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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   Dialcohol cellulose nanorods are prepared through sequential oxidation and reduction.

■   Primary hydroxyl groups bring about more out-of-plane hydrogen bonds.

■   Concentrated dialcohol cellulose nanorods can form an all-cellulose hydrogel.

■   The all-cellulose hydrogel shows high adhesion to various substrates.
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Hydrogels  showing strong adhesion to  different  substrates have garnered
significant  attention  for  engineering  applications.  However,  the  current
development of such hydrogel-based adhesive is predominantly limited to
synthetic polymers,  owing to their  exceptional  performance and an exten-
sive array of chemical options. To advance the development of sustainable
hydrogel-based adhesives, we successfully create a highly robust all-cellu-
lose hydrogel-based adhesive, which is composed of concentrated dialco-
hol cellulose nanorods (DCNRs) and relies on enhanced hydrogen bonding
interactions between cellulose and the substrate. We implement a sequen-
tial  oxidization-reduction  process  to  achieve  this  high-performance  all-
cellulose  hydrogel,  which  is  realized  by  converting  the  two  secondary
hydroxyl  groups  within  an  anhydroglucose  unit  into  two  primary  hydroxyl
groups, while  simultaneously  linearizing  the  cellulose  chains.  Such  struc-
tural and chemical modifications on cellulose chains increase out-of-plane
interactions  between  the  DCNRs  hydrogel  and  substrate,  as  simulations
indicate.  Additionally,  these  modifications  enhance  the  flexibility  of  the
cellulose chains, which would otherwise be rigid. The resulting all-cellulose
hydrogels  demonstrate  injectability  and  strong  adhesion  capability  to  a
wide  range  of  substrates,  including  wood,  metal,  glass,  and  plastic.  This
green  and  sustainable  all-cellulose  hydrogel-based  adhesive  holds  great
promise for future bio-based adhesive design.
 

INTRODUCTION
Nowadays,  hydrogel-based  adhesives  have  been  widely  explored  for

surface  engineering,  particularly  for  bonding  a  variety  of  substrates.1–3

Researchers have harnessed a wide range of synthetic or natural polymers4–6

to  design  hydrogel-based  adhesives,  leveraging  interactions  between  the
hydrogel and  substrates  or  employing  precise  structural  regulation  tech-
niques to achieve high bonding strength. Nonetheless, the widespread use of
petroleum-based  synthetic  polymers,  including  polyethylene  glycol,7,8 poly-
acrylamide9,10 and  polyacrylic  acid,11–13 has  raised  concerns  about  their
potential  environmental  and  human  health  risks,  which  could  impede  the
pursuit  of  carbon  neutrality.  Although  natural  polymers  like  tannin,14,15

chitosan16 or  gelatin17 have  been  utilized  to  engineer  hydrogel-based adhe-
sives, their widespread application has been limited due to either the need for
a complex modification process or their inferior adhesion strength.

Cellulose,  the  most  abundant  biopolymer  on  Earth,  has  been  utilized  for
adhesives through cellulose dissolution and regeneration processes,18,19 or by
incorporating it  with other polymers.20 However,  the practical  applications of
these approaches are severely restricted due to the use of large amounts of
solvents and  additional  polymers.  Despite  ongoing  research,  the  develop-
ment  of  all-cellulose-based  adhesive  has  faced  limited  progress.  Recently,
cellulose  nanocrystals  (CNCs)  suspension  has  shown  promise  in  forming
super-structured  bonds  through  confined  assembly  between  adherends.
However,  the  anisotropic  nature  of  the  adhesive  strength,  with  significantly
lower strength in the out-of-plane direction compared to the in-plane direc-
tion  (at  least  two  orders  of  magnitudes  lower),  limits  its  potential
applications.21 Therefore, the ever-growing environmental concern and high-
performance requirement call for the development of strong hydrogel-based
adhesives  (>2  MPa  lap  shear  strength)  derived  from  natural  and  renewable
sources, particularly cellulose.

Engineering  the  interactions  between  substrate  and  hydrogel  plays  a
pivotal  role  in  the  design  of  high-performance  hydrogel-based  adhesives.
Currently,  chemical  interactions,  including  Schiff  base  reaction,22 Michael
addition reaction,23 and EDC/NHS coupling,11 as well as physical interactions

such  as  electrostatic  interactions,24 hydrogen  bonding,25 and  topological
adhesion,24 have  been  widely  employed  for  the  design  of  hydrogel-based
adhesives.  Among  them,  hydrogen  bonding  represents  the  most  prevalent
molecular interaction  in  nature.  Despite  the  relatively  modest  bonding  ener-
gies of hydrogen bonds, such as approximately 20.9 kJ/mol for N-H···O and
around 29 kJ/mol for  O-H···O,26 achieving high adhesion is possible through
strategies such as increasing the hydrogen-bonded cluster densities or utiliz-
ing  double,25 triple,27 and  even  quadruple28 hydrogen  bonding  system.  For
example, strong hydrogel adhesion (80 kPa toward glass) toward a range of
surfaces can be enabled by  incorporating “triple  hydrogen bonding clusters”
through a unique “load sharing” effect and an increase in bond density.29 Also,
by  adjusting  the  hydrogen  bonds  in  the  polymer  network,  smart  materials
based  on  biomacromolecules  can  also  be  fabricated.30,31 When  it  comes  to
cellulose,  even  though  it  possesses  abundant  hydroxyl  groups  that  can
potentially act as binding sites for hydrogen bonds, their effective utilization in
the  development  of  hydrogel-based  adhesives  is  still  challenging.  This  is
primarily  due to the rigid  cellulose structures,  which significantly  restrict  the
formation of out-of-plane interactions.32,33 Therefore, we propose that hydro-
gen  bonds  can  be  regulated  between  cellulose  and  substrates  to  form  a
strong  hydrogel-based  adhesive  by  converting  the  secondary  hydroxyl
groups to primary hydroxyl groups via a ring-opening reaction.

Herein, for the first time, we have developed a strong adhesive based on all-
cellulose  hydrogel  consisting  of  concentrated  dialcohol  cellulose  nanorods
(DCNRs)  prepared  through a  sequential  periodate  oxidization – borohydride
reduction process. The periodate oxidation partially converts the anhydroglu-
cose unit (AGU) ring structure of cellulose into a linear structure. This trans-
formation enhances chain flexibility,  facilitating the formation of  mechanical
interlocks.  Further  reducing  the  generated  aldehyde  groups  into  primary
hydroxyls by borohydride reduction treatment is expected to contribute to the
formation  of  more  out-of-plane  hydrogen  bonds.  Especially,  the  conversion
from  two  secondary  hydroxyl  groups  into  two  primary  hydroxyl  groups
provides  enhanced  chain  flexibility  and  thereby  induces  more  out-of-plane
interactions between cellulose and substrates, therefore increasing the adhe-
sion  performances.  We  further  explored  the  rheological  properties  of  the
formed hydrogel and examined the adhesion strength to different substrates.
More importantly, the underlying mechanisms of the adhesive were proposed
and  verified  using  spectroscopy  and  first-principle  density  functional  theory
(DFT)  calculation.  Given  that  the  hydrogel-based  adhesive  consists  of  only
DCNRs  and  water,  this  green  and  sustainable  all-cellulose  adhesive  holds
significant promise for large-scale production and possesses the potential to
replace existing commercial fossil-based counterparts. 

RESULTS AND DISCUSSION 

Design concept of all-cellulose hydrogel-based adhesive
Although cellulose is  considered as the most abundant polymer on Earth,

the  development  of  all-cellulose  based  adhesives  has  been  limited.  Due  to
the nano-scaled dimension and abundant surface hydroxyl groups, nanocel-
lulose  is  known  to  form  strong  cohesive  bonds  to  yield  super-strong  film
(>100  MPa)  upon  drying.34-38 However,  cellulose  generally  does  not  show
satisfactory adhesive strength to bind different substrates together.  Accord-
ing to the adhesion theory, where both physical and chemical interactions are
needed to form strong cohesive and adhesive bonds, it  is hypothesized that
the weak adhesive strength of cellulose could be ascribed to the low flexibil-
ity  and  mobility  of  cellulose  chains  caused  by  the  rigid  AGU  rings  and
restricted  rotation  due  to  the  intramolecular  hydrogen  bonds  (O3H···O5,
O2H···O6).39 Such  low  flexibility  and  mobility  of  cellulose  chains  can  restrict
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the  diffusion  of  cellulose  into  the  substrate  to  form  strong  chemical  and
physical  interactions.  Therefore,  we  proposed  a  two-step  ring  opening–
reduction  strategy  to  synthesize  all-cellulose  adhesive.  Firstly,  as  the  AGU
contains  vicinal  diols  at  the  C2  and  C3  positions,  which  can  be  selectively
cleaved  through  periodate  oxidation  (Figure  1A),  the  ring  structure  can  be
opened to enhance the chain flexibility. Secondly, the aldehyde groups gener-
ated  by  periodate  oxidation  will  be  further  reduced  into  primary  hydroxyl
groups and produce dialcohol cellulose nanorods (DCNRs). Compared to the
secondary  hydroxyl  groups  fixed  on  the  rigid  AGU  rings,  the  two  primary
hydroxyl  groups  linked  on  the  linear  AGU  chains  exhibit  more  flexibility  for
hydrogen  bonding  and  mechanical  interlocking  with  the  adherend.  Through
this sequential oxidation-reduction reaction, we speculate that DCNRs hydro-
gel-based  adhesive  (Figure  1B)  can  be  realized  due  to  the  enhanced  chain
flexibility and hydrogen bonding density.

As both cohesion and adhesion are critical for high-performance adhesive,

Figure  1C  schematically  illustrates  the  adhesion  of  DCNRs  hydrogel  in  the
bonding  process.  For  adhesion,  the  breakage  of  AGU  rings  generates  two
primary  hydroxyl  groups  on  the  DCNRs  surface.  Therefore,  the  abundant
hydroxyl  groups  on  the  flexible  surface  chains  will  interact  with  substrates
through hydrogen bonds, while the flexible cellulose chains on the DCNRs will
form  mechanical  interlocking  with  substrates,  resulting  in  a  high  adhesion
performance. For cohesion, the ring-opening of AGU reduces the steric effect
and thereby  induces  more  intermolecular  hydrogen bonds between DCNRs.
The  cohesive  force  of  DCNRs  was  assessed  by  measuring  the  tensile
strength of a dried DCNRs film, which demonstrated impressive mechanical
properties  (tensile  strength:  17.6  ±  0.5  MPa,  ductility:  121.8  ±�14.6%, tough-
ness:  17.0  ±1.6  MJ/m³, Figure  S1).  These  two  factors  synergistically
contribute to a high cohesion performance.

To reveal  and prove the underlying mechanism of the proposed adhesion
and  cohesion  interactions  hypothesis,  we  investigated  the  intermolecular
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Figure 1.  Schematic  illustration  of  DCNRs  hydrogel-based  adhesive (A)  The  preparation  process  of  DCNRs.  (B)  Schematic  illustration  of  the  adhesion  of  substrates  using
DCNRs hydrogel-based adhesive. (C) Schematic illustration of the adhesion mechanisms between hydrogel-based adhesive and substrates. (D) Differential charge densities (top
panel) and hydrogen bonds (bottom panel) in the DFT-optimized molecular structures: cellulose-cellulose interaction, DCNRs gel-cellulose interaction, and DCNRs gel-DCNRs
gel interaction. Oxygen, carbon, and hydrogen atoms are represented with blue, black, and white beads, respectively. Yellow and purple shades in the charge density represent the
loss and gain of electrons, respectively. Blue and orange dashed lines in each bottom panel represent the inter- and intra-molecular hydrogen bonding, respectively. The isosur-
face is set as 0.003 e/Bohr3. (E) Side view of the molecular structures in cellulose-cellulose interaction, DCNRs gel-cellulose interaction, and DCNRs gel- DCNRs gel interaction.
(F) Demonstration of DCNRs hydrogel-based adhesive adheres on various substrates (Scale bar: 3 cm).
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interactions of three distinct scenarios: cellulose-cellulose interaction, DCNRs
gel-cellulose interaction, and DCNRs gel-DCNRs gel interaction, using density
functional  theory  (DFT)  calculations. Figure  1D  plots  the  differential  charge
densities  (top  panel)  and  hydrogen  bonds  (bottom  panel)  in  the  DFT-opti-
mized  molecular  structure  (unit  cell)  of  each  scenario.  For  instance,  in  the
cellulose-cellulose  interaction,  hydrogen  bonds  are  established  between
neighboring -OH groups of cellulose chains, as evidenced by the significantly
reduced  charge  density  around  the  hydrogen  atoms  of -OH  groups  (yellow
shade)  and  the  increased  charge  density  around  the  oxygen  atoms  of -OH
groups in the neighboring chain (purple shade). Intriguingly, Figure 1D clearly
indicates two  intermolecular  hydrogen  bonds  (O3···H6)  between  the  neigh-
boring  cellulose  chains,  as  shown  by  the  blue  dashed  lines.  Besides,  there
exist  intramolecular  hydrogen  bonds  (O6···H2)  in  each  molecular  chain  as
well,  as  illustrated  by  the  orange  dashed  lines.  Intermolecular  hydrogen
bonds primarily  contribute  to  the  strength  of  the  interfacial  adhesion.  In  the
DCNRs  gel-cellulose  interaction,  differential  charge  densities  between  three
pairs of -OH groups (O3···H6, O2···H6, O6···H3) can be found. In other words,
the  open  ring  structure  in  the  DCNRs  facilitates  the  formation  of  additional
intermolecular hydrogen bonds. Moreover, the larger shade volume under the
same  isosurface  suggests  more  electron  transfer  and  stronger  hydrogen
bonds between the -OH groups of cellulose and DCNRs gel.  The synergistic
role of quantitative and qualitative enhancement results in stronger adhesion
between  cellulose  and  hydrogel-based  adhesive.  In  the  DCNRs  gel-DCNRs
gel interaction, the profiles of the loss and gain of electrons indicate that three
pairs  of  hydrogen  bonds  (O3···H6,  O2···H6,  O6···H3)  can  be  formed  between
neighboring cellulose chains, similar to that in the DCNRs gel-cellulose inter-
action. However, more electron transfer occurs in the DCNRs gel-DCNRs gel
interaction than in  the gel-cellulose interaction.  It  is  worth  noting that  cellu-
lose  is  the  dominant  component  in  wood,  and  hemicellulose  shares  similar
structural units with cellulose; thus, it is reasonable to expect that the adhe-
sion between hydrogel-based adhesive and hemicellulose in wood follows a
similar  mechanism  involving  strong  binding  forces.  In  addition,  due  to  the
high  degree  of  freedom  for  DCNRs  hydrogel,  it  is  also  expected  that  the
DCNRs  hydrogel  can  form  stronger  interactions  with  the  polar  functional
groups on lignin as compared to cellulose.

Figure 1E plots  the side views of  the DFT-optimized molecular  structures
of the three scenarios. In the cellulose-cellulose interaction, the atomic struc-
ture of cellulose constrains the degree of freedom of -OH groups so that the
hydrogen bonds are formed in the plane. In the DCNRs gel-cellulose interac-
tion, the open hexagon rings in the gel extend out of the plane, enhancing the
mobility  of -OH  groups  and  the  potential  to  form  more  out-of-plane hydro-
gen bonds,  as evident in Figure 1D. Notably,  more open rings are present in
the DCNRs gel-DCNRs gel interaction, which further facilitates the formation
of hydrogen bonds and, in turn, strengthens the adhesion. The binding energy
between  the  two  molecular  chains  in  the  DFT  model  can  be  defined  as

ΔE= ETotal−EChain1 −EChain2 ETotal

EChain1 EChain2

,  in  which ,
 and  represent the total energy of

the model system, and the single point energy
of  individual  molecular  chains  extracted  from
the  total  system,  respectively. Figure  S2 plots
the binding energy of the three intermolecular
interactions.  The  cellulose-cellulose interac-
tion  has  the  lowest  binding  energy  (around -
1.05 eV), and the DCNRs gel-cellulose binding
energy (around -1.32 eV) is comparable to that
between  DCNRs  chains  (around -1.33  eV).  In
other words, by opening the ring structure and

converting secondary  hydroxyls  to  primary  hydroxyls,  stronger  intermolecu-
lar  interactions  between  the  DCNRs  chains  and  cellulose  or  other  DCNRs
chains can be expected due to increased hydrogen bond density and van der
Waals interactions depending on the specific substrate materials. By enhanc-
ing  the  adhesion  and  cohesion  performances  simultaneously,  our  DCNRs
hydrogel-based  adhesive  exhibits  adhesiveness  to  various  substrates
(Figure 1F). 

Characterizations of DCNRs
After sequential oxidization and reduction, the cellulose pulp was converted

to  rod-like  nanoparticles. Figure  2A  shows  the  digital  photos  of  NBSK  pulp
suspension,  dialdehyde cellulose (DAC) suspension,  and DCNRs suspension
at 1 wt.% concentration. The pulp suspension showed high opaqueness due
to  the  large  fiber  morphology  (Figure  S3a). After  oxidization,  the  long  cellu-
lose fibers were cleaved into short  microfibers (Figure S3b)  due to the ring-
opening reaction, and the suspension became semi-transparent with slightly
increased transmittance compared to the original pulp suspension. However,
after  reduction,  the  suspension  became  highly  transparent  (nearly  100%
transmittance, Figure  S4),  suggesting  the  sizes  were  further  reduced.  ATR-
FTIR  was  used  to  indicate  the  successful  transformation  from  secondary
hydroxyl  groups to primary hydroxyl  groups as displayed in Figure 2B.  After
the oxidization and reduction process,  the absorbance band of C-H stretch-
ing at 2926 cm−1 and 2883 cm−1 in DCNRs became more prominent than in
the pulp. In addition, the absorbance assigned to primary OH groups at 1050
cm−1 increased  while  the  absorbance  assigned  to  secondary  OH  groups  at
1104 cm−1 decreased.  Besides,  the absorbance at 1160 cm−1 corresponding
to  asymmetric  C–O–C bonds in  the  bridge  oxygen also  decreased.  The 13C
NMR and 1H NMR spectra of DCNRs are shown in Figure 2C and Figure S5.
The  four  intense  peaks  of 13C  NMR  between  60–105  ppm  range  were
assigned to C1, C4 and C5, C2, C3 and C6, respectively, indicating a high ring-
opening  degree.40,41 According  to  titration  results  of  aldehyde  content,  the
total  oxidization  degree  was  70.6%.  Therefore,  minor  cellulose  signals  have
also been observed, which can be ascribed to the remaining unreacted AGU
rings.40,41 Similar to 13C NMR, some small peaks in 1H NMR spectra were also
assigned  to  the  remaining  cellulose.  Solid-state 13C  CP-MAS  NMR  was
further  conducted  on  pulp,  DAC  and  DCNRs.  As  shown  in Figure  2D,  after
periodate  oxidization,  the  resonance  at  105  ppm  assigned  to  the  C1
decreased  significantly,  while  the  hemiacetal  signals  (90-100  ppm)  of  DAC
emerged. The absence of signals at 160-200 ppm (Figure S6) indicated that
aldehyde groups were converted into hemiacetal entities. Notably,  the broad
hemiacetal  signal  in  the  90-100  ppm  regions  disappeared  after  reduction,
revealing that they were reduced to primary hydroxyl groups. Also, the signals
in  the  55-65  ppm  region  increased  while  the  70-80  ppm  region  decreased,
due to the shift of secondary hydroxyl groups to primary groups. These NMR
and FTIR results verified that the oxidization and reduction process success-

 

Figure 2.  Characterizations  of  DCNRs (A)  Digital
photos  of  1  wt.%  (1)  pulp  suspension  and  after  (2)
oxidization  and  (3)  reduction.  (B)  ATR-FTIR  spectra
of pulp and DCNRs. (C) 13C NMR spectra of DCNRs.
(D) 13C  CP-MAS  NMR  of  original  pulp,  DAC,  and
DCNRs. (E) TEM image of DCNRs. XRD pattern of (F)
DCNRs  film  under  ambient  drying  and  freeze-dried
sample.
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fully transformed the secondary -OH groups into primary -OH groups in the
prepared DCNRs.

The  morphologies  of  DCNRs  were  observed  using  TEM  and  AFM.  As
shown in Figure 2E&Figure S7, the DCNRs displayed a typical rod-like struc-
ture. AFM image in Figure S8 also displayed similar morphologies. Therefore,
XRD diffractogram was further employed to observe the crystalline structure.
As  shown  in Figure  S9 and Figure  S10,  the  original  pulp  displayed  a  highly
crystalline cellulose  I  crystal  structure,  while  DAC  exhibited  a  typical  amor-
phous structure due to the high oxidization degree (70.6%). This was ascribed
to  the  periodate  oxidization  that  induced  the  ring-opening  reaction  and
severely disrupted the cellulose pulp's crystalline structure. Interestingly, after
reduction,  the  dialcohol  nanocellulose  regained  crystalline  structure  as
reflected  by  both  the  XRD  diffractogram  (Figure  S9)  and  2D  XRD  pattern
(Figure  2F),  which  was  likely  due  to  the  crystallization  of  stereoregular
DCNRs40 under ambient drying. However, for the freeze-dried dialcohol cellu-
lose,  the  XRD  patterns  showed  two  broad  rings,  indicating  that  it  was  not
crystalline (Figure 2F). 

Injectability and rheology properties of DCNRs hydrogel
The  oxidization-mediated  ring-opening  process  strongly  increased  the

chain flexibility (as revealed by Tg, Figure S11) of DCNRs. Also, the ring-open-
ing reaction induced more intermolecular interactions between DCNRs, which
was conducive to the formation of continuous network. Therefore, we specu-
lated  that  DCNRs  hydrogel  could  be  formed  with  a  high  concentration  of
DCNRs. As proof of concept, 2.5 g freeze-dried DCNRs were dispersed in 7.5
g water assisted by sonication and formed a hydrogel with 25 wt.% concen-
tration (H-25%). As shown in Figure 3A, when the glass vial containing H-25%
was inverted, the gel maintained at the bottom of the glass vial. Impressively,
the  prepared  gels  also  exhibited  injectability  as  shown  in Figure  3B&Figure
S12, which was essential for the application as adhesives. The H-25% hydro-
gel could be easily extruded from a syringe nozzle and restored viscoelastic
gel-like behavior when the applied stress was removed. Letters "UBC" could
be  easily  written  through  the  syringe  by  hand,  indicating  the  thixotropic
behaviors of DCNRs-based hydrogels. Rheological studies were performed to
further  investigate  the  dynamic  viscoelastic  and  shear  thinning  behavior  of
the  formed  hydrogels.  Firstly,  the  amplitude  sweep  measurements  were
conducted in the range of 0.01-500 Pa and 0.1-100% strain, respectively. As

shown in Figure 3C, under small oscillation stress, for H-20%, H-25%, and H-
30%,  both G′  (storage modulus)  and G″  (loss modulus)  were highly  stable
and constant, and the G′ values were larger than G″ values, which indicated
a  typical  gel-like  behavior.  However,  for  H-15%,  the  G ″  values  were  larger
than G′ values in the whole stress range, demonstrating a sol-like behavior
due to the insufficient  interactions.  As the oscillation stress increased,  the
G′ and G″ values gradually intersected with each other. They exhibited a gel-
sol transformation, also revealed by the changes in phase angle (Figure S13).
The intersection point was 34 Pa, 251 Pa and 431 Pa for H-20%, H-25%, and
H-30%,  respectively,  suggesting  that  higher  DCNRs  concentration  can
induce  more  intermolecular  interactions  to  form  a  more  stable  structure.
For  strain  sweep  experiments,  although  the  G ′  and  G ″  values  showed  a
similar trend as stress sweep for each group (Figure 3D), the trend for inter-
section points exhibited a minor difference (9%, 56%, and 36% for H-20%, H-
25%  and  H-30%,  respectively).  The  decreased  intersection  strain  for  H-30%
was attributed to the stress concentration effect induced by the aggregation
formed  under  high  nanoparticle  concentration.  Frequency  sweep  tests
between 0.1-50 Hz were performed further  to evaluate the stability  of  these
hydrogels  and  the  results  are  shown  in Figure  3F.  H-30%  and  H-25%
displayed typical  gel-like  behaviors  (G ′  >  G″)  independent  of  the  frequency
range, revealing highly stable structures. However, for H-20%, gel-sol trans-
formation occurred under high frequency owing to insufficient crosslinking. In
addition, regarding the injectability, a continuous flow sweep experiment was
carried out in the shear rates range of 0.1–10 s–1 (Figure 3E). The viscosity of
hydrogel  decreased significantly  when the shear  rates increased,  showing a
typical  shear-thinning  behavior.  The  shear  stress  under  continuous  flow
sweep was shown in Figure S14. It was observed that at various concentra-
tions, the shear stress remained consistently below 500 Pa, which is benefi-
cial for the injectability in various applications. 

Adhesion to wood
We  further  utilized  DCNRs  hydrogels  as  wood  adhesives.  Due  to  the

improved chain flexibility and abundant primary hydroxyl groups, the hydrogel-
based adhesives displayed strong adhesion toward basswood.  As shown in
Figure  4A,  three  wood  panels  bonded  by  H-25%  (~900  mg)  with  a  small-
bonded  area  (~20  cm2)  could  withstand  an  adult  (75  kg)  without  failure,
demonstrating  a  highly  strong  adhesion.  Impressively,  two  wood  slides
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Figure 3.  Injectability and rheological property of DCNRs hydrogels (A) Digital photo of H-25% showing stable gel-like behavior (the gel was dyed with Rhodamine B for better
visualization); (B) Demonstration of injectability of H-25% (scale bar: 5 cm). (C) Stress sweep and (D) strain sweep of DCNRs-based hydrogel with different concentrations. (E)
Apparent viscosity of different DCNRs hydrogels under steady shear from 0.1 s−1 to 10 s−1 at 25 °C. (F) Frequency sweep of DCNRs hydrogels with different concentrations.
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bonded by H-25% (bonded area: ~4 cm2)  could even lift  an adult (75 kg),  as
shown in Figure S15. It should be noted that the adhesion mechanism of this
hydrogel-based  adhesive  is  through the  loss  of  water,  and  the  formation  of
mechanical  interlocking  and  hydrogen  bonds.  Therefore,  no  heat  or  even
pressure  is  needed,  making  the  process  much  easier  and  energy  efficient.
Lap  shear  tests  were  employed  to  quantify  the  adhesive  strength.  The  lap
shear sample was prepared as shown in Figure S16, and then the dry bond-
ing strength was evaluated. Figure 4B&C displayed the effect  of  curing time
on  adhesion  strength  using  H-20%.  The  solid  content  was  fixed  as  ~4
mg/cm2 (Figure S17a).  As the curing time prolonged,  the lap shear strength
increased  significantly  from  1.84  ±0.11  MPa  (1  day)  to  3.13  ±0.24  MPa  (3
days) and then maintained nearly constant for further curing (3.14 ±0.42 MPa
for 5 days and 3.07 ±0.27 MPa for 7 days). This suggested that after 3 days
of curing, all water in the H-20% between the adherends was removed, form-
ing strong bonds. As shown in digital photos in Figure S18a and microscopy
images in Figure S19a, regardless of the curing time, all samples experienced
wood failure rather than glue failure, implying that the shear strength of bass-
wood is lower than that of the adhesive. In addition, the influence of DCNRs
concentration has also been investigated in Figure 4D&E (corresponding solid
content: Figure S17b). As the solid content increased, the lap shear strength
firstly  increased  and  then  decreased.  For  H-15%,  the  liquid-like  structure
could  not  maintain  the  shape  integrity  of  adhesive  on  wood,  and  the  water
was quickly adsorbed by wood, which can lead to a starved glue line. There-
fore, sufficient mechanical interlocking could not be formed, which induced a
relatively low  adhesion  strength  (0.64  ±  0.17  MPa).  The  surfaces  also  indi-
cated insufficient mechanical interlocking after adhesion failure, as shown in
Figure S18b and Figure S19b. The H-15% mainly displayed a cohesive failure
within  the  glue.  However,  for  higher  concentrations,  the  hydrogel  structure
locked the internal  water  to  form sufficient  mechanical  interlocking,  and the
high solid content ensured sufficient interface interactions such as abundant
hydrogen bonds, thereby demonstrating a strong adhesion, which was supe-
rior  to  many  reported  adhesives  (Figure  4F). To  further  validate  our  conclu-
sions,  glue  lines  of  DCNRs  adhesives  with  different  concentrations  were

observed  by  OM  (Figure  S20a-d).  For  H-15%
adhesive,  the  glue  line  displayed  an  obvious
gap between two wood slides. In contrast,  for
H-20%  and  H-25%,  the  glue  line  suggested
that  the  adhesives  gradually  penetrated  the
wood substrates and formed stable and suffi-
cient  mechanical  interlocking,  which  can  also
be  confirmed  by  the  wood  failure.  Besides,
Figure  S21a  showed  the  cross-section  photo
of  DCNRs  hydrogel  (dyed  with  calcofluor
white)  bonded  wood.  It  is  evident  that  the
hydrogel penetrated the wood structure, creat-
ing stable  mechanical  interlocking.  Further-
more, we employed confocal microscopy with
a 405  nm  laser  to  directly  observe  this  pene-
tration.  As  shown  in Figure  S21b,  after  the
curing and drying process, the hydrogel effec-
tively  establishes  strong  interlocking  with  the
substrates  depicted  by  the  fluorescent  area
corresponding to the adhesive that penetrated
the  wood.  Interestingly,  after  100  cyclic
mechanical loading and unloading tests under
500  N  load  (Figure  S22), the  adhesion  inter-

face was still bonded closely together, and only a small displacement of ~100
μm  was  present,  indicating  that  the  DCNRs  hydrogel-based  adhesive  can
withstand a  harsh mechanical  fretting  operation.  The porosity  of  wood also
affected  the  adhesion  strength.  As  shown  in Figure  S23,  the  adhesion
strength  towards  Douglas  Fir  wood  with  high  density  showed  a  decreased
adhesion  strength  (2.32  ±  0.15  MPa,  solid  content:  5.45  ±  0.25  mg/cm2),
which  can  be  attributed  to  the  fact  that  the  smaller  cells  of  softwood  can
prevent  the  diffusion  of  the  hydrogel  into  the  wood  cells,  leading  to  less
mechanical  interlocking.  Conclusively,  the  high  adhesive  strength  was
ascribed  to  the  abundant  primary  hydroxyl  groups,  which  can  induce  more
hydrogen  bonds  between  DCNRs  and  wood  (Figure  1C-E)  and  the  stable
mechanical  interlocking  formed  between  adhesive  and  wood  substrates
(Figure S21). 

Universality of DCNRs hydrogel-based adhesive
For  practical  applications,  hydrogel-based  adhesives  are  supposed  to  be

applicable to various substrates. Therefore, this section examined the univer-
sality  of  DCNRs  hydrogel-based  adhesive  towards  different  substrates.
Figure S24 schematically illustrates the preparation process for adhesives on
substrates.  Firstly,  DCNRs  hydrogel-based  adhesive  was  injected  onto  a
piece  of  a  rectangular  substrate  and  formed  a  hydrogel  coating.  Then,
another  piece  of  the  substrate  was  pressed  against  the  coating  area  (~4
cm2).  After  curing at  room temperature for  3 days,  the samples were tested
through  lap  shear  tests. Figure  1F  displayed  that  the  hydrogel-based adhe-
sive could adhere to different solid materials (Teflon,  rubber,  ceramic,  wood,
graphite, metal, glass, and plastic), indicating that the adhesive was universal.
Figure S25a&b further displayed the force-displacement curves and lap shear
strength  towards  four  typical  materials.  The  adhesion  strength  was  0.77
±0.38  MPa,  0.37  ±0.01  MPa,  0.36  ±0.06  MPa,  0.11  ±0.01  MPa  for  glass,
copper,  PET,  and  aluminum,  respectively.  Compared  to  wood,  the  reduced
adhesion strength further confirmed that mechanical interlocking is critical in
forming  strong  bonds,  and  this  DCNRs  hydrogel-based  adhesive  is  more
effective towards hydrophilic porous structures. 

 

Figure 4.  Adhesion of wood (A) The bonded I-beam
(solid content: 5.2 mg/cm2; glued area: ~40 cm2) can
support  a  human  being  (75  kg)  without  failure.  (B)
Force-displacement  curves  under  different  curing
times and (C) the corresponding lap shear strength.
(D)  Force-displacement  curves  under  different
DCNRs  concentrations  and  (E)  the  corresponding
lap shear strength.  (F)  Comparison of  the lap shear
strength  of  the  DCNRs  hydrogel-based  adhesive
with other adhesives.1-3, 20, 42-55
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CONCLUSION
In  summary,  we  reported  a  strong  hydrogel-based  adhesive  fabricated

from  cellulose.  The  hydrogel  consisted  of  high-concentration  DCNRs,
prepared by sequentially  oxidizing and reducing cellulose.  We demonstrated
that  the  secondary  hydroxyl  groups  on  AGU  rings  were  successfully
converted into primary hydroxyl groups in the oxidization-reduction process.
This  conversion  provided  more  chain  flexibility  for  DCNRs  and  enabled  the
high dispersity of DCNRs in water, thereby inducing the formation of DCNRs
hydrogels. A  high  concentration  of  DCNRs induced a  stable  hydrogel  struc-
ture with excellent injectability, which was essential for on-demand and site-
specific adhesives.  More importantly,  the breakage of the C2-C3 bond liber-
ated the rigid AGU rings and endowed more flexibility and less steric effect for
the  primary  hydroxyl  groups.  Accordingly,  this  allowed  more  intermolecular
hydrogen  bonds  and  more  out-of-plane  hydrogen  bonds  between  DCNRs
and cellulose chains at the molecular level, thus resulting in a high adhesion
strength  towards  wood  substrates.  Besides,  the  hydrogel-based  adhesive
demonstrated  universality  towards  various  substrates.  In  summary,  this
research reveals the potential of a robust DCNRs hydrogel-based adhesive as
a sustainable alternative to traditional  fossil-based counterparts.  It  also lays
the groundwork for the development of future biomass-based adhesives. 

MATERIALS AND METHODS
See supplemental information for details.
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