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A B S T R A C T

The synthesis of cellulose oligomers catalyzed by cellodextrin phosphorylase (CDP) can easily yield microcrystals 
with functional groups exposed on their surfaces using glucose derivatives with various functional groups at the 
C1 position as primers. In this study, we examined and compared the effects of primers with various structures on 
the structural characteristics of the resulting synthetic products. The yield of the synthetic products positively 
correlated with the CDP activity toward the primer, whereas the degree of polymerization (DP) and molecular 
weight distribution showed an inverse correlation. However, deviations from these trends were observed, sug
gesting the influence of varying solubilities and crystallization behaviors due to the introduction of functional 
groups. The obtained microcrystals exhibited a primarily plate-like shape with a thickness increasing in pro
portion to the DP, resulting in larger plate-like crystals at higher DP values. These findings provide insights into 
strategies for controlling the structure of the resulting cellulose oligomers.

1. Introduction

Cellulose oligomers can be synthesized via a reverse reaction cata
lyzed by cellodextrin phosphorylase (CDP, EC 2.4.1.49) (Arai et al., 
1994; Hiraishi et al., 2009; Samain et al., 1995; Serizawa et al., 2016). 
As cellulose chains elongate, cellulose oligomers become increasingly 
insoluble in water, typically forming lamellar crystals in the cellulose II 
crystalline form with cellulose chains having a degree of polymerization 
(DP) of 7–10, arranged orthogonally to the lamellar plane (Hiraishi 
et al., 2009; Serizawa et al., 2016). Unlike other cellulose synthesis 
methods, such as chemical synthesis (Guberman & Seeberger, 2019; 
Nakatsubo et al., 1996) and glycosynthase synthesis (Kobayashi et al., 
1991), CDP synthesis can be achieved through a simple process using 
commercially available chemicals. When combined with phosphoric 
acid hydrolysis of sucrose catalyzed by sucrose phosphorylase (SP) to 
produce glucose-1-phosphate (G1P), cellulose oligomers can be 

synthesized using sucrose and primers (Kita et al., 2020) (Fig. 1a). Thus, 
sufficient quantities of products can be obtained for various analyses and 
applications. Another unique aspect of CDP synthesis is its compatibility 
with various primers, owing to the low substrate specificity of CDP 
(Samain et al., 1995). Consequently, cellulose oligomers with functional 
groups at their reducing ends can be readily obtained without the need 
of additional chemical reactions (Fig. 1b).

CDP is an enzyme that degrades cellulose oligomers longer than 
cellobiose via phosphorolysis (Sheth & Alexander, 1969). Cellobiose and 
cellulose oligomers have been used as primers for reverse reactions and 
CDP synthesis (Krishnareddy et al., 2002; Zhang & Lynd, 2004). Cello
biose derivatives with functional groups at their reducing end, such as 
methyl β-cellobioside and phenyl β-cellobioside, have also been reported 
as effective primers for CDP synthesis, demonstrating equal or greater 
CDP activity toward these cellobiosides than that toward cellobiose 
(Samain et al., 1995). Because CDP does not exhibit glucose activity, it 
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was initially postulated that synthesizing cello-oligosaccharides using 
glucose as a primer was not feasible. However, Hiraishi et al. (2009)
reported the applicability of glucose as a primer, albeit with significantly 
lower activity compared to cellobiose and cellulose oligomers. Subse
quently, several studies have synthesized cellulose oligomers from 
glucose and its derivatives bearing functional groups at their reducing 
end (Adharis et al., 2018; de Andrade et al., 2021; Nohara et al., 2017; 
Pylkkänen et al., 2024; Sugiura et al., 2022; Wang et al., 2022; Yataka 
et al., 2015, 2016; Zhong & Nidetzky, 2022).

The DP of cellulose oligomers synthesized from glucose was higher 
than that of those synthesized from cellobiose (Hiraishi et al., 2009; 
Serizawa et al., 2017) owing to the reactivity of CDP. When cellobiose 
was used as the primer, all cellulose chains extended equally from both 
cellobiose and longer oligomers. In contrast, when glucose was used as 
the primer, only a small fraction of glucose molecules extended to form 
cellobiose, which preferentially acted as an acceptor and continued to 
elongate. The effects of reaction temperature and substrate concentra
tions on the DP and yields of synthetic cellulose oligomers have also 
been investigated (Hata et al., 2019; Petrović et al., 2015; Pylkkänen 
et al., 2020). The resulting crystal structures varied depending on the 
primers used. In particular, the use of glucose derivatives with alkyl 
chains as primers resulted in the formation of cellulose I crystals with 
characteristic twisted shapes (Serizawa et al., 2021; Yataka et al., 2016). 
However, the structural characteristics of the products and the under
lying mechanisms remain unclear when using primers with various 
functional groups.

Herein, we report the effects of different primers on the DP of the 
resulting synthetic products and their solid-state structures. As the 
functional groups at the reducing ends of the primers are exposed on the 
lamellar surface of the synthetic cellulose oligomers, these functional 

groups can be utilized in various ways. For example, the introduction of 
azido groups provides water dispersibility (Wada et al., 2021) and en
ables additional functionalities, including initiating chemical reactions, 
such as click chemistry (Yataka et al., 2015). Other studies have sug
gested the potential for controlling higher-order structures via alkyl 
group introduction (Serizawa et al., 2021; Yataka et al., 2016) and 
bio-utilization via amino group introduction (Nohara et al., 2017; Ser
izawa et al., 2024). Because methods for obtaining homogeneous cel
lulose oligomers are limited, cellulose oligomers obtained by CDP 
synthesis are useful model substances for fundamental research on cel
lulose structure and dissolution (Kita et al., 2020; Sasaki et al., 2024). 
Therefore, cellulose oligomers obtained via CDP synthesis are expected 
to have various applications. The utility of cellulose oligomers can be 
further expanded by controlling the DP and solid-state structures using 
primers.

2. Materials and methods

2.1. Primer structures

We used 10 primers (Fig. 2), namely d-glucose (1), d-cellobiose (2), 
methyl α-d-glucopyranoside (3), methyl β-d-glucopyranoside (4), hexyl 
β-d-glucopyranoside (5), phenyl β-d-glucopyranoside (6), 4-hydroxy
phenyl β-d-glucopyranoside (7), 4-nitrophenyl β-d-glucopyranoside 
(8), 1-azido-1-deoxy β-d-glucopyranoside (9), and d-glucono-1,5- 
lactone (10). Primers 1, 2, and 6 were purchased from Fujifilm Wako 
Pure Chemical Corporation (Japan). Primers 3, 4, 7, 8, and 10 were 
purchased from Tokyo Chemical Industry (Japan). Primer 5 was pur
chased from Biosynth Ltd. (UK), and primer 9 was purchased from 
Sigma-Aldrich (USA).

Fig. 1. (a) Schematic representation of cellulose oligomer synthesis. Sucrose is hydrolyzed by SP in the presence of phosphoric acid to produce G1P, which is 
subsequently utilized by CDP for cellulose oligomer synthesis in the presence of primers. (b) Schematic of CDP synthesis of cellulose oligomers bearing functional 
groups at their reducing ends.
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Primers 1 and 2 were selected as standards for low and high CDP 
activity, respectively. Primers 3 and 4 were included to compare α- and 
β-anomers. Primer 5 was selected to compare the alkyl chain length with 
that of primer 4 and because of the unique cellulose I structure of its 
product. Primers 6, 7, and 8 contained aromatic rings with different 
functional groups (at the para position for primers 7 and 8). Primer 8 is 
also known to serve as a substrate for the measurement of β-glucosidase 
activity. Primers 9 and 10 were glucose derivatives, with their func
tional groups directly linked to the C1 carbon. Primer 9 has been 
investigated in previous studies (Wada et al., 2021; Yataka et al., 2015).

Primers 1 and 2 were expected to yield standard cellulose oligomers, 
whereas the other primers were anticipated to generate cellulose olig
omers with functional groups at their reducing ends (Fig. 1). These 
structural predictions were later confirmed through experimental 
analysis.

2.2. Synthesis of cellulose oligomers from primers

Recombinant CDP originating from the Clostridium thermocellum 
YM4 strain expressed in Escherichia coli was prepared and purified using 
a previously described method (Krishnareddy et al., 2002). A mixture of 
50 mM primer, 400 mM sucrose, 50 mM phosphate buffer (pH 7.0), 0.05 
U/mL CDP, and 0.2 U/mL SP was incubated at 40 ◦C for 3 days. The total 
volumes of the mixtures were 30–40 mL. The precipitate was collected 
by centrifugation and repeatedly washed with water to remove any re
sidual primers and short oligomers that were soluble in water. An 
aliquot of the purified sample was dispersed in water for microscopic 
and X-ray analyses. The remaining samples were freeze dried, followed 
by vacuum drying at 70 ◦C for further measurements.

2.3. Assay of primer CDP activity

The CDP activity of the primers was evaluated using an assay based 
on the determination of inorganic phosphate (Pi) released in a reaction 
mixture containing the primer and G1P. A mixture (5 mL) of 20 mM 
primer, 20 mM αG1P disodium salt tetrahydrate, 50 mM 3-(N-mor
pholino)propanesulfonic acid buffer (pH 7.6), and 0.1 U/mL CDP was 
incubated at 40 ◦C for 30 mins. The assay for detecting inorganic 
phosphate in the reaction mixture was performed according to a pre
viously reported protocol (Saheki et al., 1985), using a UV–Vis spec
trometer (UV-2450, Shimadzu, Japan).

2.4. Nuclear magnetic resonance (NMR) and fourier-transform infrared 
(FT-IR) spectroscopy

NMR measurements were performed using a 500 MHz NMR spec
trometer (Varian Inc., USA). In 0.7 mL dimethylsulfoxide (DMSO)-d6 
containing 20 mg LiCl, 40 mg of each sample were dissolved at 23 ◦C. 
Tetramethylsilane was used as the internal standard. The 1H NMR 
spectra were obtained by setting the 1H flip angle, delay time, and 
number of scans to 45◦, 1.5 s, and 16, respectively. The FT-IR spectra of 
the freeze-dried samples were obtained in attenuated total reflection 
mode using an FT-IR spectrometer (Spectrum 3, Perkin Elmer). 

Measurements were performed between 4000 and 400 cm− 1, and 16 
scans were recorded at a resolution of 4 cm− 1.

2.5. Matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry (MALDI-TOF MS)

A suspension of a cellulose oligomer (0.2 wt%) was mixed with 2,5- 
dihydroxybenzoic acid (Tokyo Chemical Industry Co., Ltd., Japan) 
saturated in 0.4 % (v/v) trifluoroacetic acid/acetonitrile at a volume 
ratio of either 1:1 or 1:3. The measurements were performed using a 
MALDI-TOF MS system (Autoflex III, Bruker Daltonics). The spectra 
were calibrated using the Bruker peptide standard II (Bruker Daltonics). 
The standard was dissolved in 0.1 % (v/v) trifluoroacetic acid/aceto
nitrile and mixed with an equal amount of α-cyano-4-hydroxycinnamic 
acid saturated in acetone.

2.6. Transmission electron microscopy (TEM) and atomic force 
microscopy (AFM)

Suspensions of never-dried samples (0.05 wt%) were dropped onto a 
carbon-coated Cu grid, which was hydrophilized by plasma treatment. 
Excess dispersion was removed using a filter paper, followed by air 
drying. The samples were observed using TEM (JEM-1400, JEOL, Japan) 
at an acceleration voltage of 100 kV. Suspensions of the never-dried 
samples (0.01–0.05 wt%) were applied to freshly cleaved mica, fol
lowed by vacuum drying at 23 ◦C. The samples were observed using 
AFM (SPM-9600, Shimadzu, Japan) with a Si cantilever (OMCL- 
AC240TS, Olympus, Japan) in a dynamic mode. Images were acquired 
with a scanning area of 5 × 5 μm2 and 1024 × 1024 pixels.

2.7. Small-angle X-ray scattering (SAXS) and wide-angle X-ray 
diffraction (WAXD)

Suspensions of never-dried samples were mixed with 10 % polyvinyl 
alcohol (PVA) to obtain a final PVA-to-sample solid content ratio of 3:2. 
The mixture was cast and dried at 35 ◦C to obtain thin-film samples. 
Synchrotron X-ray diffraction measurements were performed at beam
line BL40B2 at the SPring-8 facility (Japan). X-rays (wavelength = 1.0 
Å) were irradiated orthogonal to the film thickness direction. The 
diffraction patterns were recorded on hybrid photon-counting detectors 
(PILATUS 2 M and EIGER2 S 500 K, Dectris, Switzerland) with camera 
lengths of 3.0 and 0.1 m for SAXS and WAXD, respectively. The camera 
lengths were calibrated using AgBeH powder.

3. Results and discussion

3.1. Chemical structures of synthetic cellulose oligomers

Except for primer 10, precipitation for all other primers occurred 
after an incubation period of three days. The precipitates were collected 
as synthetic products obtained from each primer and subjected to 
various analyses. The synthetic products of primers 1–9 (hereafter 
designated as oligomers 1–9) were dissolved in 2 % LiCl/DMSO at 23 ◦C 

Fig. 2. Chemical structures of the primers investigated in this study.
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and subsequently subjected to 1H NMR spectroscopy (Fig. 3a). All pro
ton peaks in the cellulose oligomers were assigned based on our previous 
study (Sasaki et al., 2024), matching the NMR spectra obtained for 
oligomers 1 and 2. For the other spectra, the peaks derived from the OH 
protons in α and β anomeric configuration at the reducing end (6.48 and 
6.78 ppm) disappeared. Peaks derived from the alkyl chain (< 2 ppm) 
and aromatic rings (> 6.5 ppm) were observed in the spectra of oligo
mers 5 and 6–8, respectively. However, for oligomer 3, negligible peaks 
from the OH protons in the α and β anomeric configuration at the 
reducing ends were observed, indicating contamination of the synthetic 
product without a methyl group at the reducing ends. As described later, 
primer 3 has low CDP activity; thus, αG1P produced by SP in the reac
tion system was not immediately consumed for synthesis but was hy
drolyzed to glucose, which acts as a primer, synthesizing cellulose 
oligomers without functional groups. These side reactions have been 
previously reported (Samain et al., 1995).

The addition of functional groups at the reducing ends did not affect 
most of the proton peaks derived from OH and CH in the glucose rings of 
the internal residues and non-reducing ends, maintaining the same 
features as those of the cellulose oligomers without any functional 
groups (Fig. 3a). However, the peaks at the reducing ends shifted. 
Therefore, we assigned these peaks using various two-dimensional NMR 
spectroscopic methods, including heteronuclear single quantum coher
ence (HSQC)-total correlation spectroscopy (TOCSY), TOCSY, correla
tion spectroscopy (COSY), and heteronuclear multiple-bond correlation 
(HMBC) (see Supplementary Information for details). The peaks attrib
uted to the protons at the C1 position of the reducing ends (designated 
R1) are shown in Fig. 3a (arrowheads). For oligomers 6–9, additional 
peaks appear near the proton peaks at the C1 position of the internal 
glucose residue, which are derived from the proton at the C1 position of 
the internal glucose residue adjacent to the reducing end (designated as 
R’1) (Fig. 3a, inset). Notably, in oligomers containing aromatic rings 
(6–8), the R1 peaks exhibit a more pronounced shift from the peaks of 
the internal residues and non-reducing ends. The R’1 peaks are clearly 
separated from those of the internal residues owing to the significant 
magnetic anisotropy of aromatic rings, inducing strong changes in the 
electronic environment of adjacent glucose residues. Compared to those 
in oligomer 6, the R1 and R’1 peaks in oligomers 7 and 8 shift to higher 
and lower magnetic fields, respectively, which is consistent with the 
electron-donating and electron-withdrawing effects of the hydroxyl and 
nitro groups on the aromatic ring, respectively.

The FT-IR spectra of the synthesized products are shown in Fig. 3b. 
Typical cellulose spectra were obtained for all the synthetic products. 
Functional groups without protons, nitro groups, or azido groups are 
confirmed and could not be directly observed by 1H NMR. For oligomers 
8 and 9, peaks derived from the nitro (1530 cm− 1, asymmetric 
stretching vibration; 1350 cm− 1, symmetric stretching vibration) and 
azido groups (2090 cm− 1) are observed, respectively. Furthermore, 
peaks derived from the aromatic ring (1400–1600 cm− 1: CC skeletal 
vibration, 700–900 cm− 1: CH out-of-plane bending vibration) are 
observed for oligomers 6–8. Peaks derived from CH (3000–2800 cm− 1) 
for oligomer 5 are broader than those of other oligomers, indicating the 
presence of an alkyl chain. Differences in the crystalline forms of cel
lulose are also observed, as discussed in Section 3.3.

3.2. DP and yield of synthetic cellulose oligomers

The number-averaged DP (DPn) of each cellulose oligomer was 
calculated as the ratio of the areas of the terminal and internal peaks in 
the 1H NMR spectra (Table 1). Details of the peak positions in the NMR 
spectra used in the calculations are provided in the Supplementary In
formation. Furthermore, the DP was measured using MALDI-TOF MS, 
and the resulting spectra are shown in Fig. 4. The observed peaks 
correspond to either sodium ion (Na+) or potassium ion (K+) adducts of 
the oligomers, with an interval of 162 Da corresponding to glucose 
residues. In addition to the Na+ and K+ adducts, the spectrum of olig
omer 8 exhibits numerous peaks corresponding to the Na+ and K+

DMSODMSO

H2OH2O

azido

a b

nitro

1

2

3

4

5

6

7

8

9

******

Fig. 3. (a) 1H NMR and (b) FT-IR spectra of oligomers 1–9. In (a), the arrowheads indicate the peaks from CH protons at C1 of the reducing ends (R1), and * and ** 
indicate peaks from CH protons at C1 of the internal residue and non-reducing end, respectively. The inset in (a) shows enlarged spectra of oligomers 6–9, with the 
appearance of peaks of CH protons at C1 of the internal residues (*), non-reducing ends (**), reducing ends (arrowheads), and internal residues adjacent to the 
reducing ends (R’1).

Table 1 
Number-averaged degree of polymerization (DPn) and yield of cellulose oligo
mers 1–9 as well as CDP activity of primers 1–9.

Primer/ 
Oligomer

DPn 

(NMR)
DPn (MALDI-TOF 
MS)

Yield 
(%)

CDP activity 
(mM/sec)

1 7.36 8.07 9.71 6.51 × 10–5

2 6.68 6.78 32.40 1.66 × 10–3

3 14.68 9.56 1.95 6.70 × 10–6

4 7.56 7.69 11.95 4.99 × 10–5

5 6.52 6.88 16.51 7.57 × 10–4

6 6.28 6.92 26.65 4.96 × 10–4

7 6.16 6.54 25.36 5.89 × 10–4

8 6.15 5.98 25.58 6.82 × 10–4

9 7.03 7.34 18.42 1.58 × 10–4
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adducts of oxygen elimination and NH2 radical reaction products (Ueda 
et al., 2007). For oligomer 9, the peaks corresponding to the Na+ and K+

adducts of the N2 elimination products are also observed. The 
number-average molecular weight (Mn), weight-average molecular 
weight (Mw), and polydispersity index (Mn/Mw) were calculated from 
these peaks (see Supplementary Information for details). The DPn values 
are listed in Table 1. The DPn values calculated by NMR and MALDI-TOF 
MS are similar, except for that of oligomer 3, which contains a high 
proportion of contaminating oligomers without functional groups at the 
reducing ends. Given that the terminal peaks of these oligomers were not 
considered, the NMR DPn values were likely overestimated.

Cellulose generally becomes insoluble and precipitates when a DP of 
6 or higher is obtained. For oligomers 5–8, peaks corresponding to a DP 
of 5 or lower are clearly observed, which can be ascribed to a decreased 
solubility due to the alkyl chains or aromatic rings present at the 
reducing ends. From the weights of the synthesized products and the 
DPn calculated using MALDI-TOF MS, the molar conversion rate of the 
donor (sucrose in this study) into the synthesized products was calcu
lated as the yield (Table 1), using the following equation: 

Yield (%) =
Moles of glucose units in the synthesized product∗

Moles of sucrose used
× 100 

*Excluding the reducing-end moiety derived from the primer.
Primer 2 affords the highest yield, exceeding 30 %, indicating highly 

efficient synthesis. The yield is inversely correlated with the DP.

3.3. Relationship among CDP activity, yield, and DP

The CDP activity, as evaluated by the amount of phosphate released, 
is shown in Table 1. CDP primarily degrades cellulose oligomers into 
cellobiose; thus, the activity of glucose in the synthetic direction is 
considerably lower than that of cellobiose (Hiraishi et al., 2009). A 
difference of >100 times between the activity values for glucose (primer 
1) and cellobiose (primer 2) is observed. Primer 4 displays almost the 
same activity as glucose (primer 1), whereas primer 3 exhibits approx
imately 1/10 of the activity. The decreased activity against α-linkages is 
consistent with the inherent substrate specificity of CDP for cellobiose. 

Similarly, no precipitation is observed for primer 10, indicating the 
importance of conformation of the linkage from anomeric carbon. 
Primer 9 exhibits approximately 2.5 times the activity of glucose (primer 
1), suggesting a negligible effect of the oxygen directly linked to 
anomeric carbon. Furthermore, primer 5 and the three aromatic primers 
6–8 exhibit significantly higher activity than glucose (primer 1) and 
approximately half that of cellobiose (primer 2). Thus, even if the 
structure of the functional group linked to glucose via a β-bond differs 
from glucose, the CDP activity can still be enhanced as long as it does not 
interfere with the CDP binding. Among the three primers containing 
aromatic rings (primers 6–8), primer 8, which is used as a model sub
strate for the measurement of β-glucosidase activity, exhibit the highest 
value.

Fig. 5a shows a plot of yield against CDP activity. The yield increases 
logarithmically with CDP activity. Although the kinetics is difficult to 
discuss given the multiple steps involved, such as G1P production by SP, 
chain elongation, and crystallization of the elongated molecular chains, 
CDP activity governs the yield of the synthetic products. However, 
primer 5 deviates from this trend and results in a lower yield. As dis
cussed later, the crystal structure of oligomer 5 is different from that of 
the other oligomers, suggesting that the crystallization behavior affects 
the yield.

Fig. 5b and 5c show the CDP activity in relation to DPn and poly
dispersity, respectively. Oligomers synthesized from glucose by CDP 
possess higher DP and polydispersity than those synthesized from 
cellobiose, as explained by the difference in CDP activity toward the 
primers (Hiraishi et al., 2009; Serizawa et al., 2017). According to this 
mechanism, primers with low CDP activity achieve minimal synthesis of 
disaccharides from monosaccharide primers. These disaccharides then 
preferentially elongate, and fully elongated oligomers precipitate. In the 
initial stages of the reaction, only a few dissolved oligomer chains were 
present in the system, delaying precipitation and increasing the DP. In 
the later stages of the reaction, more dissolved substances are present in 
the system, prompting an earlier precipitation of oligomers, decreasing 
the average DP, and broadening the molecular weight distribution 
(Serizawa et al., 2017). The results of the current study are consistent 
with this mechanism. Therefore, despite the differences in primer 
structure, the primary mechanism, which can be explained by 
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Fig. 4. MALDI-TOF MS spectra of cellulose oligomers 1–9. The numbers indicate their DP.
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differences in CDP activity, remains valid. However, primers containing 
aromatic rings (primers 6–8) tended to exhibit lower DP owing to sol
ubility effects.

3.4. Crystalline shapes and forms

TEM images of the synthesized oligomers are shown in Fig. 6. Similar 
to previous studies, all the oligomers, except for oligomer 5, form plate- 
like microcrystals of different sizes and shapes. Even for oligomers 1 and 
2, which do not contain any functional groups, the microcrystal sizes are 
significantly different. Oligomer 2 frequently exhibits small microcrys
tals, forming bundles by twisting, which is similar to reports of chemi
cally synthesized cellulose oligomers with DP = 6 (Fittolani et al., 2022). 
For oligomers 3, 4, and 9, which display relatively high DPn values, 
larger plate-like crystals, similar to those of primer 1, are observed. The 
widths of these crystals vary widely, ranging from 100 nm to 1 μm. In 
contrast, the cellulose oligomers containing aromatic rings (oligomers 
6–8) exhibit smaller and thinner crystals. The widths of most of these 
crystals are <200 nm. These findings indicate that the size of the 
plate-like crystals is influenced by both the functional groups introduced 
on the surface and the DP. An additional hypothesis is that the CDP 
activity, which is correlated with the DP, affects the crystal size. 
Generally, slower crystallization results in the formation of larger 
crystals. With low CDP activity, the crystallization process tends to be 
slower and can lead to the formation of larger crystals. For oligomer 5, 
twisted microcrystals are observed, which is consistent with previous 
reports (Serizawa et al., 2021; Yataka et al., 2016).

Fig. 7 shows the WAXD and SAXS patterns and profiles of the cast 
films prepared by mixing the cellulose oligomer suspensions and PVA 
with incident X-rays perpendicular to film thickness. All oligomers, 
except for oligomer 5, exhibit arc-shaped SAXS and WAXD patterns 
(Fig. 7a) owing to the flat-on orientation of the plate-like microcrystals 
during the film-drying process. In contrast, oligomer 5 exhibits mostly 
ring-shaped diffraction WAXD and SAXS patterns, with some degree of 
orientation observed in SAXS. This can be ascribed to the formation of 

twisted microcrystals of oligomer 5.
The WAXD profiles of all oligomers, except for oligomer 5, exhibit 

three diffraction peaks at the scattering vector Q = 8.5, 14.3, and 15.3 
nm− 1, which are typical for cellulose II structures (Fig. 7b). In contrast, 
oligomer 5 displays a typical cellulose I diffraction profile with three 
diffraction peaks at Q = 10.5, 11.6, and 16.1 nm− 1, consistent with 
previous reports (Serizawa et al., 2021; Yataka et al., 2016). In the FT-IR 
spectra (Fig. 3b), two characteristic peaks of cellulose II (3490 and 3440 
cm− 1) are observed for all oligomers, except for oligomer 5, which has a 
characteristic cellulose I peak (3340 cm− 1), in agreement with the 
WAXD results.

3.5. Relationship between DP and thickness of plate-like crystals

The SAXS profiles (Fig. 7c) display a single peak at Q = 1–1.5 nm− 1 

for all samples, except for oligomer 5. The thicknesses calculated from 
the peak tops are listed in Table 2. This peak corresponds to the peri
odicity derived from the thickness of the plate-like crystals (Wada et al., 
2021). In contrast, oligomer 5 exhibits a peak at lower Q values, in 
addition to the peak observed at the same position as the other samples.

The thicknesses of the plate-like crystals were measured using AFM 
(Fig. 8 and S19). The height profiles of the regions without an overlap in 
the plate-like crystals are almost constant, and the average value was 
calculated as the thickness of the plate-like crystals (Table 2). These 
values are consistent with those obtained by SAXS. Although the films 
used for the SAXS measurements are composites of PVA, the thickness of 
the PVA between the crystals is considered negligible. For oligomer 5, 
periodic roughness is observed, corresponding to the twisting, and the 
height of the concave parts is 8.71 nm, which is consistent with the 
thickness obtained from the low-Q peak in the SAXS profile (Fig. 7c, 5)

The thickness of the plate-like crystals was estimated from the DPn 
calculated using MALDI-TOF MS. As shown in Fig. 9a, the calculation 
method assumes that the molecular chains has a rounded DPn value and 
calculates the length in the molecular chain direction when forming 
cellulose II crystals. Functional groups were not included in the 
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Fig. 6. TEM images of oligomers 1–9. Scale bar = 1 μm. Magnification: 5000 × (except for oligomer 5, which was taken at 10,000 ×).
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calculations. The thickness calculated from the SAXS exceed the values 
estimated from DPn by approximately 0.5 nm for most samples (Fig. 9b). 
The higher measured values compared to the estimated values based on 

DPn are ascribed to the presence of longer molecular chains than those 
used in the calculations. In particular, a large difference is observed for 
oligomer 3, which also possesses high polydispersity, supporting this 
explanation. However, for oligomer 8, the measured value exceeds the 
estimated value by >1 nm, which is attributed to the influence of the 
longer molecular chains and the size of the aromatic rings on the crystal 
surface. As shown in Fig. 9c, the surface functional groups adopt two 
major arrangements. For type A, the addition of aromatic rings has a 
minimal effect on the thickness, whereas for type B, the size of the ar
omatic rings, assumed to be 0.28 nm each, can increase the thickness by 
up to 0.56 nm. Therefore, for oligomer 8, the arrangement likely cor
responds to type B, which matches the measured values more closely. In 
contrast, for oligomers 6 and 7, assuming type B would result in 
measured values that are almost equal to or slightly lower than the 
estimated values, making type A a more appropriate assumption. For 
oligomer 5, a model has been proposed in which the oligomer chains are 
aligned parallel to the alkyl chains, facing each other (Yataka et al., 
2016). The data obtained in the current study are consistent with this 
model (Figure S20). Specifically, the crystal thickness of the two olig
omer chains corresponds to the height of the concave parts observed by 
AFM and the low-Q peak observed by SAXS. In contrast, the high-Q peak 
observed using SAXS is almost identical to the length of the oligomer 
chains, reflecting this periodicity.

4. Conclusion

In this study, we characterized cellulose oligomers synthesized by 
CDP using different primers. The resulting yields and DP values were 
primarily influenced by differences in the CDP activity of the primers, 
regardless of whether functional groups were introduced at their 
reducing ends. In other words, primers with higher CDP activity tended 
to result in higher yields and lower DP. Solubility was also recognized as 
a key factor in determining DP, with primers containing alkyl chains or 
aromatic rings typically leading to a lower DP.

The synthesized products mostly consisted of plate-like crystals with 
thicknesses corresponding to the molecular chain lengths calculated 
from the DP. The lateral size of the crystals tended to increase with 
increasing DP. An exception was the primer bearing an alkyl chain, 
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Table 2 
Thickness of the plate-like crystals calculated by SAXS and AFM.

Oligomer SAXS (nm) AFM (nm)

1 5.28 5.37
2 4.19 4.44
3 6.10 6.11
4 4.95 4.42
5 4.59 / 8.46 8.71
6 4.40 4.36
7 4.31 4.66
8 4.55 4.23
9 4.79 4.13
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Fig. 8. AFM images (upper) and height profiles (bottom) of oligomers 1 and 5. 
Height profiles are obtained from the white lines in the images, but the line is 
offset from the sample in the image of oligomer 5. Scale bar = 500 nm.
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which exhibited a twisted crystal structure containing cellulose I.
Although the synthesis conditions were kept constant in this study, 

varying the temperature and substrate concentration is known to enable 
the control of both DP and crystal size. Therefore, regardless of the 
primer structure, the DP of synthetic cellulose oligomers and the size of 
their plate-like crystals can be controlled by tuning these conditions. The 
applicability of such a simple strategy is highly advantageous for 
expanding the utilization of cellulose oligomers synthesized by CDP. 
This tunability could be utilized to explore how different structural 
features influence dispersion properties and solubility in various 
solvents.
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Glycoside phosphorylase catalyzed cellulose and β-1,3 glucan synthesis using 
chromophoric glycosyl acceptors. Biomacromolecules, 25, 5048–5057. https://doi. 
org/10.1021/acs.biomac.4c00455

Pylkkänen, R., Mohammadi, P., Arola, S., de Ruijter, J. C., Sunagawa, N., Igarashi, K., & 
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