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Hydrolytic activities of artificial nanocellulose
synthesized via phosphorylase-catalyzed enzymatic

reactions

Takeshi Serizawa!, Mari Kato!, Hiromichi Okura!, Toshiki Sawada! and Masahisa Wada?

Nature-based nanocelluloses with the cellulose | allomorph are attractive one-dimensional nanomaterials because of their mass
productivity and unique physicochemical properties. Our previous studies demonstrated that the activated ester, monophosphate
and amide linkages of small organic substrates were hydrolyzed on the surface of nanocrystalline cellulose (NCC), which is a
nature-based nanocellulose. However, fundamental knowledge of the hydrolytic activities of nanocelluloses is limited. In this
study, artificial sheet-like nanocelluloses composed of cellulose oligomers with the cellulose Il allomorph were synthesized by
phosphorylase-catalyzed enzymatic reactions, and their hydrolytic activities against ester substrates were characterized. The
as-prepared nanocelluloses exhibited relatively low hydrolytic activities. However, distorted and smaller nanocelluloses with larger
surface areas, which were prepared by sonication-based mechanical treatment of the as-prepared nanocelluloses, exhibited
significantly greater hydrolytic activities. These enzymatically synthesized artificial nanocelluloses exhibited hydrolytic activities,
even though the molecular weights of the component cellulose, allomorphs, and morphologies were different from those of

nature-based NCC.
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INTRODUCTION

Nature-based nanocelluloses have gained considerable attention as
relatively new one-dimensional crystalline cellulose nanomaterials with
nanometer-sized widths and high specific surface areas because of their
mass productivity and unique physicochemical ~properties.!
Nanocelluloses are classified into subcategories, such as microfibrillated
cellulose, nanocrystalline cellulose (NCC) and bacterial nanocellulose,
according to their production processes.® Combinations of chemical,
enzymatic, and mechanical treatments of raw materials,” acid hydro-
lysis of raw materials"® and cultivation of bacteria® can be employed to
produce the three types of nanocelluloses, respectively. Nanocelluloses
are chemically stable, mechanically stiff and allow for surface chemical
modification. Therefore, their potential applications as reinforcing
agents of composite materials have been investigated.® On the other
hand, our previous studies have revealed that ester, monophosphate
and even amide linkages of small organic or biorelated molecules are
hydrolyzed on the surface of HCl-treated NCC under aqueous mild
conditions.!®! This enzyme-like property of NCC can extend its
applicability to many technological fields. However, the molecular-level
mechanism of the hydrolytic reactions remains unclear. Therefore,
gaining fundamental insight into the hydrolytic activities of other
cellulose-based nanomaterials is necessary.

To artificially design and control the chemical, crystalline and
morphological structures of cellulose, a one-step and environmentally
friendly synthesis of cellulose based on enzymatic reactions under
aqueous mild conditions has been investigated.'”>"'> For example,
when a-D-glucose 1-phosphate (#G1P) monomers were propagated to
p-glucose primers by cellodextrin phosphorylase (CDP) through
glycosylation reactions, the synthesized cellulose oligomers (that is,
cellodextrins) with an average degree of polymerization (DP) of nine
formed crystalline two-dimensional nanosheets with a thickness of
4.5 nm.'® The cellulose oligomers in the artificial nanocelluloses with
the anti-parallel cellulose IT allomorph were aligned perpendicular to
the sheet surface, exposing the reducing and non-reducing terminals
to the surface. Significantly, artificial nanocelluloses have different
chemical, crystalline and morphological structures from nature-based
nanocelluloses, which are obtained from natural sources. In fact,
nature-based nanocelluloses have much greater DP, cellulose I
allomorph with parallel alignment, and fibrous morphologies with
fewer reducing and non-reducing terminals on the cellulose chains.!™
Therefore, the hydrolytic activities of these artificial nanocelluloses
against organic substrates need to be investigated.

In this study, the hydrolytic activities of artificial nanocelluloses
synthesized via CDP-catalyzed enzymatic reactions were quantitatively
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investigated using a model ester substrate (that is, p-nitrophenyl
acetate, PNP) (Figure 1). In addition, the effect of the sonication-based
mechanical treatment of the as-prepared nanocelluloses on its hydro-
Iytic activities was characterized in detail. Relatively low but credible
hydrolytic activities of the as-prepared nanocelluloses were observed,
and then, substantially increased hydrolytic activities were observed for
the mechanically treated nanocelluloses with smaller sizes and
smaller DP.

EXPERIMENTAL PROCEDURE

Materials

aGIP disodium salt n-hydrate, cellohexaose, and p-nitroacetanilide were
purchased from Wako Pure Chemical Industries (Osaka, Japan). EM stainer
was purchased from Nissin EM Corporation (Tokyo, Japan). All of the other
reagents were purchased from Nacalai Tesque (Kyoto, Japan). Ultrapure
water with more than 18.2 MQ cm was supplied by a Milli-Q Advantage
A-10 (Merck Millipore, Darmstadt, Germany) and used for all of the
experiments.

Enzymatic reactions for nanocellulose synthesis

CDP preparation and CDP-catalyzed enzymatic reactions for nanocellulose
synthesis were performed according to our previously reported protocols.!”
Briefly, CDP from Clostridium thermocellum YM4 was prepared using an
Escherichia coli BL21-Gold(DE3) strain containing a plasmid including the cdp
gene and purified using a Ni-NTA column (GE Healthcare, Tokyo, Japan) with
fused His-tag. The «G1P monomers (200 mwm) and p-glucose primers (50 mm)
were incubated with CDP (0.2 Uml™!) in 500 mm 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer (pH 7.5) at 60 °C for 3 days.
After incubation, the water-insoluble products were washed with ultrapure
water via centrifugation at more than 3500 r.p.m. and redispersion cycles to
eliminate 99.999% of the reaction solution, and then, these products were
heated at 100 °C for 10 min to inactivate the residual CDP. The resulting
dispersions were stored at 4 °C before use. The nanocellulose concentrations
were estimated by evaporating the water at 105 °C for 48 h.

Structural analysis of nanocelluloses

For transmission electron microscopy (TEM) observations, a collodion-coated
copper EM grid (Nissin EM Corporation) was placed on aqueous dispersions of
the products for 1 h and then placed on a droplet of ultrapure water. The
sample was negatively stained with EM stainer. The prepared grid was dried in a
desiccator for at least 12 h. The TEM images were recorded on a Hitachi
H-7650 Zero A microscope (Hitachi High-Technologies, Tokyo, Japan)
operated at 100 kV. The 'H nuclear magnetic resonance (NMR) spectra of
the lyophilized products (3 (w/v)% in 4% NaOD/D,0 were obtained on a
Bruker DPX-300 spectrometer (Bruker Biospin, Yokohama, Japan) operated at
300 MHz. The chemical shifts were recorded relative to H,O (8 4.79). The
matrix-assisted laser desorption/ionization time-of-flight mass spectra were
obtained on a Biotech Aximap Performance (Shimadzu, Kyoto, Japan) using a
matrix consisting of 2,5-dihydroxybenzoic acid. The attenuated total reflection-
Fourier transform infrared absorption spectra of the lyophilized products were
obtained on a JASCO FT/IR-4100 spectrometer (JASCO Corporation, Tokyo,
Japan) with a cumulative number of 100 under ambient conditions and a
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Figure 1 Schematic illustration of this study.
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resolution of 2.0 cm~!. The wide-angle X-ray diffraction measurements of the
lyophilized products were performed under ambient conditions using a Mini
Flex 600 (Rigaku, Tokyo, Japan) with Cu-Ka radiation (4=0.1542 nm).

Analysis of hydrolytic activities

Unless otherwise stated, 3 pl of the substrate solution (10 mm) in dimethylsulf-
oxide with PNP (a standard substrate) and p-nitroacetanilide or in ultrapure
water with disodium p-nitrophenyl phosphate was added to 297 pl of 10 mm
HEPES buffer (pH 7.4) containing 0.5 (w/v)% of the nanocellulose (the final
concentration of substrates was 100 pm) in a 1.5 ml polypropylene tube. Then,
a rotator (15 r.p.m.) was employed to mechanically stir the reaction solutions
with twice tapping per round at 30°C for 7.5h. After the reaction, the
nanocelluloses were precipitated by centrifugation at 15 000 r.p.m. for 5 min at
4°C, and the supernatants were analyzed using ultraviolet-visible light (UV—
vis) absorption spectrometers (JASCO V-550 or V-670, JASCO Corporation).

Mechanical treatment of nanocelluloses

Unless otherwise stated, a sonication-based mechanical treatment was
performed on water dispersions of the artificial nanocelluloses (30 ml, 0.56
(w/v)%) using a probe-type Sonifier 250 (Branson, Atsugi, Japan) for 2 h in an
ice bath (power: 120 W; duty cycle: 30%). After the mechanical treatment, the
dispersions were centrifuged at 15000 r.p.m. for 5 min at 4 °C to separately
obtain the supernatants containing nanocelluloses that were stable in suspen-
sion even after centrifugation and precipitated nanocelluloses. These nano-
celluloses were used in the hydrolysis experiments immediately after the
mechanical treatment. The nanocellulose concentrations were estimated
from the weights of the nanocelluloses after evaporation of water at 105 °C
for 48 h.

RESULTS AND DISCUSSION
Characterization of nanocelluloses synthesized by enzymatic
reactions
In a previous study,16 artificial sheet-like nanocelluloses with the
cellulose II allomorph were synthesized by CDP-catalyzed enzymatic
reactions using «G1P monomers and p-glucose primers. Although we
have essentially followed their experimental methods, the CDP con-
centration was increased from 0.05 U ml~! in the previous study to
0.2 U ml~ ! in this study to increase the conversion of «G1P monomers
to cellulose oligomers. The transparent reaction solutions became
turbid dispersions after the enzymatic reactions, indicating the presence
of water-insoluble products (Figure 2a). The conversion was estimated
to be ~35% based on the mean DP of the products (see below). It is
important to note that our experiments estimated the conversion to be
~2% at 0.05 U ml~!. The TEM observations of the products revealed
sheet-like morphologies with a width of several hundreds of nan-
ometers and a length of less than several micrometers (Figure 2b),
which were similar to those synthesized in a previous study.'®

The NMR spectra of the products were adequately assigned to
signals corresponding to cellulose oligomers according to results from
previous studies (Figure 2c).!%2° The mean DP was estimated from
the NMR spectra to be approximately 10, which was similar to that
obtained in a previous study.'® However, the matrix-assisted laser
desorption/ionization time-of-flight mass spectra of the products
indicated that the main DP was 8 (Supplementary Figure S1), which
was slightly smaller than that estimated from the NMR spectra. A
recent study?!' similarly reported such differences. In this study, the
previously mentioned conversion was estimated based on the mean
DP from the NMR spectra, following to a previous paper.'® The
attenuated total reflection-Fourier transform infrared absorption
spectra contained two peaks at 3441 and 3489 cm™! for the OH
vibration bands corresponding to 2-OH--O-6 intramolecular hydro-
gen bonds, which were representative of the cellulose II allomorph
(Figure 2d).?? The wide-angle X-ray diffraction measurements of the
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Figure 2 (a) Photo of turbid dispersions, (b) TEM image, (c) NMR spectrum, (d) ATR-FTIR absorption spectrum and (e) WAXD pattern of the as-prepared
nanocelluloses. ATR-FTIR, attenuated total reflection-Fourier transform infrared; NMR, nuclear magnetic resonance; TEM, transmission electron microscopy;

WAXD, wide-angle X-ray diffraction.

products confirmed the diffraction peaks assigned to 110, 110 and 020
of the cellulose 11 allomorph (Figure 2e).!® All of these observations
indicated that the sheet-like nanocelluloses with the cellulose II
allomorph were successfully synthesized via the CDP-catalyzed enzy-
matic reactions.

Hydrolytic activities of the as-prepared nanocelluloses

The hydrolytic activities of the artificial nanocelluloses were analyzed
by hydrolysis of a model ester substrate (PNP) according to our
previously reported method.!” The UV-vis absorption spectra of the
reaction solutions after incubation for 7.5 h in the presence or absence
of the nanocellulose contained absorption peaks at ~400 nm, which
were assigned to the absorption of p-nitrophenolate ions and indicated
the progress of the hydrolytic reactions (Figure 3a). The percent
reactions were estimated to be 13% and 12% in the presence and
absence of nanocelluloses, respectively (Figure 3b). The relative
hydrolytic activity per nanocellulose weights was estimated to be
0.6% per mg using the increment of the percent reactions (~1%) and
the nanocellulose concentration. Therefore, the as-prepared nanocel-
luloses slightly accelerated the hydrolysis of PNP. However, the
hydrolytic activities were much smaller than that of nature-based
NCC derived from tunicate, which exhibited a percent reaction of
47% under the same conditions.!'® Therefore, we attempted to
improve the hydrolytic activities of the artificial nanocelluloses in
the next step.

Characterization of mechanically treated nanocelluloses

In our previous studies,!®'! we proposed that the hydrolytic activities
of nature-based NCC may be derived from the activated OH groups of
the repeating D-glucose units on the outermost surface of NCC.
However, because cellulose oligomers are aligned perpendicularly to
the surface of the sheet-like nanocelluloses synthesized in this study,
relatively few OH groups of the repeating p-glucose units are exposed
on the outermost surface. Therefore, to improve the hydrolytic
activities, the sheet-like nanocelluloses were mechanically crushed into
smaller pieces with relatively larger surface areas using a sonication
treatment. The nanocellulose at 0.56 (w/v)% after the sonication
treatment was separated into supernatant and precipitate through
centrifugation. The supernatant concentration was estimated to be
0.011 (w/v)%. Therefore, the precipitate concentration was assumed to
be ~0.55 (w/v)%. The TEM images of the nanocelluloses in the
supernatants and precipitates indicated that distorted and smaller
nanocelluloses with sizes of less than several hundreds of nanometers
were obtained from the sonication treatment (Figure 4a). In fact, the
nanocelluloses in the supernatants appeared to be more dispersed than
those in the precipitates.

The NMR spectra of the nanocelluloses in the supernatants and
precipitates contained representative signals for cellulose oligomers
(Figure 4b) and revealed a mean DP of 7 and 10, respectively. The
matrix-assisted laser desorption/ionization time-of-flight mass spectra
of the nanocelluloses in the supernatants indicated that the main DP
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was 6, which confirmed the results obtained from the NMR spectra
(Figure 4c). However, matrix-assisted laser desorption/ionization
time-of-flight mass spectra of the nanocelluloses in the precipitates
revealed that the main DP slightly increased compared with that of the
original nanocelluloses. In addition, the spectra were broadened
(Figure 4c). These observations suggested that the sonication treat-
ment of the as-prepared nanocelluloses was unexpectedly good at
extracting the water-dispersible nanocelluloses with smaller molecular
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Figure 3 (a) UV-vis absorption spectra of the reaction solutions after
incubation for 7.5 h in the presence (+) and absence (-) of the as-prepared
nanocelluloses and (b) the percent reactions. UV-vis, ultraviolet-visible light.

weights. The attenuated total reflection-Fourier transform infrared
absorption spectra of the nanocelluloses in the supernatants and
precipitates contained two peaks corresponding to OH vibration
bands, which were assigned to the cellulose II allomorph
(Figure 4d).?> However, the peaks of the nanocelluloses in the
supernatants were relatively weak and broad, suggesting lower crystal-
linity compared with that of the precipitated and as-prepared
nanocelluloses. Although it is difficult to reasonably explain the
mechanism for such selective extraction, the nanocelluloses in the
supernatants exhibited unique hydrolytic activities.

Hydrolytic activities of mechanically treated nanocelluloses

The hydrolytic activities of the nanocelluloses in the supernatants and
precipitates were analyzed by PNP hydrolysis. The UV-vis absorption
spectra of the reaction solutions after incubation for 7.5h in the
presence of the nanocelluloses contained absorption peaks for the p-
nitrophenolate ions at ~400 nm, indicating the progress of the
hydrolytic reactions (Figure 5a). Significantly, the percent reaction
for hydrolysis by the nanocelluloses in the supernatants was estimated
to be 21% (Figure 5b), which was greater than that for the as-prepared
nanocelluloses, even though the former concentration was 50 times
smaller than the latter. In fact, the relative hydrolytic activity per
nanocellulose weight was estimated to be 0.3% per pg using the
increment of percent reactions (~9%) and the nanocellulose concen-
tration, and this activity was 500 times greater than the previously
mentioned activity of the as-prepared nanocelluloses (0.6% per mg).
Therefore, the nanocelluloses in the supernatants exhibited much
greater hydrolytic activity than those of the as-prepared nanocelluloses.
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Figure 4 (a) TEM images, (b) NMR spectra (see the chemical structure of cellulose in Figure 2c), (c) MALDI-TOF-MS spectra and (d) ATR-FTIR absorption
spectra of the mechanically treated nanocelluloses in the supernatants and precipitates after centrifugation. ATR-FTIR, attenuated total reflection-Fourier
transform infrared; MALDI-TOF-MS, matrix-assisted laser desorption/ionization time-of-flight mass; NMR, nuclear magnetic resonance; TEM, transmission

electron microscopy.
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The time dependence of the PNP hydrolysis by the nanocelluloses was
determined to follow a pseudo-first order reaction with correlation
coefficients of more than 0.998 (Figure 5c). The rate constant was
estimated to be 0.029 h ™!, which was 2.6 times greater than that for
spontaneous reactions (0.011 h™!). However, the nanocelluloses in the
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Figure 5 (a) UV-vis absorption spectra of the reaction solutions after
incubation for 7.5 h in the presence (+) and absence (-) of mechanically
treated nanocelluloses, (b) percent reactions and (c) fitting to a pseudo-first
order reaction.
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Figure 6 Effects of sonication conditions on the hydrolytic activities of
mechanically treated nanocelluloses in the supernatants.
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precipitates exhibited intermediate activities (Figure 5b). These obser-
vations suggest that the mechanically treated nanocelluloses with
relatively larger surface areas exhibit greater hydrolytic activities than
those of the as-prepared nanocelluloses.

An increase in the sonication power from 20 to 120 W or sonication
time from 2 to 4h along with a decrease in the volume of the
dispersions from 30 to 3 ml increased the hydrolytic activities of the
nanocelluloses in the supernatants (Figure 6). These observations
confirmed that the mechanical treatment was essential for obtaining
active nanocelluloses. However, the commercially available cellohex-
aose did not exhibit hydrolytic activities even though the nanocellu-
loses in the supernatant had a main DP of 6 (Supplementary Figure
S2). This observation suggests that the nanocelluloses in the super-
natants have unique nanostructures that are appropriate for PNP
hydrolysis. It is important to note that the hydrolytic activities of the
nanocelluloses in the supernatants did not change even after autoclave
treatment at 121 °C for 20 min (Supplementary Figure S2), suggesting
that unfavorable contamination of the enzymes did not occur.
It is also important to note that the hydrolytic activities of the
nanocelluloses in the supernatants did not change in the presence of a
chelating reagent (EDTA) at 2mMm (Supplementary Figure S2),
suggesting that unfavorable contamination of metal ions did not
occur. On the other hand, the active nanocelluloses were repetitively
extracted from the same nanocelluloses by sonication treatment
(Supplementary Figure S3). In fact, the nanocelluloses with similar
activities were extracted until four sonication treatments were
performed, and then, the activities decreased gradually.

Hydrolytic activities of concentrated nanocelluloses

To obtain more active dispersions of nanocelluloses, the supernatants
obtained after sonication treatment were concentrated 10 times
through water evaporation, and then, the obtained dispersions were
diluted into appropriate concentrating ratios. The hydrolytic activities
were similarly analyzed by PNP hydrolysis (Figure 7). The percent
reactions after 7.5h of reaction increased with as the concentrating
ratio increased and reached 51% for 10 times more concentrated
nanocelluloses at 0.11 (w/v)%, and the resulting percent reaction was
comparable to that of nature-based NCC at 0.5 (w/v)%.'% Therefore,
an increase in the concentration of nanocellulose based on water
evaporation produced more active dispersions. However, when we
compared the increase in yields by subtracting the vyield of
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Figure 7 PNP hydrolysis by nanocelluloses in concentrated supernatants
after 7.5 h of reaction. PNP, p-nitrophenyl acetate.
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spontaneous hydrolysis, the increment for the 10 times more
concentrated nanocelluloses was estimated to be 5.3. Ideally, this
value should be 10. Similarly, the activities of other concentrated
nanocelluloses were smaller than those expected from the
concentrating ratios. This discrepancy is most likely derived from
unfavorable aggregation of the nanocelluloses during the concentrating
process.

The 10 times more concentrated nanocelluloses were used for
hydrolysis of other substrates, such as disodium p-nitrophenyl
phosphate and p-nitroacetanilide, and the hydrolyses were similarly
analyzed by absorption of p-nitrophenolate and p-nitroaniline
products at 400 and 410 nm, respectively. The reactions were
performed for 1 week because the hydrolyses of both substrates were
observed with nature-based NCC.!® Unfortunately, hydrolysis was
barely observed with the concentrated nanocelluloses (Supplementary
Figure S4). When an ester substrate (PNP) was further added into the
reaction solutions after the 1 week reaction, hydrolysis did not proceed
(data not shown). Therefore, the concentrated nanocelluloses may
have lost their hydrolytic activities due to unfavorable aggregation of
the nanocelluloses during the 1 week reaction. Therefore, the present
nanocelluloses exhibited limited potential for hydrolysis of the
activated ester linkages of small organic molecules, such as PNP.

CONCLUSIONS

Artificial sheet-like nanocelluloses with the cellulose IT allomorph were
synthesized via CDP-catalyzed enzymatic reactions using oGI1P
monomers and D-glucose primers. The mean DP of the component
cellulose oligomers was estimated to be ~10 based on NMR
measurements. The as-prepared nanocelluloses exhibited relatively
low but credible hydrolytic activities against a model ester substrate
(PNP). Sonication-based mechanical treatment of the as-prepared
nanocelluloses produced distorted and smaller nanocelluloses com-
posed of cellulose oligomers with a relatively smaller DP. The
mechanically treated nanocelluloses in the supernatants exhibited
significantly higher hydrolytic activities even though the concentra-
tions of nanocelluloses were much smaller than those of the as-
prepared nanocelluloses. More active dispersions of the nanocelluloses
were produced by evaporation of the water solvent. This study
revealed that enzymatically synthesized artificial nanocelluloses with
the cellulose II allomorph had the potential to exhibit hydrolytic
activities against small organic substrates, which is similar to nature-
based NCC with the cellulose I allomorph. Our results will contribute
to the understanding and development of saccharide-based artificial
hydrolases in the near future.
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