 g each) of the freeze-dried samples were 
recorded based on a previously reported method (Ono 
et  al. 2021). PeakFit software (Hulinks Co., Japan) 
was used for deconvolution of each solid-state 13C-
NMR spectrum or XRD pattern.

TEM and AFM analyses of the BC and TO‑BC‑U 
samples

The never-dried BC/water dispersion with ~ 0.01% 
solid content was ultrasonicated, and large parti-
cles were removed by centrifugation at 2000 or 
12,600  g for 10  min. The TO-BC-U/water disper-
sion with ~ 0.06% solid content was diluted to ~ 0.01% 
solid content, and the mixture was centrifuged at 
12,600 g for 10 min. The supernatant (10 µL) of the 
BC/water or TO-BC-U/water dispersion was depos-
ited on a TEM grid and air-dried. The sample on 
the grid was stained with 2% uranyl acetate (5 µL), 
and the air-dried sample grid was observed by TEM 
(JEM-1010, JEOL, Japan) at 100  kV (Ono et  al. 
2021, 2021a). The TO-BC-10U/water dispersion was 
diluted to 0.001–0.0001% (w/v) solid content with 
water, and it was deposited on a freshly cleaved mica 
surface at 50 µL/cm2 followed by air drying and then 
vacuum drying (Ono et al. 2021, 2022a, 2022b). The 
AFM images of the sample were obtained in tapping 
mode according to a previously reported method 
(Ono et al. 2021, 2022a, 2022b).

Results

TEMPO‑mediated oxidation of BC

To prepare TO-BC-5 and TO-BC-10, it took 3 h and 
6 h of TEMPO-mediated oxidation of the BC sample, 
respectively, until no consumption of 0.4  M NaOH, 
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which was continuously added to the reaction mix-
ture to maintain the pH at 10, was observed. The 
TO-BC samples were obtained almost quantitatively, 
and some weight losses may have occurred during 
the isolation, purification, and/or handling processes 
of the TO-BC gel particles. The freeze-dried TO-BC 
samples contained protonated carboxy groups (i.e., 
TO-BC-COOH structures), because the wet TO-BC 
samples were suspended in acidic water at pH ~ 2.5 
followed by thorough washing with water.

The carboxy contents of the TO-BC-5 and 
TO-BC-10 samples were determined to be 1.6 and 
1.5  mmol/g, respectively, by the conductivity titra-
tion method (Fig. S1 in the Electronic Supplemen-
tary Material). Thus, almost the maximum amounts 
of carboxy groups were likely to form in the TO-BC 
samples by TEMPO-mediated oxidation under the 
conditions used in this study.

The neutral-sugar compositions of the BC and 
TO-BC samples are given in Table 1. Neither galac-
tose nor rhamnose was detected for BC. Man-
nose, arabinose, and xylose were detected in the 

chromatogram of the BC sample, although their 
amounts were significantly small. The 9.4% “oth-
ers” fraction for the BC sample in Table 1 may have 
been caused by residual impurities, such as proteins, 
incomplete hydrolysis, and/or side reactions of, for 
example, formation of 5-hydroxymethyl furfural from 
glucose under acid-hydrolysis conditions.

The glucose contents of TO-BC-5 and TO-BC-
10 were calculated to be 72% and 74%, respectively, 
based on their carboxy contents (1.6 and 1.5 mmol/g, 
respectively). However, complete hydrolysis of the 
glycoside bonds of the glucuronosyl units of TEMPO-
oxidized native-cellulose samples is difficult (Fuji-
sawa et al. 2010). Thus, not only glucuronosyl units, 
but also some glucosyl units linked to glucuronosyl 
units in the TO-BC samples could not be detected to 
be glucose by neutral sugar-composition-analysis. As 
a result, only glucose contents of ~ 60% were deter-
mined for the TO-BC samples, and the “others” con-
tents were as high as ~ 40% (Ono et al. 2020, 2021a, 
2021b).

Table 1   Neutral-sugar 
compositions (wt%) of the 
bacterial cellulose (BC) and 
TEMPO-oxidized bacterial 
cellulose (TO-BC) samples

Sample Gal Glc Man Ara Xyl Rha Others

BC ‒ 90.6 + + + ‒ 9.4
TO-BC-5 ‒ 59.9 + + ‒ ‒ 40.1
TO-BC-10 ‒ 59.8 + + ‒ ‒ 40.2
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Fig. 1   a SEC-elution patterns and corresponding molar-mass 
plots, and b double-logarithmic plots of the molar mass versus 
the root-mean-square radius (or conformation plots) for bacte-

rial cellulose (BC), and TEMPO-oxidized and methyl-esteri-
fied BC (TO-BC-5 and TO-BC-10) samples
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SEC/MALLS/RI analysis of the BC and TO‑BC 
samples

The SEC-elution patterns and corresponding molar-
mass plots are shown in Fig. 1a. Since the molar-mass 
plots of the three samples linearly decreased with 
increasing SEC-elution volume, the BC and methyl-
esterified TO-BC molecules were suitably separated 
in the SEC column depending on their molecular 
sizes. Figure 1a shows that each of the three samples 
showed a large main peak owing to the high-molar-
mass (HMM) fraction and a small shoulder peak at 
9‒10 mL SEC-elution volume. The peak position of 
the HMM fraction of BC shifted in the high-SEC-
elution volume (or low molar mass) direction by 
TEMPO-mediated oxidation, which is reasonable 
because the presence of NaClO and/or NaBrO in the 
oxidation system causes partial depolymerization of 
cellulose molecules (Ono et al. 2021).

The double-logarithmic plots of the molar mass 
versus root-mean-square radius (or conformation 
plots) of the BC and methyl-esterified TO-BC sam-
ples are shown in Fig. 1b. All three samples exhibited 
almost straight lines with slope values of 0.57‒0.59, 
which indicates that the BC and methyl-esterified 
TO-BC molecules had linear random-coil conforma-
tions in 1% (w/w) LiCl/DMAc. The methyl-esterified 
TO-BC molecules had higher molar masses than the 
BC molecules at the same degree of polymerization. 
Thus, the conformation plots of the TO-BC samples 
shifted in the HMM direction compared with that of 
BC (Fig. 1b).

The Mw, Mn, and Mw/Mn values, and mass 
recovery ratios of the three samples calculated 
from the SEC/MALLS/RI data are summarized in 
Table  2. The molar mass decreased in the order of 

BC > TO-BC-5 > TO-BC-10. The molar mass of the 
TO-BC samples obtained by partial depolymeriza-
tion was lower for higher added amount of NaClO 
and longer oxidation time. The ~ 0.05% (w/v) sample 
solution in 1% (w/v) LiCl/DMAc was prepared and 
filtered through a poly(tetrafluoroethylene) (PTFE) 
membrane with a 0.45-µm pore size. The filtered 
sample solution (100 µL) was then injected into the 
SEC/MALLS/RI system. Thus, the calculated mass 
or mass-recovery values of 43‒46  µg in Table  2 
showed that the prepared BC and methyl-esterified 
TO-BC samples were almost quantitatively analyzed 
by the SEC/MALLS/RI system without significant 
mass loss by filtration with the PTFE membrane or 
SEC guard column.

XRD patterns of the BC, TO‑BC, and TO‑BC‑U 
samples

The XRD patterns of the freeze-dried BC, TO-BC, 
and TO-BC-U samples are shown in Fig. S2 in the 
Electronic Supplementary Material. The crystal width 
(CW), which was calculated from the (2 0 0) diffrac-
tion peak by Scherrer’s equation (Alexander 1979), 
was approximately the same for the BC (5.4  nm) 
and TO-BC samples (5.5  nm), but it decreased to 
5.0‒5.1  nm for the TO-BC-U samples. Thus, con-
version from BC to TO-BC-U by TEMPO-mediated 
oxidation and successive ultrasonication in water 
resulted in a decrease in the CW when these values 
were calculated from the XRD patterns.

BC contains a mixture of crystal structures of cel-
lulose Iα and Iβ (Wada et al. 1993, 2001; Castro et al. 
2011). The d-spacings, which were calculated from 
the (1 − 1 0), (1 1 0), and (2 0 0) diffraction peak 

Table 2   Molar-mass parameters of the BC and TO-BC samples determined by SEC/MALLS/RI

a Weight-average degree of polymerization
b Obtained from the conformation plots in Fig. 1b
c Calculated from the carboxy content of TO-BC and the molar mass of the C6-methyl-esterified glucuronosyl unit (190 g/mol)

Mn (g/mol) Mw (g/mol) Polydispersity Mw/
Mn

DPw
a Calculated mass 

(µg)
Slopeb

BC 149,000 386,000 2.6 2380 46 0.59
Methyl-esterified 

TO-BC-5
49,300 258,800 5.3 1530c 44 0.57

Methyl-esterified 
TO-BC-10

39,900 189,000 4.7 1120c 43 0.59
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positions and the X-ray wavelength (0.1542  nm) 
of Cu Kα radiation using Bragg’s law (Wada et  al. 
2001), showed that all of the BC, TO-BC, and TO-
BC-U samples had the cellulose-Iα-rich structures 
(Fig. S3 in the Supplementary Material).

Solid‑state 13C‑NMR analysis of the BC, TO‑BC, and 
TO‑BC‑U samples

The solid-state 13C-NMR spectra of the five sam-
ples are shown in Fig.  2a, and the extended spectra 
for the C=O, C4, and C6 carbon atoms are shown in 
Fig. 2b. The crystalline cellulose Iα/Iβ ratios of vari-
ous BC samples have been calculated from solid-state 
13C-NMR spectra (Tokoh et al. 2002a, 2002b; Castro 
et al. 2011). All of the samples in Fig. 2a showed a 
single and sharp C1 signal, differing from the dou-
blet C1 signals for cotton- and ramie-cellulose sam-
ples measured under the same conditions (Ono et al. 
2021). The NMR and XRD results described in the 
above section showed that the cellulose Iα crystal 
structure was dominant in the BC, TO-BC, and TO-
BC-U samples.

The peak of the C=O carbon atoms of the proto-
nated carboxy groups of the TO-BC samples was 
located at ~ 172  ppm, while those of the sodium 
carboxylate groups of the TO-BC-U samples were 
located at ~ 175 ppm. The C=O carbon atoms of the 
TO-BC and TO-BC-U samples did not contain mixed 
C=O groups of protonated and sodium carboxylate 
groups from the single C=O peaks without a shoulder 
peak.

By deconvolution using Gaussian‒Lorentzian 
functions (Fig. S3 in the Electronic Supplemen-
tary Material) (Wickholm et al. 1998; Larsson et al. 
2005; Foston 2014; Brinkmann et al. 2016; Ono et al. 
2021), the two C4 signals for each sample centered 
at ~ 89 and ~ 85  ppm are ascribed to crystalline and 
non-crystalline cellulose molecules, respectively. 
The broad signal centered at ~ 84 ppm (Fig. 2b, bot-
tom) is ascribed to the C4 carbon atoms of non-crys-
talline cellulose molecules present on the crystalline 
BC fibril surfaces. The non-crystalline C4 signals of 
the TO-BC and TO-BC-U samples were sharper than 
that of BC, and they had different signal peak posi-
tions of ~ 83 and ~ 84 ppm, respectively. The different 
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Fig. 2   Solid-state 13C-NMR spectra of BC, TEMPO-oxidized BC (TO-BC) samples, and TEMPO-oxidized and then ultrasonicated 
BC (TO-BC-U) samples. a Wide and b extended chemical shift ranges
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chemical structures of the protonated C6-carboxy and 
sodium C6-carboxylate groups for the TO-BC and 
TO-BC-U samples, respectively, can be explained in 
terms of the relatively high and low electron densi-
ties of the C4 carbon atoms. These different electron 
densities of the C4 carbon atoms for TO-BC-COOH 
and TO-BC-U-COONa were consistent with those of 
the C = O carbon atoms, which had chemical shifts 
of ~ 172 and ~ 174 ppm, respectively.

The C6 signals were roughly separated into two 
signals by deconvolution (Fig.  2b). The large peak 
located at ~ 65 ppm is ascribed to the C6‒OH groups 
with the trans‒gauche (tg) conformation of crys-
talline cellulose I (Horii et  al. 1983; Viëtor et  al. 
2002; Newman and Davison 2004; Yang et al. 2018; 
Funahashi et  al. 2017). A shoulder peak ascribed 
to C6‒OH groups with the gauche‒trans (gt) and 
gauche‒gauche (gg) conformations was present at 
60‒64 ppm. The shoulder C6 signal of BC decreased 
for the TO-BC and TO-BC-U samples because most 
of the C6‒OH groups with the gg conformation, 
which were exposed on the crystalline BC fibril 
surfaces, were oxidized to C6-carboxy groups by 
TEMPO-mediated oxidation (Funahashi et al. 2017).

Although the solid-state 13C-NMR spectra were 
not measured in quantitative mode in this study, the 
relative signal areas of the carbon atoms provide 
some information about the structural changes of BC 

by TEMPO-mediated oxidation and successive ultra-
sonication in water. The carbon signal areas were 
separated by deconvolution using Gaussian‒Lor-
entzian functions and the least-square method (Fig. 
S4 in the Electronic Supplementary Material). The 
relative signal areas of (C2 + C3 + C5)/3/C1 and C4/
C1 were approximately one (Fig.  3a), which is rea-
sonable. However, the relative signal area of C6/C1 
for BC and those of (C6 + C=O)/C1 for the TO-BC 
and TO-BC-U samples were 0.74 and 0.73‒0.82, 
respectively, showing that the signal areas of C6‒OH 
groups were smaller than the expected values. This is 
probably because of the different cross-polarization 
effects between the CH carbon atoms for C1‒C5 
and CH2 carbon atoms for C6 (Sparrman et al. 2019; 
Zhou et al. 2020).

The relative signal areas of C4cry/C1 and C4cry/C4 
can be regarded as the C4 crystallinities of cellulose 
I, because the samples shown in Fig. 3 contained only 
glucosyl and glucuronosyl units without any hemicel-
luloses or other components (Wickholm et  al. 1998; 
Larsson et  al. 2005; Foston 2014; Brinkmann et  al. 
2016; Ono et  al. 2021). The relative signal areas of 
C6tg/C1 also indicate relative crystallinities of cel-
lulose I between the samples, because the C6‒OH 
groups with the tg conformation are ascribed to those 
in the crystalline cellulose I structure (Funahashi 
et  al. 2017). The crystallinities were approximately 
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Fig. 3   Relative signal areas of the solid-state 13C-NMR spec-
tra of BC, TEMPO-oxidized BC (TO-BC), and TEMPO-oxi-
dized and then ultrasonicated BC (TO-BC-U) samples. a The 

ratios of (C2 + C3 + C5)/3/C1, C4/C1, C6/C1, C=O/C1, and 
(C6 + C=O)/C1, and b those of C4cry/C1, C4cry/C4, Ctg/C1, 
Ctg/C6, and C6gt,gg/C6
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the same between the BC and TO-BC samples, show-
ing that the TEMPO-mediated oxidation occurred 
only the crystalline BC fibril surfaces. However, the 
crystallinities of the TO-BC-U samples were lower 
than those of the BC and TO-BC samples, indicating 

that the ultrasonication of TO-BC in water caused 
some decreases in crystallinity (Fig. 3b).

The C6gt,gg/C6 signal area ratio decreased from 
26% for BC to 6‒7% for the TO-BC samples because 
most of the C6‒OH groups with the gg conformation 

Fig. 4   TEM images of bac-
terial cellulose (BC) fibrils 
prepared from the superna-
tant after ultrasonication of 
the BC/water dispersion and 
subsequent centrifugation 
at 2000 g and 12,600 g. The 
arrows indicate single fibrils
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Fig. 5   TEM images of the 
TO-BC-5U prepared from 
TO-BC-5 by ultrasonication 
in water
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exposed on the crystalline BC fibril surfaces were oxi-
dized to C6-carboxy groups by TEMPO-mediated oxi-
dation (Funahashi et al. 2017). These values increased 
to 12‒13% for the TO-BC-U samples, indicating that 
the C6‒OH groups with the crystalline tg conforma-
tion in the TO-BC samples partly turned to those with 
gt and/or gg conformations by the ultrasonication in 
water. Correspondingly, the C6tg /C6 signal ratios 
increased from 74% for BC to 93‒94% for the TO-BC 
samples. These C6tg/C6 signal ratios decreased to 
87‒88% for the TO-BC-U samples by ultrasonication 
of the TO-BC samples in water (Fig. 3b).

TEM images of the BC and TO‑BC‑U samples

After the dispersion was centrifuged at 2000 g, the ultra-
sonicated BC sample contained some large unfibrillated 
bundles with widths of > 100  nm (Fig.  4, top). These 
large fibril bundles were removed by centrifugation at 
12,600 g, and the smallest fibrils widths were ~ 10 nm on 
average. Some twisted ribbon-like fibrils were observed 
(Fig. 4) (Tokoh et al. 2002a; Yamamoto et al. 2006; Cas-
tro et al. 2011; Pentilä et al. 2017).

TEM images of TO-BC-5U and TO-BC-10U are 
shown in Figs. 5 and 6, respectively. The fibril mor-
phologies of the two samples were similar. Some 
ribbon-like fibril bundles with cracks along the lon-
gitudinal direction and branches were observed as 

twisted structures. Apparent single fibrils (indicated 
by arrows in Figs. 5 and 6) were also observed, and 
their widths were 5‒11 nm from the TEM images. 
Thus, formation of sodium carboxylate groups on 
the BC fibril surfaces by TEMPO-mediated oxi-
dation and successive ultrasonication in water 
enhanced further fibrillation to fibrils with smaller 
widths. However, complete fibrillation of BC to 
individual fibrils with homogeneous widths without 
unfibrillated bundles or branches was not achieved.

The aqueous dispersions of TO-BC-5U and TO-
BC-10U with ~ 0.06% solid content prepared by ultra-
sonication in water were transparent. These dispersions 
became hazy after the solid content was increased 
to ~ 0.2% using a rotary evaporator, probably because 
of formation of TO-BC fibril networks with sizes larger 
than the wavelengths of visible light. The long TO-BC-
U fibrils with lengths of > 2‒3  µm may have caused 
formation of such entangled fibril network structures 
at solid content of ~ 0.2%. Birefringence behavior was, 
however, slightly observed between the cross polariz-
ers for the hazy TO-BC-U/water dispersion (Fig. S5).

AFM images of TO‑BC‑10U

The AFM height and phase images of TO-BC-10U 
are shown in Fig.  7a‒d. Similar results to those of 

Fig. 6   TEM images of 
TO-BC-10U prepared from 
TO-BC-10 by ultrasonica-
tion in water
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the TEM images (Fig. 6) were obtained. The height 
profiles of the apparent single fibrils were meas-
ured along each fibril length, and they are shown in 
Fig. 7e. Although the data were somewhat scattered, 
the average fibril heights were ~ 3 nm.

Discussion

Fibril structures of BC from the carboxy contents

The carboxy contents of TEMPO-oxidized cellulose 
(TOC) samples prepared from air-dried and commer-
cial cotton and ramie fibers prepared with NaClO of 
10  mmol/g-cellulose are ~ 1.6  mmol/g (Ono et  al. 
2021). The carboxy contents of TOC samples prepared 

Fig. 7   AFM a, b height 
and c, d phase images of 
TO-BC-10U prepared from 
TO-BC-10 by ultrasonica-
tion in water. e Height 
profiles of single TO-BC-U 
fibrils
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from never-dried softwood bleached kraft pulps and 
eucalyptus cellulose with NaClO of 10 mmol/g-cellu-
lose are 1.7‒1.8 mmol/g (Shinoda et  al. 2012; Hira-
oki et al. 2015; Ono et al. 2022a). Thus, the carboxy 
contents of the TO-BC samples prepared in this study 
were close to or slightly lower than those of other 
TEMPO-oxidized plant-cellulose samples.

These results indicate that the widths of crystalline 
BC fibrils, the surfaces of which are mostly oxidizable 
by TEMPO-mediated oxidation, are close to or slightly 
larger than those of plant-cellulose microfibrils. 
When the single and surface-oxidizable crystalline 
BC fibrils are assumed to have homogeneous widths 
with a hexagonal cross section (Castro et  al. 2011; 
Zhou et  al. 2020), the maximum carboxy contents of 
1.5‒1.6  mmol/g for the TO-BC-U samples indicate 
that each BC fibril with the smallest width consists of 
30 or 36 cellulose chains in the cross section (Fig. S6 
in the Electronic Supplementary Material).

Crystallinities of the BC, TO‑BC, and TO‑BC‑U 
samples from their solid‑state 13C‑NMR spectra

The values of C4cry/C1, C4cry/C4, and C6tg/C1 in 
Fig. 3b were 0.56‒0.65 for the BC and TO-BC sam-
ples, showing that the crystallinity of BC was almost 
unchanged by TEMPO-mediated oxidation. However, 
the values slightly decreased to 0.46‒0.54 for the 
TO-BC-U samples, indicating that the ultrasonica-
tion of the TO-BC samples in water caused partial de-
crystallization of cellulose I.

Compared with the TO-BC samples, the relative 
signal area of C6gt,gg/C1 for the TO-BC-U samples 

were higher. Thus, the crystalline C6‒OH groups 
with the tg conformation in the BC and TO-BC sam-
ples (Horii et  al. 1983; Viëtor et  al. 2002; Newman 
and Davison 2004; Yang et  al. 2018) partly turned 
to those of gt and/or gg conformations by ultrasoni-
cation in water. Correspondingly the relative sig-
nal areas of C6tg/C6 for the TO-BC-U samples were 
lower than those for the TO-BC samples.

Lengths of the TO‑BC‑U samples

The lengths of TO-BC-5U and TO-BC-10U could not 
be measured from TEM images because they were 
longer than 2‒3 µm. The DPw values of TO-BC-5 and 
TO-BC-10 were 1530 and 1120, respectively (Table 2), 
which correspond to lengths of ~ 760 and ~ 560  nm, 
respectively, based on the length of one glucosyl unit 
(~ 0.5  nm) in cellulose I (Zhou et  al. 2018). These 
lengths calculated from the DPw values were clearly 
smaller than the TO-BC-U fibril lengths measured 
from TEM images. Thus, each TO-BC-U fibril con-
sisted of multiple BC and TO-BC molecules that were 
packed along the longitudinal direction. Similar results 
have been obtained for TO-CNFs prepared from wood-
cellulose and microcrystalline-cellulose samples (Shi-
noda et al. 2012; Zhou et al. 2018).

Comparison of BC, ramie, and wood cellulose 
samples

The characteristics of TEMPO-oxidized cellulose sam-
ples or TEMPO-oxidized cellulose fibrils prepared 
from BC, air-dried commercial ramie fibers, and a 

Table 3   Differences in the structures and morphologies of TEMPO-oxidized cellulose samples or TEMPO-oxidized cellulose fibrils 
prepared from BC, ramie, and wood cellulose with NaClO of 10 mmol/g-cellulose

a Ono et al. (2021)
b Shinoda et al. (2012), Hiraoki et al. (2015), Ono et al. (2022a)
c Fig. S7 in the Electronic Supplementary Material

BC Commercial ramiea Wood celluloseb

Time required for oxidation (h) 6 4.5 1.5
Carboxyl content (mmol/g) 1.5 1.6 1.8
DPw 1100 900 1800
C4-crystallinity 0.61 0.59 0.27
XRD-crystal width (nm) 5.1 5.2 4.1
Presence of unfibrillated bundles + + ‒
AFM-average height of single fibrils (nm) ~ 3 ~ 5 ~ 3
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never-dried wood-cellulose sample with NaClO of 
10  mmol/g-cellulose are listed in Table  3. Although 
the carboxy contents of the samples were in the range 
1.5‒1.8  mmol/g, the wood-cellulose sample gave 
the highest DPw values because of the shortest oxida-
tion time. The DPw value is lower for longer oxidation 
time because the presence of NaClO and/or NaBrO in 
the oxidation system causes depolymerization without 
TEMPO (Ono et  al. 2021). The never-dried samples 
were used for the BC and wood-cellulose samples to 
obtain the results in Table 3. However, for the wood-cel-
lulose sample, the presence of sponge-like structures of 
disordered hemicellulose molecules between the crys-
talline wood-cellulose microfibrils probably improve 
the efficiency of covalent bond formation between cati-
onic TEMPO+ molecules and the C6‒OH groups pre-
sent on the crystalline microfibril surfaces during oxi-
dation. This covalent-bond formation is required as the 
initial stage of TEMPO-mediated oxidation of native-
cellulose samples for preparation of TEMPO-oxidized 
cellulose materials and fibrils (Isogai et al. 2018).

Conclusions

TEMPO-mediated oxidation has been applied to 
never-dried BC gel particles with NaClO of 5 and 
10 mmol/g-BC. The carboxyl contents of the TO-BC 
samples were 1.5‒1.6  mmol/g. These carboxy con-
tents are likely to be the maximum values for oxi-
dation of the C6‒OH groups on the crystalline BC 
fibril surfaces that are accessible to the TEMPO+ 
molecules in oxidation. The lengths of TO-BC-5U 
and TO-BC-10U measured from TEM images were 
greater than 2‒3 µm, and thus each TO-BC-U fibril 
consisted of multiple cellulose and oxidized-cellu-
lose molecules that were packed along the longitu-
dinal direction. The XRD patterns and solid-state 
13C-NMR spectra of the BC, TO-BC, and TO-BC-U 
samples showed that cellulose Iα was the dominant 
crystalline structure, and no clear conversion from 
cellulose Iα to cellulose Iβ occurred during TEMPO-
mediated oxidation of BC and subsequent ultrasoni-
cation in water. The solid-state 13C-NMR spectra 
showed that the crystallinities calculated from the 
C4cry/C1, C4cry/C4, and C6tg/C1 signal ratios were 
approximately the same between the BC and TO-BC 
samples, indicating that TEMPO-mediated oxida-
tion occurred position-selectively at the C6‒OH 

groups on the crystalline BC fibril surfaces. How-
ever, the crystallinities slightly decreased for the 
TO-BC-U samples, indicating that ultrasonication 
of the TO-BC samples in water caused partial de-
crystallization of cellulose I. Correspondingly, the 
C6‒OH groups with the crystalline tg conformation 
in the TO-BC samples partly turned to those with 
the gt and/or gg conformations by ultrasonication 
in water. From TEM and AFM images, the TO-BC-
U samples contained not only single fibrils but also 
ribbon-like fibril bundles with twisted structures. 
Thus, complete individualization of BC to TO-BC-U 
fibrils with homogeneous widths was not achieved by 
TEMPO-mediated oxidation and successive ultrason-
ication in water, even though significant amounts of 
sodium carboxylate groups (1.5‒1.6  mmol/g) were 
present in the TO-BC samples. The single TO-BC-
U fibril widths measured from AFM height images 
were ~ 3  nm, which are close to those of TO-CNFs 
prepared from wood cellulose. Thus, the fibrils 
with ~ 3-nm widths are probably the smallest crystal-
line elements in BC, the surfaces of which are selec-
tively convertible to oxidized-cellulose molecules by 
TEMPO-mediated oxidation.
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