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Abstract Hydrolysis of cellulose in concentrated
phosphoric acid is known to give two distinctive
mono-disperse cello-oligomers: the degree of polym-
erization (DP) of 7 and 15. To understand the forma-
tion mechanism of monodisperse cello-oligomers, the
transition of DP during phosphoric hydrolysis was
monitored by size-exclusion chromatography com-
bined with multiangle laser-light scattering analyses
(SEC/MALLS). The obtained results suggested that

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10570-023-05415-1.

N. Isobe

Research Institute for Marine Resources Utilization
(MRU), Japan Agency for Marine-Earth Science
and Technology JAMSTEC), 2-15 Natsushima-cho,
237-0061 Yokosuka, Kanagawa, Japan

N. Isobe (<)) - Y. Ono - A. Isogai

Department of Biomaterial Sciences, Graduate School
of Agricultural and Life Sciences, The University

of Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-8657,
Japan

e-mail: isoben @jamstec.go.jp

Y. Nishiyama

Centre de Recherches sur les Macromolécules Végétales
(CERMAV), Centre National de la Recherche Scientifique
(CNRS), Univ. Grenoble Alpes, 38000 Grenoble, France

D. Roux

Laboratoire Rhéologie et Procédés, Université Grenoble
Alpes, Grenoble INP, CNRS (UMR 5520), Domaine
Universitaire, BP 53, Grenoble, France

Published online: 03 August 2023

not the hydrolysis at a specific length but random
hydrolysis was likely. The rate of hydrolysis slowed
down when the DP reached around 40, and the pool
of cello-oligomers appeared at the incubation of 35
days. Then, the mono-disperse cello-oligomers were
recovered from the pool of cello-oligomers by frac-
tionation based on the solubility difference.

Keywords Cellulose oligomers - Phosphoric acid
hydrolysis - SEC-MALLS

Introduction

Oligosaccharides are an important class of bioma-
terials with a wide range of applications. Biologi-
cally, oligosaccharides serve as recognition or adhe-
sion sites on living cells and are considered to have
biological activities and potential therapeutic effects
(Muanprasat and Chatsudthipong 2017). In addi-
tion, oligosaccharides have been used as a model
compound for polysaccharides: the single crystals of
cello- or chito-oligomers give the essential informa-
tion of cellulose and chitin crystal structures (Buleon
and Chanzy 1978; Cartier et al. 1990; Persson et al.
1992; Helbert and Sugiyama 1998). In particular,
Chanzy and co-workers clearly showed the chain
orientation within the crystals based on the electron
micrographs and electron diffraction diagrams on
the single crystals made of cellulose, chitin, and chi-
tosan oligomers (Buleon and Chanzy 1978; Cartier
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et al. 1990; Persson et al. 1992; Helbert and Sugiy-
ama 1998). Moreover, oligosaccharides are the build-
ing block for designable materials. Maltoheptaose
(amylo-oligomer) serves as the hydrophilic domain
in block copolymer that self-assembles into a highly
ordered structure with periodicity on the nanometer
scale (Cushen et al. 2012). Cello-oligomers can form
nanoribbon structurse, the surface functional groups
of which are modifiable (Yataka et al. 2015; Serizawa
et al. 2017).

In general, oligosaccharide preparation is clas-
sified into three paths: (i) chemical synthesis (See-
berger 2008; Oscarson and Cheallaigh 2021; Fittolani
et al. 2022), (ii) enzymatic synthesis with glycosyl
transferases or glycosidases (Perugino et al. 2004;
Hiraishi et al. 2009; Hata et al. 2018), and (iii) scis-
sion of polysaccharides (Isogai and Usuda 1991;
Meiland et al. 2011). While chemical and enzymatic
synthesis can achieve desirable and complicatedly
branched oligosaccharides, a simple short-chain and
non-branched oligosaccharide can be prepared by
scission of polysaccharides. As such, acid hydrolysis
was well established. Specifically, phosphoric acid
hydrolysis is known for its unique nature: it gives two
distinctive lengths of cello- (and chito-) oligomers,
degree of polymerization (DP) of 7 and 15 (Isogai
and Usuda 1991; Helbert and Sugiyama 1998; Zhang
et al. 2021). Briefly, cellulose is dissolved in 83 wt%
phosphoric acid and the solution is incubated at room
temperature for more than 4 weeks. Then, by dilut-
ing the solution with water, precipitation takes place.
The precipitates contain cello-oligomer of DP 15
and the supernatant contains DP 7 that is recovered
by the subsequent addition of methanol. Despite the
simple and environmentally-benign aqueous process,
the time-course reaction is a mystery, and therefore
the mechanism behind the formation of DP 7 and 15
remains unclear, leading to the unsuccessful prepara-
tion of mono-disperse cello-oligomers (Meiland et al.
2011). To mitigate this, it is crucial to understand
how DP changes in the course of the reaction.

For this aim, size-exclusion chromatography com-
bined with multiangle laser-light scattering analy-
ses (SEC/MALLS) is suitable. SEC/MALLS is the
technique that combines the fractionation of solute
molecules by chromatography and the measurement
of absolute molecular mass by multiangle light scat-
tering. One of the great advantages of SEC/MALLS
is the quantitative nature. By using the accurate
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refractive index increment (dn/dc), the mass cal-
culated from the integration of SEC elution curves
corresponds to the injected mass (Ono et al. 2016).
In addition, the absolute molar mass is given to
each slice of SEC elution curves by MALLS. Con-
sequently, the absolute molar mass can be given to
all the injected molecules, as long as all the injected
molecules are completely dissolved in the eluent; this
is the case for the easy-dissolving cello-oligomers.

Here, the time-course change in DP during phos-
phoric acid hydrolysis was monitored in a quantitative
manner: By multiplying the yield of phosphoric acid
hydrolysis to the SEC elution curves, one can discuss
which and how much fraction appears and disappears
in the course of incubation. Through the transition of
DPs, the mechanism behind the formation of mono-
disperse cello-oligomer obtained by phosphoric acid
hydrolysis was speculated.

Materials and methods
Materials

Microcrystalline cellulose powder (Funacell, Funa-
koshi, Japan) was used as a starting cellulose. Phos-
phoric acid, methanol, and acetone (FUJIFILM Wako
Pure Chemical, Japan) were used without further
purification. Deuterated DMAc (DMAc-d9) was pur-
chased from Cambridge Isotope Laboratories (Mas-
sachusetts, USA). Deionized water was used in this
study.

Phosphoric acid hydrolysis

Phosphoric acid hydrolysis was performed accord-
ing to Isogai and Usuda (1991). Cellulose powder
(22.25 g) was added in 683.46 g of 85% H,PO, and
16.0 g of water and incubated at room temperature.
To facilitate the dissolution, the undissolved por-
tion of cellulose was smashed with a glass rod. The
solution became completely transparent 2 days after
the start of incubation. At 7, 14, 21, 28, 35, and 42
days from the start of incubation, 102 g of solution
was taken. The half portion (51 g) was poured into
500 mL of water, leading to the precipitation. The
precipitation was washed with water by centrifuga-
tion until it showed neutrality, and then washed with
acetone to the remove brownish color. This insoluble
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fraction was denoted as “Fraction A”. The superna-
tant was poured into 1 L of methanol, and the precipi-
tation was recovered by centrifugation and washed
with water until it showed neutrality. This soluble
fraction was denoted as “Fraction B”. In addition,
the other portion (51 g) was poured into 500 mL of
methanol, leading to precipitation. The precipita-
tion was washed with water by centrifugation until it
showed neutrality, and then washed with acetone to
remove the brownish color. This insoluble fraction
was denoted as “Fraction all”.

SEC-MALLS

The SEC/MALLS analysis system comprising SEC
columns (KD-806 M and KD-802, Shodex, Japan), a
MALLS detector (DAWN HELEOS-II, A=658 nm,
Wyatt Technologies, USA), and 1.0% w/v LiCl/
DMACc was used as an eluent. Other SEC attachments
and the operation conditions are described elsewhere
(Ono et al. 2016).

NMR

The '3C NMR spectra were recorded at 23 °C using a
JMN-ECA 1I 500 spectrometer (JEOL, Japan). Deu-
terated DMAc (0.525 ml) was added to 0.075mL of
8% LiCl/DMAc with cello-oligomer concentration of
0.291 mg/ml.

(a) Cellulose (22.3 g)

Dissolved in 83 wt%HsPO: (699.5 g) and
incubated for 7 - %42 days at room temp.

51¢ 519

Addition of water
(155 mL)
Supernatant

v

Precipitate

Addition 'of MeOH Addition‘gf MeOH
(155 mL)

Precibitate Precipitate

(700 mL)

Wash with water Wash w'ith water

“Fraction A” “Fraction B”

Wash with water

Results and discussion
Characterization of mono-disperse cello-oligomers

Phosphoric acid hydrolysis of micro-crystalline cel-
lulose powder was conducted according to Isogai
and Usuda (Fig. 1a) (Isogai and Usuda 1991), where
Fraction A and B after 6 weeks of incubation were
reported to have weight-average DP (DPw) 15 and
7, respectively. Other than the monodisperse cello-
oligomers, un-fractioned acid hydrolyzed products
“Fraction all” were recovered by the addition of meth-
anol into cellulose/phosphoric acid solution in order
to examine if the additional hydrolysis took place
upon the dilution with water (“Addition of water” in
Fig. 1a). The yields of Fraction all decreased mono-
tonically (Fig. 1b), indicating that a certain amount
(up to 350 mg per 1 g input of cellulose) became
water-soluble in the form of water-soluble cello-oli-
gomers (DP: less than 6)(Taylor 1957) or furfurals,
and was washed away during the washing step. While
the yield of Fraction A decreased, that of B increased
and reached a plateau.

To confirm that the hydrolyzed products were
cello-oligomers, '*C NMR was performed (Fig. 2).
The spectra of both Fraction A and B were in
accordance with that of reported cello-oligomers
(Isogai 1997). Although the existence of a small
amount of phosphorous (around 0.13 at% at a
maximum) in the form of phosphate was reported

(b) 1000

L]
w >

750

500

Yield (mg/ 1g input)

N
a
o

TT T T [ T T T T[T T T T [T T T
TN RN N

7 14 21 28 35 42
Day

Fig. 1 a Preparative scheme of cello-oligomers, b yields of Fraction A, B, and all, which were obtained by dividing the mass of each
fraction (Fraction A, B, and all in a) with the initial input of starting cellulose powder (22.3 g)

@ Springer



Cellulose

(@) C2,3,4,5
C1

C6

pr bbb b P
110 100 90 80 70 60 50
ppm

Fig. 2 '>C NMR spectra of (a) Fraction A and (b) B recov-
ered at 35 days of incubation. Asterisks show epimer at the C1
of reducing end

(Jiang et al. 2021), '3C NMR did not detect any
phosphate-related signals. By the ratio of the area
of two peaks, namely C1 participating in p-1,4 glu-
cosyl bond and C1 at the reducing end, the number
average DPs was calculated: 11.2 for Fraction A
and 5.1 for Fraction B, which were in accordance
with the reported DPs, 15 and 7. Therefore, the
hydrolyzed cellulose obtained by phosphoric acid
was purely cello-oligomers as reported.

To monitor the transition of DPs, SEC/MALLS
was performed on Fraction A and B (Fig. 3;
Table 1.). At 7 days of incubation, the molar mass
distribution of Fraction A (Fig. 3a) was broad (dis-
persity, D: 1.6) and centered at around 5000-6000,
namely DP 30-40 (DPw: 37). As the incubation
time proceeded, the distribution became narrower
(P changed from 1.6 to 1.2), and the peak center
shifted to molar mass of 2000-3000, namely DP
12-18 (DPw: 15.4). In contrast, the molar mass
distribution of Fraction B (Fig. 3b) was sharp from
the first appearance at 14 days incubation (P: 1.3),
and the peak center did not change (DPw: 8). The
constantly mono-disperse nature of Fraction B
(DPw: 8) should arise from the water solubility
of cello-oligomers with the DP less than 6 (Taylor
1957) that were washed away during the washing
step (Jiang et al. 2021; Zhang et al. 2021). As a
result, the origin of mono-disperse nature of DP 15
(Fraction A) needs to be addressed.
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Fig.3 SEC/MALLS elution patterns of (a) Fraction A and
(b) B. Incubation periods are shown in the figures. Normalized
concentration (mg/mL/1 g input) was the concentration nor-
malized by the yields as detailed in Supporting Information so
as to visualize the transition of DPs and yields of each fraction.
Molar mass at each elution volume is also shown on top of fig-
ures for clarity

Effect of addition of water on the oligomer formation

One possible explanation for the formation of mono-
disperse nature of DP15 is the hydrolysis at a spe-
cific length during the precipitating step; namely, the
highly crystalline aggregates of cello-oligomers are
formed during the precipitating step (“Addition of
water” in Fig. 1a) and the edge of crystals is suscepti-
ble to the further hydrolysis induced by the additional
water. Indeed, the yield of Fraction A+B did not
correspond to Fraction all in Fig. 1b, indicating that
the addition of water in the precipitation step caused
the additional hydrolysis, leading to the formation of
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Table 1 The yields,

. Fraction A Fraction B

weight-average DP (DPw),
and dispersity (B = DPw/ Time (day) Yield(mg/l g DP b Yield (mg/l g DP )
DPn) of each fraction input) input)

7 843.4 37.7 1.6 2.8 N/A N/A
Yields of Fraction A and B 14 778.2 22.8 1.3 324 8.0 1.3

1elds of Fraction an
were obtained by dividing 21 626.5 20.4 1.3 61.8 8.6 1.2
the mass of each fraction 28 5357 17.3 12 86.7 8.0 12
with the initial input of 35 307.6 16.7 1.2 107.5 8.0 1.2
starting cellulose powder 42 324.9 15.4 12 110.3 8.0 1.1
(223 g
additional water-soluble cello-oligomers that were
lost during the subsequent washing step. To examine
the possibility of specific hydrolysis during precipi-
. . Molar m /mol
tating step, the SEC-MALLS elution profiles of Frac- ?(?5 &11%?1 (@ 1003) 102
tions all, A, and B were compared in Fig. 4. Owing s 750':"""‘I'"""'""‘I"“"""‘I“"‘"""‘I:l
to the above-mentioned quantitative nature of SEC- = L (a) 14 days -
MALLS, one can add the elution profiles of Fractions = é_ [ —Fraction all ]
S . o —Fraction A+B
A and B, and compare it with Fraction all. Both at 14 S £ 500 ...Fraction A -
and 42 days of incubation period, the peak position S S’ [ - Fraction B 4
and the shape of elution profiles were largely identi- E E [ ]
cal between Fractions all and A+B, showing that N5 250 -
the random hydrolysis took place at the precipitating g £ i ]
step. 5 3 i
z 0 [ 10 ' | 4',|\\ ]
Scission probability 12 13 1_4 15 16 17 18 19
Elution volume (mL)

Another possible explapation of the mono-disperse Molar mass (g/mol)
nature of DP15 (Fraction A) is the hydrolysis at 105 104 108 102
a specific length. To examine this, the analysis of S i 5 -
Fraction all that contains all hydrolyzed products 'g = [ (b) 4 .days i
other than water soluble cello-oligomers is ben- % é_ 500k _E{gg};gﬂ %LB i
eficial. If the specific hydrolysis takes place, DP15 25 _‘:::Hgg}:ggé B
will appear from the beginning of hydrolysis. As 8 - B .
seen in Fig. 5a, the elution patterns of Fraction 3 _EI : i
all were broad and contained several species. To % > 290 N 7
deconvolute these patterns including overlapping = £ - -
distributions, the second derivatives are powerful § B ]
Fig. 5b) (Talsky et al. 1978). In the second deriva- oltLa L.
(Fig. 5b) (Talsky ) Y 12 13 14 15 16 17 18 19

tives, the peak position appears as a downward
concave as indicated with arrows in Fig. 5b. In the
starting cellulose, there were two downward con-
caves centered at 14.8 mL (Species 1) and 16.0 mL
(Species 2), with corresponding DPs of 170 and 30,
respectively. As the incubation proceeded from 7 to
28 days, the two concaves of Species 1 and 2 gradu-
ally shifted to larger elution volume and another
downward concave centered at 17.0 mL (Species

Elution volume (mL)

Fig. 4 SEC/MALLS elution patterns of “Fraction all”, “Frac-
tion A+B”, “Fraction A”, and “Fraction B” at incubation peri-
ods of (a) 14 days and (b) 42 days. Normalized concentration
(mg/mL/1 g input) was the concentration normalized by the
yields as detailed in Supporting Information so as to visualize
the transition of DPs and yields of each fraction. Molar mass
at each elution volume is also shown on top of figures for clar-

ity
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Fig. 5 a SEC/MALLS elution patterns of “Fraction all”. Incu-
bation periods are shown in the figures. Normalized concentra-
tion (mg/mL/1 g input) was the concentration normalized by
the yields as detailed in Supporting Information so as to visu-
alize the transition of DPs and yields of each fraction. Molar
mass at each elution volume is also shown on top of figures for
clarity. b the second derivatives of Fig. 4a. Arrows correspond
to the observed peaks that are denoted as Species 1 (red), 2
(green), and 3 (blue) in the ascending order of elution volume

3; corresponding DP: 6) gradually appeared. At 35
days of incubation, Species 1 disappeared or merged
into Species 2 centered at 16.4 (corresponding DP:
14). The gradual shift of Species 1 and 2 toward
lower molar mass supports not the hydrolysis at a
specific length but the random hydrolysis. It should
be noted that, as mentioned above, Species 3 was a
simple byproduct given by the washing step, where
the water-soluble cello-oligomers (DP less than 6)
were eliminated.
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Fig. 6 Time course change of (a) DP and (b) yield of Species
1, 2, and 3 in the Fraction all. The detailed deconvolution pro-
cess is given in Supporting Information

Speculation on the formation of mono-disperse
cello-oligomers

Based on the number and position of downward con-
caves in the second derivatives, the deconvolution
of SEC-MALLS patterns was conducted (for the
detailed procedure and fitting results, see Support-
ing Information, Table S1, and Fig. S1). The DP of
Species 1 and 2 decreased along the incubation time
(Fig. 6a), while Species 3 had a constant DP of 7
from the first appearance (Table S1). The decrease
in DP of Species 1 was slowed down from 14 days,
where the DP reached around 40. Similarly, Species
2, DP lower than 30, showed a gradual decrease in
DP from the beginning. This suggests that the rate of
hydrolysis on the shorter chain was very slow. The
reason behind this slow hydrolysis of short chain
cellulose is unclear. The high rigidity of short chain
cellulose is a possible explanation: the twist or kink,
where the scission is likely, rarely appear on the elon-
gated short-chain cellulose.
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The yield of each species was obtained from
the peak area (Fig. 6b). While Species 1 showed
a monotonic decrease in yield, Species 2 initially
showed an increase until 14 days of incubation and
then gradually decreased in yield. Contrastingly,
Species 3 showed gradual and linear increase from
the first appearance. This temporal increase in the
yield of Species 1 was due to the slower hydrolysis
at short-chain cellulose.

Fig. 7 Schematic illus-
tration of speculated mecha- Day O
nism of phosphoric acid
hydrolysis. The numbers
inside the circles corre-
spond to the DPs, and the
number of circles is based
on each yield. Water-sol-
uble cello-oligomers with
the DP less than 4 are not
included in this illustration

50,

2500 M >cE Y210
1500110

Day 42 G Do

From these findings, the speculated mechanism of
mono-disperse cello-oligomers obtained from phos-
phoric acid hydrolysis is schematized in Fig. 7. The
initial cellulose input contained two components with
the DPw of 170 and 30. These components were
subjected to the phosphoric acid hydrolysis, and the
DP decreased through the random hydrolysis. How-
ever, the rate of hydrolysis became slower when the
DP reached around 40, and the pool of cell-oligom-
ers appeared. At 42 days, the DPs of most of pooled
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cello-oligomers became less than 20. By the solubil-
ity difference depending on the DP, the pool of cello-
oligomers was fractionated into two: cello-oligomers
with the DPw of 15 into water phase (80% H,O /
20% H;PO,) and 8 into methanol phase (78% metha-
nol/17.5% H,0/4.5% H;PO,).

Conclusion

The formation of monodisperse cello-oligomers in
the phosphoric acid was monitored quantitatively by
SEC-MALLS. In the concentrated phosphoric acid
solution, dissolved cellulose is gradually hydrolyzed
and cello-oligomers with a DP 14-15 and 7-8 are
selectively formed. Then, by adding water, DP 14-15
precipitates and DP less than 7-8 are soluble in the
supernatant. By the subsequent addition of metha-
nol into the supernatant, the fraction with DP less
than 7-8 precipitates. By washing with water, cello-
oligomers with DP less than 6 are washed away, and
highly monodisperse cello-oligomer with DP 7-8 is
recovered because of the insolubility in water. The
selective formation of DP 14-15 can result from the
slow rate of scission: the rate of hydrolysis becomes
slower when the DP reached around 40, and there
appears the pool of cell-oligomers, from which the
DP 14-15 are fractionated by the use of solubility dif-
ference in aqueous 20 wt% H;PO,. The DP 7-8 origi-
nates from the water solubility of cello-oligomers
with a DP less than 6 that are removed away during
washing step. To address the mechanism behind the
slow hydrolysis on the cello-oligomers, the hydrolysis
at various conditions such as high or low temperature
combined with in-situ observation such as small-
angle X-ray or neutron scattering will be needed. In
addition, to better understand the fractionation mech-
anism, the use of different precipitating agents such
as salt solutions will be beneficial.
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