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ABSTRACT: Conventional adhesives have poor underwater adhesion and harm to human health and the environment during their
use, which largely limits their practical applications. Herein, we synthesized cellulose-based adhesives with underwater adhesion and
biocompatibility by grafting N-(3,4-dihydroxyphenethyl)methacrylamide into the cellulose chain via atom transfer radical
polymerization (ATRP). FTIR, 'H NMR, and XPS analyses ensured the successful preparation of the cellulose-based adhesive
polymers. The different properties of the prepared adhesives, including swelling ratio, adhesion strength, and biocompatibility are
examined. Results found that the lap shear strength is enhanced by increasing the catechol content. When catechol content is 27.2
mol %, cellulose-based adhesive with the addition of Fe®" possesses a strong lap shear strength of 2.13 MPa in a dry environment,
0.10 MPa underwater, and 0.16 MPa under seawater for iron substrate, respectively. In addition, the cell culture test demonstrated
that the prepared adhesives have outstanding biocompatibility. The cellulose-based adhesives with underwater adhesion and
biocompatibility have potential applications in biomedicine, electronic engineering, and construction fields.

1. INTRODUCTION The catechol acts as a crucial functional group on various
substrates through catechol chemistry,” including hydrogen

Strong adhesion is a major topic in adhesion science and i i i o 4
bonding, w—n interactions, metal coordination, Schiff base

technology.l’2 However, it is difficult to meet this requirement

in a wet environment or underwater because water molecule reaction or Michael addition, cation—x interactions, hydro-
can act as a plasticizer, which can weaken the interfacial phobic interactions, boronate—catechol complexation, and
adhesion of the adhesive and destroy its integrity.3’4 Although covalent bonds. Based on their understanding of adhesion
some underwater adhesives have been developed, most mechanisms, researchers have also gradually developed a
polymeric adhesives are made of petroleum-based polyur- variety of adhesive materials for potential applications, such as
ethane, epoxy, and Cyanoacrylate,s_7 leading to a certain bioelectronics®® and biomedicines.>* %%

degree of biological toxicity or being environmentally Cellulose is one of the most abundant polysaccharides, with

unfriendly.8’9 Thus, one of the big challenges in the field of high availability, biodegradability, biocompatibility, and good
adhesion science and technology is to formulate smart

materials with underwater adhesion capability and biocompat-
ibility.

In nature, different marine organisms, including mus-
sels,'*™1? sandcastle worms,">™'° and barnacles,'®'” direct a
strong wet adhesion mechanism via the elegant combination of
catechol chemistry, polyelectrolyte complexes, and supra-
molecular architectures.'® ° This is due to the excellent wet
adhesion tenacity that can be mimicked or competed with by
the use of 3, 4-dihydroxy-L-phenylalanine (DOPA) groups.”"**

mechanical properties.29 The hydroxyl groups on anhydroglu-
cose units fit cellulose to be appropriate for a diversity of
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physical or chemical modifications. Especially, various
monomers are grafted onto the cellulose backbone by atom
transfer radical polymerization (ATRP), which is expected to
produce functional materials. They could combine the
advantages of synthetic polymer and natural polymer proper-
ties, which have been widely used in various fields such as
biomedicines,*”*" bioelectronics,*>>* energy,34_37 and envi-
ronment.**~*’

Inspired by this, the aim of this research is to design mussel-
inspired cellulose-based adhesives with strong underwater
adhesion and biocompatibility. The cellulose-based adhesive
was obtained by grafting catechol groups onto cellulose via
ATRP. The mechanical properties of the prepared adhesives
on different substrates were assessed under both dry and wet
conditions. The adhesives exhibited excellent biocompatibility.
Depending on their excellent underwater adhesion and
biocompatibility, this study presents great potential for
cellulose-based adhesives for different applications in bio-
medicine, electronics, and wood processing.

2,3

2. MATERIALS AND METHODS

2.1. Materials. The wood-dissolving pulp was received
from Qingshan Paper Co., Ltd., Fujian, China. 2-Bromoisobu-
tyryl bromide, cuprous bromide (CuBr), N,N-methylacetamide
(DMAc), dichloromethane (CH,Cl,), pyridine, lithium
chloride (LiCl), ethanol, dimethyl sulfoxide (DMSO), 3,4-
dihydroxyphenylalanine hydrochloride (DOPA-HCI), triethyl-
amine (TEA), triethylchlorosilane, methacryloyl chloride, n-
hexane, sodium sulfate (Na,SO,), ethyl acetate, N,N-
dimethylformamide (DMF), and N,N,N’,N’,N”-pentamethyl-
diethylenetriamine (PMDETA), were bought from Sinopharm
Group Chemical Reagent Co., Ltd., Tianjin, China.

2.2. Preparation of Cellulose-Based Adhesives. The
protected dopamine methacrylamide (protected DOPMAm)
and cellulose-based macroinitiator were prepared according to
the published literature." For the protected DOPMAm,
DOPA-HCI, TEA, triethylchlorosilane, and methacryloyl
chloride were added to a three-neck flask with CH,Cl,. The
above mixture was stirred continuously at room temperature.
After the reaction, the protected DOPMAm was obtained by
evaporating, extracting with ethyl acetate, washing with brine,
drying with Na,SO,, and purifying with an n-hexane/ethyl
acetate mixture. For the cellulose-based macroinitiator,
cellulose was dissolved in a DMAc/LiCl solution. Then,
pyridine and 2-bromoisobutyryl bromide were added and
stirred. Finally, the cellulose-based macroinitiator was obtained
through precipitating and drying.

0.311 g (1 mmol of anhydroglucose units) of cellulose-based
macroinitiator, protected DOPMAm with different catechol
contents, 144 mg (1 mmol) of CuBr, and 0.63 mL (3 mmol)
of PMDETA were mixed to 20 mL of DMEF, as shown in Table
1. The oxygen in the flask was removed, and the

Table 1. Catechol Content in Adhesive with Different Ratios
of DOPMAm

feeding ratio (npopyam/Meel) catechol content (mol %)

5:95 4.6
10:90 9.1
20:80 17.8
30:70 27.2
40:60 27.2
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copolymerization was accomplished at 60 °C for 14 h. After
that, the deprotection was carried out using 1 mol L' HCl
(Figure 1). Finally, the cellulose-based adhesives were obtained
by purifying and drying, and the pH of the adhesives was about
6.8.

2.3. Characterization. The adhesives were characterized
by Fourier-transform infrared spectroscopy (FTIR, BRUKER
TENSOR 1I, Germany), proton nuclear magnetic resonance
('H NMR, BRUKER AVANCE III 500, Switzerland) spec-
troscopy, and X-ray photoelectron spectroscopy (XPS,
Thermo Scientific ESCALAB 250Xi, USA). FTIR spectra
were recorded using the frequency range from 4000 to 400
cm™". '"H NMR spectroscopy was accomplished on an $S4300
MHz Bruker NMR instrument with MestReC processing
software. XPS was used to confirm the structure of the samples.

2.4. Swelling Ratio. The swelling behavior of the
adhesives was tested at room temperature. The weight of the
dry adhesives was measured (m,) and then swallowed in SO
mL of pure water. After that, the weight of the immersed
samples was measured (m,) with maintenance of the time
interxlals. The swelling ratio (SR) was determined by following
eq 1

- m,
— X 100%
M (1)
2.5. Biocompatibility. The biocompatibility of the
adhesives was evaluated. NIH-3T3 cells were cultured in
Dulbecco’s minimum essential medium (DMEM) bearing 10%
fetal bovine serum (FBS) and 1% antibiotics. First, the
adhesives were cut in a cuboid (2 mm X 1 mm X 1 mm),
which were washed with PBS and UV-sterilized for 30 min.
Second, the cells on the adhesives were cultured into 96-well
plates with a concentration of 10° cells/well. Third, the cells
were cultured for 1 and S days. Fourth, the growth of the cells
was measured by the MTT assay, and the relative cell viability
was calculated by following eq 2**

Relati Tl Aadhesive 0,
elative cell viability = ———— X 100%
control (2)
where A gp.qve a0d A o1 are the absorbances of cells cultured
in the adhesive and in the cell culture medium, respectively.
2.6. Lap Shear Strength. The lap shear strength was
measured with different substrates, including glass, wood, iron,
and Al, which were washed with ultrapure water and methanol
subsequently and dried at 50 °C before use.”” For adhesion
experiments, 0.30 g of adhesives with Fe®* content to catechol
was dissolved in 1.0 mL of DMSO. 45 uL portion of the
adhesive solution was coated on the adherents and then
overlapped (1.5 X 1.0 cm) at room temperature. The adhesive
sample was left for 48 h in an open space to evaluate the
adhesion properties in the dry state. Before the measurement
of water resistance, the adherent was submerged in water for
24 h at room temperature. Then, the sample was taken, and the
lap shear strength was calculated by following eq 3*

(3)

where 7, F, and S represent the lap shear strength (Pa), the
maximum load (N), and the area of the overlapped adherents
(m?), respectively.
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Figure 1. Synthesis of cellulose-based adhesives.
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Wavenumber (cm™) (Figure 1). To explore the effect of the amount of catechol on
c oL D the lap shear strength, a number of cellulose-based adhesives
with different catechol contents ranging from 4.6 to 27.2 mol
qar % were prepared (Table 1).
2 2 The structure of the cellulose-based macroinitiator,
g H DOPMAm, and cellulose-based adhesive was characterized
E N1is = by using FTIR, as shown in Figure 2. The vibrational band of
C—O on the cellulose backbone is located at 1060 cm™
(Figure 2a—c). A strong absorption peak at 1740 cm™'
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Bonding Energy (eV)
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Figure 2. (A) FTIR spectra of (a) cellulose-based macroinitiator, (b)
DOPMAm, and (c) cellulose-based adhesive. (B) 'H NMR spectra,
(C) XPS spectra of the survey scan, and (D) XPS spectra of C 1s scan
of cellulose-based adhesive.

prepared via the following steps. First, the protected
DOPMAm was synthesized using DOPA-HCI, triethylchlor-
osilane, and methacryl chloride. Second, the cellulose-based
macroinitiator was synthesized using 2-bromoisobutyryl bro-
mide. Third, the protected cellulose-based adhesives were
synthesized by grafting protected DOPMAm onto a cellulose-
based macroinitiator via ATRP. Fourth, the protected
cellulose-based adhesives were deprotected by HCI solution

3879

represents the C=0 stretching vibration (Figure 2a—c). A
sharp peak at 1660 cm™ is attributed to the amide I band
(Figure 2b,c). The methylene peak associated with the
benzene ring is located at 780 cm™ (Figure 2b,c). All of
these results suggest that the cellulose-based macroinitiator,
DOPMAm, and cellulose-based adhesive were successfully
synthesized.

Figure S1 shows the "H NMR spectra of DOPMAm and the
cellulose-based macroinitiator. The proton peaks of ethyl
groups (peak h) are observed at 0.5—1.0 ppm (Supporting
Information, Figure S1AI). The proton peaks of catechol
groups in the benzene ring are situated at 6.7 ppm (peak g).
The methylene group peaks are at 3.5 ppm (peak e) and 2.7
ppm (peak f), respectively. The methyl group peak is at 1.9
ppm (peak c). The methylene group peaks on the double bond

https://doi.org/10.1021/acsomega.3c07972
ACS Omega 2024, 9, 3877—-3884


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c07972/suppl_file/ao3c07972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c07972/suppl_file/ao3c07972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c07972/suppl_file/ao3c07972_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07972?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07972?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07972?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07972?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07972?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07972?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07972?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07972?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07972?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07972?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07972?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07972?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Lap Shear Strength (MPa) >

0:1 . 1:3
Fe ' : Catechol

Lap Shear Strength (MPa) O

0:1
Fe* : Catechol

1:3

oo}
N
h

Lap Shear Strength (MPa)

Lap Shear Strength (MPa)O

0:1 a 1:3
Fe : Catechol

3.5
Glass

3.0 Wood

25 Aluminum
Iron

2.0

1.5

1.0

0.5

0:1
Fe’' : Catechol

1:3

Figure 4. Lap shear strength of the cellulose-based adhesives: (A) 4.6 mol %, (B) 9.1 mol %, (C) 17.8 mol %, and (D) 27.2 mol %.
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Figure S. (A) Underwater iron adherents lifted 500 g weight applying
the prepared adhesive. (B) Lap shear strength of adhesives with Fe®*
on iron substrates in a wet environment.

are at 5.3 and 5.6 ppm (peaks a, b). To distinguish the catechol
groups in the protected and unprotected DOPMAm, the
proton peaks of ethyl groups in the protected groups for the
protected DOPMAm could not be observed for the
unprotected DOPMAm (Supporting Information, Figure
SIAII). Figure S2B shows the 'H NMR spectra of a
cellulose-based macroinitiator. The proton peaks of methyl
(peak a) are located at 1.7 ppm. The proton peaks of cellulose
are observed at 3.0 and 3.5—4.8 ppm. These results indicate
that DOPMAm and cellulose-based macroinitiators were
successfully synthesized.

To further confirm that the cellulose-based adhesive was
successfully synthesized, the 'H NMR spectrum was
characterized. As shown in Figure 2B, the proton peaks of
DOPMAm (peak 1,2) are observed at 0.5—1.0 ppm.”' The
proton peaks of catechol groups in the benzene ring are
situated at 6.7 ppm (peak 3). Figure 2B represents the
methylene group peaks of DOPMAm at 3.2 ppm (peak S) and
2.7 ppm (peak 4), respectively. Similarly, the amide bond is
confirmed by the proton peak (peak 6) at 7.9 ppm. Methyl
peaks on cellulose were at 1.5—2.0 ppm. The proton peak of

3880

cellulose (peak 9) was located at 3.5—5.8 ppm. These results
indicate that DOPMAm was grafted onto cellulose.

To further confirm that the cellulose-based adhesive was
successfully synthesized, XPS was used to characterize. As
shown in Figure 2C,D, the XPS spectrum depicted O 1s, N 1s,
and C 1s peaks at 533.1, 400.1, and 285.1 eV, respectively
(Figure 2C). In the C 1s spectra (Figure 2D), the peaks of the
adhesive at positions 288.5, 286.4, and 284.8 eV are mainly
assigned to the bonds of O—C—-0O, C—O/C—N, and C-C,
respectively. These results also indicate that DOPMAm was
grafted onto cellulose.

3.2. Swelling Ratio. The SR of the adhesive is a significant
influence for underwater adhesion. When the adhesives are
immersed in water, they may spread into the inner of the
adhesive or the interfaces among the adhesive and substrates,
developing volume expansion and leading to the collapse of the
adhesion. In this case, measurement of the SR is an important
parameter of adhesives. The SR of adhesives is shown in Figure
3. Results demonstrate that, when the catechol content of the
adhesive is 4.6 mol %, its SR in the first 2 h is 9.5%. Then, with
an increase in time, no significant change is observed in the SR.
With increasing the amount of catechol from 4.6 to 27.2 mol
%, the SR of adhesives decreased insignificantly from 9.5 to
8.5% gradually. These results indicate that the cellulose-based
adhesives are hard to affect by water.

3.3. Lap Shear Strength. Figure 4 shows the lap shear
strength of the cellulose-based adhesives on various substrates.
When the catechol content is 4.6 mol %, the weakest lap shear
strength is shown on various substrates, which has only 0.09
MPa on glass, 0.33 MPa on wood, 0.46 MPa on aluminum, and
0.57 MPa on iron (Figure 4A). With the increase of catechol
content, the lap shear strength becomes stronger gradually.
The strongest lap shear strength is increased to 0.25 MPa on
glass, 0.90 MPa on wood, 1.20 MPa on aluminum, and 1.47
MPa on iron when the catechol content is 27.2 mol % (Figure
4D). To improve the lap shear strength, 1 mole of Fe** with 3
moles of catechol is coordinated, which can form stable

https://doi.org/10.1021/acsomega.3c07972
ACS Omega 2024, 9, 3877—-3884
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Figure 6. Plausible adhesion mechanisms of adhesives toward substrates: (A) active surface of substrates; (B) initial adhesion of cellulose-based
adhesive to the wet surface of substrates: dashed lines present H-bonding, and the arrow demonstrates that water molecules are pushed back from
the surface; and (C) the cross-sectional image of two substrates tied together in water; the arrow demonstrates that water molecules from the

surroundings penetrate into the cellulose-based adhesive.
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Figure 7. (A) Relative cell viability of the cellulose-based adhesive.
(B) Images of cells cultured on adhesive.

triscatecholate complexes.”* Compared to the adhesive with
similar catechol content bonding to similar substrates (iron),
the lap shear strength of the adhesive with Fe** is much
stronger than that without Fe®*. The strongest lap shear
strength of cellulose-based adhesives with a catechol content of
27.2 mol % is increased to 0.45 MPa on glass, 1.25 MPa on
wood, 1.86 on aluminum, and 2.13 MPa on iron (Figure 4D).
The lap shear strength is strongest on the iron substrate,
followed by aluminum, wood, and glass. This is because glass
material has lighter interfacial interactions with catechol
elements and lesser surface roughness compared to other

3881

substrates.***> Moreover, the lap shear strength of the
cellulose-based adhesives on porcine skin was also measured.
The strongest lap shear strength of cellulose-based adhesive
with a catechol content of 27.2 mol % was 24.0 kPa
(Supporting Information, Figure S2).

It is reported that the highest loads of polyethylene glycol
diacrylate and dopamine copolymer on aluminum were ~1.2
MPa."? Furthermore, the copolymer adhesive with 10%
catechol and 90% styrene demonstrated an adhesive strength
of 1.3 + 0.2 MPa on aluminum.*® These results suggest that
the cellulose-based adhesives have strong lap shear strength in
dry environments.

Figure SA demonstrates the irons bound by the adhesive
with a catechol content of 27.2 mol % underwater. The
adherents could lift 500 g of weight and not be attracted apart
underwater, representing that the cellulose-based adhesive has
severe underwater adhesion.

The wet lap shear strength of cellulose-based adhesive with a
catechol content of 27.2 mol % on iron is shown in Figure SB.
For the adhesive containing a catechol content of 4.6 mol %,
the lap shear strengths of the adhesive were 0.05 MPa
underwater and 0.09 MPa under seawater, respectively. With
the increase of catechol content in adhesives, the lap shear

https://doi.org/10.1021/acsomega.3c07972
ACS Omega 2024, 9, 3877—-3884
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strength increases gradually. When the highest catechol
content is 27.2 mol %, the lap shear strength of the adhesive
increases to 0.10 and 0.16 MPa, respectively.

The highest adhesion strength of commercially available
“Krazy Glue” was reported ~5 kPa,"’ and epoxy, poly(vinyl
acetate), and cyanoacrylate glues did not even permit the
substrates to stay bonded when apprehended (ca. 0).*> This
shows that cellulose-based adhesive has strong underwater
adhesion.

Catechol has strong underwater adhesion.”'”**** As shown
in Figure 6, the surface of the substrate has a partial hydroxyl
group, which can be used as a hydrogen bond donor (Figure
6A), while the cellulose-based adhesives act as hydrogen bond
acceptors, forming a strong hydrogen bond with the surface of
the substrate (Figure 6B). This interaction is the interaction of
catechol with the substrate surface, repelling water molecules
from the surface and providing the initial adhesion of the
copolymer to the wet surface. When the copolymer and metal
ions are in contact with each other and plunged into water, the
water molecules can gradually penetrate into the copolymer,
promoting the diffusion of metal ions within the copolymer
and allowing more uniform cross-linking and complexation of
the two (Figure 6C). In addition, the metal ions in seawater
will also penetrate into the bulk copolymer and coordinate
with catechol groups to further increase the adhesive strength.
They interact through catechol-Fe** chelation, oxidative cross-
linking, 7—7 bonding, and coordination,””*! allowing catechol-
containing adhesive materials to adhere firmly to inorganic and
organic substrates in a wet environment.

3.4. Biocompatibility. The biocompatibility of the
adhesive was performed by NIH 3T3 cells, which is shown
in Figure 7. After 1 day of cell culture, the relative cell viability
of the cells on the adhesive was found to be 104 and 105%
with and without Fe®', respectively (Figure 7A). Meanwhile,
after S days of cell culture, the relative cell viability of the cells
is 101 and 103% with and without Fe®", respectively. Previous
literature demonstrated that a relative cell viability of less than
70% was regarded as cytotoxic.”” In addition, the cell
morphology of the adhesive was studied. Results found that
the cells developed on adhesives demonstrated a spread,
irregular shape with protrusions after 1 and S days (Figure 7B),
and the cell number increased significantly as the time
prolonged. These results indicate that the prepared cellulose-
based adhesives had excellent biocompatibility. Due to their
good water resistance, our adhesive polymers cannot be
dissolved into water. Therefore, it should be mentioned that
organic solvents, such as DMSO, are needed for the dissolution
of biocompatible adhesive polymers. Nevertheless, the
adhesive polymers have a good biocompatibility and may be
a promising candidate material for electronic devices.

4. CONCLUSIONS

In summary, we developed biocompatible cellulose-based
underwater adhesives. The adhesives with a catechol content
ranging from 4.6 to 27.2 mol % were prepared by grafting
DOPMAm onto cellulose via the ATRP method. The lap shear
strength increased with the increment of the catechol amount.
Strong lap shear strength was realized on different substrates,
with the highest adhesion strength of 1.47 MPa without Fe3*
and 2.13 MPa with Fe** in a dry environment. Meanwhile, the
cellulose-based adhesive possessed underwater adhesion with
0.10 MPa underwater and 0.16 MPa under seawater. The
adhesives exhibited excellent biocompatibility. The prepared
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adhesives with excellent biocompatibility and underwater
adhesion have potential applications in biomedicine, elec-
tronics, and construction fields.
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