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he design of sustainable functional
Tnanomaterials from renewable sour-

ces has attracted considerable inter-
est during recent years both because they
are able to mimic “well-designed” materials
in nature and because of the need to use
our natural resources in a sustainable way.
Wood- and cellulose-based materials have
been extensively investigated in order to
build up novel materials with which to re-
place petroleum-based products."? Among
these materials, carboxymethylated cellu-
lose nanofibrils (CNFCs),> ™ with a diameter
of 3—7 nm and a length of 1-2 um, have a
high potential to produce materials for
many application areas such as functional
surface coatings, separation membranes,
packaging and insulation, etc. The unique
properties of CNFCs such as high strength®
and high length-to-diameter ratio” allow for
the preparation of multifunctional materials
such as model surfaces? thin films,” nano-
paper,®'° foams,'" and aerogels'? with very
high porosity. However, limitations such as
their hydrophilicity and weak wet stability
in liquid media need to be addressed in
order to extend their applications. Although
the preparation of several types of CNFC-
based materials has been reported,’> '®
a limited number of investigations have
been reported on materials prepared using
chemically functionalized CNFCs. Nano-
composites of cellulose nanofibrils modified
with biofunctional organic molecules could
show interesting features not typical of
the material itself, such as strong adhesion
under wet conditions, extensibility, and
cross-linking ability. Biological molecules
with special functional properties can
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ABSTRACT The preparation of multifunctional films and
coatings from sustainable, low-cost raw materials has attracted
considerable interest during the past decade. In this respect,
cellulose-based products possess great promise due not only to
the availability of large amounts of cellulose in nature but also
to the new classes of nanosized and well-characterized building
blocks of cellulose being prepared from trees or annual plants.
However, to fully utilize the inherent properties of these

nanomaterials, facile and also sustainable preparation routes

are needed. In this work, bioinspired hybrid conjugates of carboxymethylated cellulose
nanofibrils (CNFC) and dopamine (DOPA) have been prepared and layer-by-layer (LbL) films of
these modified nanofibrils have been built up in combination with a branched polyelectrolyte,

polyethyleneimine (PEI), to obtain robust, adhesive, and wet-stable nanocoatings on solid
surfaces. It is shown that the chemical functionalization of CNFCs with DOPA molecules alters

their conventional properties both in liquid dispersion and at the interface and also influences the
LbL film formation by reducing the electrostatic interaction. Although the CNFC—DOPA
conjugates show a lower colloidal stability in aqueous dispersions due to charge suppression,

it was possible to prepare the LbL films through the consecutive deposition of the building blocks.

Adhesive forces between multilayer films prepared using chemically functionalized CNFCs and a

silica probe are much stronger in the presence of Fe*™ than those between a multilayer film

prepared from unmodified nanofibrils and a silica probe. The present work demonstrates a facile

way to prepare chemically functionalized cellulose nanofibrils whereby more extended

applications can produce novel cellulose-based materials with different functionalities.

KEYWORDS: adhesion - nanofibrillated cellulose - chemical functionalization -

dopamine - layer-by-layer assembly

constitute a convenient route to prepare
functional nanomaterials if they are com-
bined with CNFCs in a proper way. In the early
1980s, a protein containing large amounts of
lysine, 3,4-dihydroxyphenylalanine (DOPA),
and 4-hydroxyproline molecules and pro-
duced in the byssus-secreting foot of
marine mussels was extracted and it was
found that the composition of this protein
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played an important role in the adhesion of these
organisms to wet surfaces.'®'” The outer cuticles of
the byssal threads of marine mussels exhibit high
stiffness and extensibility as well as a strong adhe-
sion to many types of surfaces showing different
surface properties.'® 2" Moreover, ionic coordina-
tion bonds between DOPA molecules through a
transition metal ion, notably Fe®", in the mussel
cuticle improves the hardness and adhesion of the
mussel threads.???* The influence of Fe*" ions on
the formation of catecholato-iron complexes in the
byssus cuticle was demonstrated using resonance
Raman spectroscopy, and a model was presented
in which the density of these complexes deter-
mines the hardness and extensibility of the mussel
threads.?® The surface force apparatus method was
used to study the bridging between positively
charged mfp-1 protein-coated surfaces, and it was
found that the formation of catecholato-iron com-
plexes strongly depended on the Fe*" concentration
in the water.?® Finally, antibacterial layer-by-layer
(LbL) films of hyaluronic acid and polyethyleneimine
(PEIl) modified with catechol-containing molecules
were prepared on hydrophobic surfaces in which
silver nanoparticles were formed by the redox activ-
ity of the catechol groups.’

In the present work, we aim to prepare biohybrid
conjugates of carboxymethylated cellulose nanofibrils
and dopamine (CNFC—DOPA) using the water-soluble
carbodiimide activation technique?® and to build up
hierarchical adhesive LbL coatings with properties
resembling mussel adhesion on solid substrates. The
influences of DOPA grafting on the surface and colloi-
dal properties of CNFC are discussed by both monitor-
ing the LbL film formation of CNFC—DOPA/PEI and
comparing the colloidal stability of the conjugate with
that of unmodified nanofibrils. The adhesion between
a silica particle and the multilayer films of CNFC—DOPA
is measured in water and NaCl and FeCls solutions, and
the influence of catecholato-iron complexation (see
Figure 1) on the adhesion is discussed.

RESULTS AND DISCUSSIONS

DOPA Functionalization of C(NFC. The covalent conjuga-
tion of the DOPA molecules at the nanofibril surface
was monitored using FTIR and UV—vis spectroscopy.
Figure 2 shows the FTIR spectra of pure CNFC and
of CNFC—DOPA covalent hybrids prepared in the
presence of water-soluble carbodiimide (EDC) as
cross-linker. The broad IR bands between 3000 and
3600 cm ™' detected in both modified and unmodified
nanofibrils are assigned to the stretching vibrations
of —OH and —CH groups on the cellulose backbone.
A series of weak bands from 1280 to 1500 cm ™' were
attributed to —OCH deformation vibrations, —CH,
bending vibrations, and —CCH and —COH bending
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Figure 1. Schematic illustration of catecholato-iron chelate
complex formation between CNFC—DOPA and Fe3* ions.
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Figure 2. FTIR spectra of pure CNFC (black), CNFC—DOPA
conjugate prepared with EDC and NHS (red), and
CNFC—DOPA conjugate prepared with EDC (blue).

vibrations. The band ranging from 1200 to 920 cm ™'

contains mainly the signals of —CC stretching vibra-
tions and —COH and —CCH deformation vibrations.
The most distinct difference between the spectra
was observed at 1593 cm™', which corresponds to
the asymmetric stretching vibrations of the deproto-
nated carboxyl groups, since the coupling reaction
causes the formation of an amide bond between the
carboxyl and amine groups. The spectra show that the
intensity of the free carboxyl vibration decreased with
DOPA modification, while new IR bands attributed to
amide | (amide carbonyl stretching vibrations) vibra-
tions appear at 1680—1630 cm . It is well known
that the addition of N-hydroxysuccinimide (NHS) or
its charged analogue sulfo-NHS to such a reaction
mixture can enhance the yield under some conditions
by the formation of a stable amine-reactive ester
intermediate.?® Therefore, to study the influence of
such a modification reagent on the coupling yield,
a batch of CNFC—DOPA was synthesized with the
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addition of a moderate amount of NHS. As can be seen
in Figure 2, the addition of NHS had a negligible effect
on the reaction yield since the intensity of the free
carboxyl band decreased much more in the case of the
batch prepared with no NHS.

UV—vis spectroscopy was used for establishing the
CNFC—DOPA covalent conjugate formation. Figure 3
shows the UV—vis spectra of pure CNFC, DOPA, and
CNFC—DOPA hybrid conjugate. It is known that the
DOPA molecules absorb UV radiation at 220 and
281 nm due to 7—x*and L,—Ly, coincident transition,*°
whereas no similar absorption bands are observed
in the pure cellulose nanofibril dispersion.®’ In this
wavelength range, absorption bands corresponding
to the DOPA molecules were observed in the case of
the dispersion of the CNFC—DOPA conjugate after
dialysis against Milli-Q water. The absence of any UV
peak relating to the condensing agent and byproduct
formed in the reaction indicates that all these
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Figure 3. UV—vis spectra of pure CNFC (100 mg L") (black),
DOPA (8.7 x 102 mM) (red), and CNFC—DOPA conjugate
(100 mg L prepared with EDC/NHS (blue).

0.8

compounds were substantially removed in the dialysis
step. The degree of DOPA attachment can be esti-
mated by integrating the area under the UV spectrum
of CNFC—DOPA, as there is no contribution to the
absorbance from pure cellulose in this region. The
maximum absorbance of the CNFC—DOPA conjugate
prepared by adding an excess amount of DOPA
(0.1 mmol) was recorded and used as the reference
absorbance value (Amnax = 0.042) for the other initial
amounts of DOPA added to the reaction mixture.
In order to calculate the conversion ratio of free
carboxylic groups to their DOPA forms, the A, value
for the reference conjugate at 281 nm was compared
with that of the CNFC—DOPA conjugate prepared using
0.06 mmol of DOPA. The DOPA attachment degree
was found to be ca. 63%, which means 0.038 mmol
of DOPA was grafted to the CNFC. Since the total
charge of CNFC is already known, (0.515 mmol g~ ', as
determined by conductometric titration), the reaction
yield was found to be ca. 76%. The UV—vis spectra
of other CNFC—DOPA conjugates prepared using dif-
ferent initial amounts of DOPA are shown in the
Supporting Information (Figure S7).

Influence of DOPA Modification on the Colloidal Stability of
CNFC. Since the DOPA functionalization involves the
carboxyl groups on the CNFC, it may be anticipated
that the colloidal stability of the fibrils is adversely
affected as they are electrostatically stabilized in
aqueous dispersions.3? To clarify this, the colloidal
properties of the DOPA-modified nanofibrils were
characterized using dynamic light scattering (DLS), a
method recently found to be a suitable for determining
the stability of CNFC dispersions.>* Figure 4b shows
the average size distribution of pure CNFC and the
CNFC—DOPA conjugate in water. The average hydro-
dynamic diameter (R,) of nonmodified CNFCs was
estimated to be 160 nm, but it was 1.8 um for
CNFC—DOPA, which is approximately 10 times greater
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Figure 4. Results from DLS characterization of nonmodified and DOPA-modified CNFC. (a) Autocorrelation function for the
pure CNFC and the CNFC—DOPA conjugate. (b) Average particle size distribution of the pure CNFC and CNFC—DOPA

conjugate.
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Figure 5. (a) Build-up of a (PEI/CNFC—DOPA), multilayer film in the QCM-D. Left and right y-axes show the change in
normalized frequency (considering the third overtone) and the change in energy dissipation, respectively. Each deposition
step is indicated by the name of the added building block. (b) Total adsorbed mass of the (PEI/CNFC—DOPA), multilayer film

calculated using the Sauerbrey and Johannsmann models.

than that of unmodified CNFC. This can be attributed
to the association of the nanofibrils. The association
tendency of the CNFC—DOPA is also obvious when
the autocorrelation curves for the modified and non-
modified nanofibril dispersions are compared, as in
Figure 4a. The decay of the autocorrelation function
is slower for the CNFC—DOPA particles, indicating
that the modified fibrils diffuse more slowly than the
nonmodified CNFC. The term association is used since
there is no macroscopic phase separation of the CNFC—
DOPA fibrils, which could be expected if there should
be a complete aggregation of the fibrils. The fibrils
are stable over time, and therefore the association is
viewed as an association in a secondary minimum for
thefibrils. Taking into account, as mentioned earlier, that
the covalent conjugation is a site-specific modification,
this aggregation tendency of CNFC—DOPA is probably
due to a decrease in the number of free carboxyl groups
in CNFC. However, since the measured {-potentials of
pure CNFCand CNFC—DOPA were —50.7 and —36.7 mV,
respectively, it is clear that not all the carboxylic groups
were converted to their amide form and that some
carboxyl groups were indeed left after the coupling
reaction. This indicates that there should be a weak
barrier against aggregation under salt-free conditions,*?
and it can therefore be suggested that the association
found for the CNFC—DOPA is due to interactions
between the fibrils caused by the DOPA functionality.
The existence of free carboxyl groups is a prerequisite
for the formation of LbL films of CNFC—DOPA and
cationic polyelectrolytes. The association tendency of
the CNFC—DOPA will influence the structure of multi-
layer films prepared using CNFC—DOPA, and it would be
expected that PEl would be influenced by this coagula-
tion behavior in liquid. This phenomenon is discussed in
more detail later in the context of surface topography of
the multilayer films.

KARABULUT ET AL.

LbLs of DOPA-Modified CNFC and PEI: Formation and Proper-
ties. One of the main ideas behind the present work
was to form thin films of CNFC and both to strengthen
these films internally via iron-ion-induced cross-linking
and to increase their adhesion to different supports.
It was therefore essential to establish whether an LbL
structure could be formed with modified fibrils.
As shown in Figure 5a, the consecutive deposition of
CNFC—DOPA and PEl has been monitored using a
quartz crystal microbalance with dissipation (QCM-D)
technique®® in which the change in oscillation fre-
quency and energy dissipation are monitored in situ
as a function of time. The total frequency decay for the
(CNFC—DOPA/PEI)4 (the subscript at the right of the
parentheses denotes the number of deposition cycles)
film was approximately the same as that of an LbL
film prepared from the unmodified CNFC and PEI, as
reported earlier.” However, the change in energy dis-
sipation was roughly 3 times higher than that of (CNFC/
PEl),4, which can be attributed to the formation of more
viscoelastic (soft) layers due to the relatively lower elec-
trostatic interaction between CNFC—DOPA and PEI
compared to that of pure CNFC—PEI multilayers. As
shown in Figure 5b, the frequency change was trans-
formed to the adsorbed mass using the Sauerbrey®?
and Johannsmann®* models, and the total mass of the
(PEI/CNFC—DOPA), multilayer film was calculated as
43 and 46 mg m 2. These results are in agreement with
the previous findings of Karabulut et al.’ in which the
adsorbed mass was found to be around 52 mg m 2 for
the (PEI/CNFC)s film. It should be noted that the
deposition of LbL building blocks is significantly de-
pendent on the amount of charged groups, and it may
not be possible to deposit the layers consecutively
when the chemical grafting exceeds a certain level. In
order to test this hypothesis, an experiment was
performed in which the pure PEl was replaced with

VOL.6 = NO.6 = 4731-4739 = 2012 ACNJAN(C)

WWwWW.acsnano.org

4734



its catechol-grafted version (PEI—CAT) prepared using
3,4-dihydroxycinnamic acid. It was found that there
was only a very weak electrostatic interaction between
CNFC—DOPA and PEI—-CAT and that the layers formed
were easily rinsed off with Milli-Q water. When the
PEI—-CAT was replaced with pure PEl, it was again
possible to form a multilayer film by combining the
pure PEI with CNFC—DOPA. (Further details are given
in Figure S2.)

The swelling ability of the LbL films prepared from
CNFC—DOPA and PEl was determined by recording the
AFM images of (CNFC—DOPA/PEIl)g film in air, Milli-Q
water, and FeCls solution (see Figure S3). The thickness
of the (CNFC—DOPA/PEl)g film was measured as
130 nm when the sample was completely dry. The
dry thickness measured by ellipsometry was consistent
with that of monitored in AFM cross-section profiles.
The thickness of a multilayer film prepared with
CNFC—DOPA and PEl increased three times when the
Milli-Q water was injected because of the penetration
of the water molecules into the layers. Furthermore,
the swelling of the LbL film increased even more when
Milli-Q water was replaced with FeCls solution, which
reveals an additional swelling mechanism associated
with Fe> ions. This phenomenon can be explained by
the increase in the volume occupied by the DOPA
molecules due to the formation of ionic coordination
complexes and to a decreased interaction between the
DOPA—NFC and the PEl when increasing the amount
of multivalent ions within the LbL structure. The swel-
ling of the films reached a plateau in 10—15 min after
the injection of 1 mM FeCls solution. In addition, the
swelling of the (CNFC—DOPA/PEI)g film could be re-
versed by altering the liquid from the FeCls solution to
pure Milli-Q water, which shows that the ionic complex
formation is reversible. All these observations concern-
ing the ionic complex formation and its reversibility are
in agreement with the findings of Zeng and Hwang
et al?® in which the time- and Fe*"-concentration-
dependence of the bridging between DOPA-contain-
ing mfp-1 protein films have been discussed in terms of
the reversibility of complex formation and adhesion.
When a multilayer film containing CNFC—DOPA is
compared with an mfp-1 protein film, however, the
differences between a protein with 3D structure, which
will be influenced substantially by salt addition, and
cellulose fibrils and also the high DOPA content exist-
ing in the protein should be considered. A single layer
of CNFC—DOPA film has been prepared by solvent-
casting in 1 mM FeCls solution in a polystyrene Petri
dish to study the influence of water on the film
integrity and wet adhesion. The dry CNFC—DOPA film
adheres strongly to the Petri dish surface, while a dry
film prepared using nonmodified fibrils could easily be
peeled off. When 10 mL of pure water was poured into
the Petri dishes, the CNFC—DOPA film kept its integrity
and remained bonded to the Petri dish surface,
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whereas a pure CNFC film started to swell and float
off in the water. It can therefore be concluded that
the ionic complex formation between the DOPA and
Fe>" gives an additional wet stability to the films
prepared using only modified nanofibrils containing
no polyelectrolyte.

Surface Morphologies of the (CNFC/PEl)g and (CNFC—DOPA/
PEl); Multilayer Films. The surface morphologies of the
LbL films of pure CNFC and CNFC—DOPA combined by
PEl were assessed by tapping-mode AFM imaging. The
random orientation of the nanofibrils was monitored
for two types of multilayer films consisting of the same
number of layer pairs. The average surface roughness
expressed as rms roughness of the (CNFC/PEl)g film
was 5 + 0.5 nm, whereas that of the (CNFC—DOPA/
PEl)g film was 8.5 &+ 0.8 nm. As shown in Figure 6, the
multilayer film prepared using grafted nanofibrils con-
tains association structures leading to a slightly rough-
er film than that prepared with nonmodified cellulose
nanofibrils, but large-scale flocs are definitely missing,
supporting the fact that the DOPA modification leads
to a weak association of the fibrils and not a large-scale
aggregation. The increase in surface roughness can
be attributed to the decrease of charged groups on
the nanofibril surface, leading to a weak electrostatic
repulsion and hence a nanofibrillar association on the
silicon substrate. This behavior was more obvious in
the case of the multilayer films prepared using PEI—
CAT and CNFC—DOPA, in which the electrostatic inter-
action was very weak, and the LbL film buildup was
therefore not possible due to the desorption of weakly
attached layers. The final morphology of such a film is
rather disordered, island-like structures remaining
after the rinsing steps, but still single fibrils can be
identified on the surfaces, showing that there is not a
large-scale aggregation due to the DOPA modification.
All these observations show that the degree of chemi-
cal functionalization of the nanofibrils has a significant
effect on both the colloidal stability of the CNFC—
DOPA and its adsorption properties.

Wet Adhesion Measurements of the (PEI/CNFC); and (PEI/
CNFC—DOPA)g Films. The influence of metal-DOPA com-
plex formation on the wet adhesion of the modified
CNFC to inorganic substances was studied with the
aid of colloidal probe AFM measurements. 3> In this
investigation, a bare silica particle was brought close
to the (PEI/CNFC—DOPA)g and (PEI/CNFC)g films in
Milli-Q water and T mM NaCl and 1 mM FeCl; solutions.
Figure 7 shows typical force—distance curves between
the silica particle and the (PEI/CNFC—DOPA)g film in
these different solutions. The adhesive forces between
the silica particle and (PEI/CNFC—DOPA)g film were
similar and relatively low in NaCl solution and Milli-Q
water (F,q/R —3.8 & 2.0 and —4.8 + 0.67 mN m™' for
1 mM NaCl solution and Milli-Q water, respectively).
When FeCl; solution was introduced, adhesion increased
approximately three times (F,o/R —9.97 & 049 mN m ")

VOL.6 = NO.6 = 4731-4739 = 2012 ACNJAN(C)

WWwWW.acsnano.org

4735



“

S00"Nm
I

Figure 6. AFM tapping-mode (a) height, (b) phase, and (c) 3D images of (PEI/CNFC)g film. (d, e, and f) Height, phase, and 3D
images of the (PEI/CNFC—DOPA); film. The scanned area was 2 x 2 um for all the images, and the z range is 25 nm.
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Figure 7. Normalized force curves recorded between the (PEI/CNFC—DOPA); film and silica particles upon (a) approach and
(b) withdrawal in Milli-Q water, 1 mM NaCl solution, and 1 mM FeCl; solution.

measured 10 min after the injection of the FeCls solution.
This increase in adhesion indicates that Fe*™ ions con-
tribute to the wet adhesion by forming DOPA—metal
complexes. Despite the fact that the surfaces are not
symmetric in our experiments and that the possibility
of conformational changes is much higher for mfp-1
protein, these results are in agreement with the pre-
vious findings of Zeng et al. in which the adhesion
forces between mfp-1 protein-coated surfaces were
found to be between —8 and —20 MmN m ' depending
on the contact time.?® It can also be seen that the
separation between the silica probe and the (PEI/
CNFC—DOPA); film occurred in multiple steps in the
presence of Fe** ions, and the adhesion distance was
approximately 5 times greater than in NaCl solution
and water. To test if the Fe>* ions could improve the

KARABULUT ET AL.

adhesion of the DOPA-modified CNFC, further adhe-
sion measurements were performed at the same Fe3 "
concentration with a reference LbL film, (PEI/CNFC)g,
prepared using nongrafted fibrils, as shown in Figure 8.
These results show no significant wet adhesion be-
tween the silica colloidal probe and the (PEI/CNFC)g
films in the presence of water and Fe>* ions. A weaker
electrostatic repulsion was observed in FeCl; com-
pared to the (PEI/CNFC)g film, which can be attributed
to the effect of increased ionic strength, providing
a screening against the charges of the approaching
surfaces. Interestingly there is a jump into contact
for the (PEI/CNFC—DOPA); film in the presence of the
Fe*" from a separation of approximately 20 nm, which
is attributed to a bridging force due to the formation
of the DOPA—metal complex.
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Figure 8. Normalized force curves recorded between the (PEI/CNFC)g film and silica particles upon (a) approach and (b)
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CONCLUSIONS

A new generation of wood-fiber-based cellulose nano-
fibrils was prepared by grafting 3,4-dihydroxypheny-
lalanine to the nanofibrils using standard carbodii-
mide chemistry. Although this grafting technique has
been used in biological applications, especially in
peptide and protein sciences, it is the first time to
our knowledge that a low-cost raw material obtained
from wood has been chemically modified with an
organic molecule bearing a functionality in order to
prepare adhesive surface coatings on hydrophobic
substances. Robust, adhesive, and wet-stable multi-
layer films of CNFC—DOPA and PEIl were formed, and
the LbL film properties were evaluated in terms of
their structure and adhesion characteristics. Since the
DOPA grafting leads to a reduction in the amount of
carboxyl groups on the fibrils, the modification leads
to a slight loss in colloidal stability of the fibrils when
the degree of substitution of DOPA is increased.
Nevertheless, the charge of the CNFC—DOPA used
was high enough to allow for a steady buildup of LbL

EXPERIMENTAL SECTION

Instrumentation. A Perkin-Elmer Spectrum 2000 FTIR spectro-
meter with ATR accessory and a Shimadzu UV-2550 spectro-
photometer were used to characterize the covalent conjugate
formation of CNFC and DOPA. The consecutive deposition of PEI
and CNFC—DOPA on SiO, surfaces was monitored with QCM-D
(Q-Sense AB, Vastra Frolunda, Sweden) by a method similar to
that used in earlier measurements.’

The average size and {-potential of the modified nanofibrils
were measured using a dynamic light scattering equipment
(Nano ZS-ZEN3600, Malvern Instruments Ltd., Worcestershire,
UK).3? The surface morphology and roughness of the multilayer
films were studied with tapping-mode AFM (Picoforce SPM,
Veeco, Santa Barbara, CA, USA). All measurements were made
with a maximum scan rate of 1 Hz using 512 samples per line.
Standard noncontact silicon cantilevers (RTESP, Veeco, Santa
Barbara, CA, USA) with spring constants of 40 N m~" were used.
The scanned surface area was 2 x 2 um? for each sample.
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films of CNFC—DOPA and PEI. The LbL films prepared
in this way showed a significant wet adhesion to a
silica probe in AFM force measurements in the pre-
sence of Fe*" ions, indicating that DOPA—metal ion
complex formation stimulates the adhesion between
the DOPA-containing LbL films and inorganic surfaces.
The DOPA-modified CNFC films prepared by solvent
casting formed very stable and adhesive thin coatings
on polystyrene surfaces when they were cross-linked
with Fe*>" ions. The CNFC—DOPA coatings did not peel
off and deform when they were dipped into water,
whereas films of pure CNFCs exhibited a weak dry and
wet stability on a polystyrene substrate. In this respect,
our biomimetic approach with a renewable raw ma-
terial offers a promising way of preparing adhesive
coatings on a large variety of surfaces. The preparation
of adhesive nanocoatings using not only DOPA but
also other functional macromolecules bearing primary
amines could open up new possibilities, combined
with a relatively low-cost and “green” raw material
such as CNFC.

The wet adhesion measurements have been made using
the AFM colloidal probe technique3>>® in which a Nanoscope
llla Picoforce system (Veeco Instrument Ltd., Santa Barbara, CA,
USA) was used in the contact mode by ramping the probe up
and down relative to the sample surface. A borosilicate particle
(Duke Scientific Corp., Palo Alto, CA, USA) with a diameter of
10 &= 1 um was glued to a NCS12 tipless silica cantilever
(MikroMasch, San Jose, CA, USA) with a typical length of
250 um, a width of 35 um, and a typical spring constant of
0.8 N m™' selected according to the manufacturer's re-
commendation.>” The spring constants of the cantilevers were
determined in air using the calibration software AFM TunelT
v2.5 (ForcelT, Sweden) based on hydrodynamic damping.>®3°

Chemicals and Materials. A carboxymethylated NFC dispersion
was prepared by Innventia AB, Stockholm, Sweden, according
to a procedure described by Wagberg et al.” In brief, a disper-
sion of never-dried cellulose fibers obtained from a commercial
softwood sulfite dissolving pulp (Domsjo Fabriker AB, Domsjo,
Sweden) was dispersed in deionized water at 10 000 revolutions
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in an ordinary laboratory slusher. The fibers were then treated
with 2 wt % of monochloroacetic acid in 2-propanol. Following
the carboxymethylation step, the fibers were filtered, washed
with water/acetic acid/water, and impregnated with NaHCO;
solution (4 wt %) in order to convert the carboxyl groups into
their sodium form. The fibers were carefully washed with
deionized water to remove excess salt after this treatment.
The fibers were then homogenized using a high-pressure
fluidizer (Microfluidizer M-110EH, Microfluidics Corp.). The na-
nofibril dispersions obtained from the homogenization were
dispersed by ultrasonication prior to use. In order to remove the
fibril aggregates and contaminants from the sonication probe,
the dispersion was centrifuged at 10000 rpm, and only the
supernatant was used in the experiments. Dopamine hydro-
chloride, N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hy-
drochloride, N-hydroxysuccinimide (98%), and iron(lll) chloride
were purchased from Sigma-Aldrich. PEI, with the commercial
name LupasolP (50% aqueous solution, M,, = 750 000 g mol™"
according to the supplier), was kindly supplied by BASF,
Ludwigshafen, Germany, and dialyzed for four days against
Milli-Q water prior to use. Silicon wafers (MEMC Electronic
Materials, Inc., Novara, Italy) were cut into small pieces (2 x
6 cm? and precleaned by dipping into piranha solution
(3:1 mixture (v/v) of H,O, and concentrated H,S0,) for 30 min
followed by extensive rinsing with ethanol (95%) and Milli-Q
water. The clean wafers were then dried under a nitrogen flow.
Silicon wafers were placed in the plasma cleaner for 2 min at
medium power (10 W) followed by immersion in 0.1 M NaOH. In
the QCM-D experiments, AT-cut quartz crystal sensors (Q-Sense
AB, Véastra Frolunda, Sweden) with a 50 nm thick SiO, layer (QSX
303) were used, and the crystals were cleaned with an ethanol/
Milli-Q water mixture followed by 2 min of UV plasma treatment
at medium power.

Preparation of DOPA-Grafted Cellulose Nanofibrils. A 100 mL
amount of 1.4 g L' NFC dispersion was mixed with 100 mL
of PBS buffer, and the pH of the mixture was adjusted to pH =5
by adding 0.1 M HCl. To this mixture, 0.06 mmol of DOPA,
0.1 mmol of N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride, and 0.1 mmol of N-hydroxysuccinimide were
added, and the pH was maintained at pH = 5 while the mixture
was stirred vigorously for 6 h. The mixture was dialyzed for 24 h
in PBS buffer and then for five days in Milli-Q water. After
dialysis, a small amount of the DOPA-grafted nanofibril disper-
sion was freeze-dried overnight for the FTIR analysis. The
UV—vis spectrum of a diluted dispersion of CNFC—DOPA con-
jugate was recorded in Milli-Q water over a wavelength range
of 200—400 nm.

Consecutive Deposition of CNFC—DOPA and PEI on a Solid Surface. An
automatic dipping robot equipped with a nitrogen drying unit
(StratoSequence VI, nanoStrata Inc., Tallahassee, FL, USA) was
used to prepare the multilayer films of CNFC—DOPA and PEI.
CNFC—DOPA and PEl were adsorbed by alternately dipping the
silicon substrate (2 x 6 cm?) into the PEl solution and the
CNFC—DOPA dispersion followed by rinsing with Milli-Q water
for 3 min and drying with nitrogen gas for 30 s after the final
rinsing step of each layer. The concentration of the CNFC—
DOPA dispersion and PEI solution was 1 g L™, and 50 mM NaCl
was added to the PEI solution. The pH of the PEI solution was
adjusted to pH = 8 with T N HCl, while that of the CNFC
dispersion was kept constant at pH = 7. The Milli-Q water used
for rinsing the substrates was replaced with fresh water
after three deposition cycles in order to prevent any unevenly
distributed complex formation.
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