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Abstract: In this work, we studied the adsorption of modified cellulose nanocrys-
tals onto solid surfaces by quartz crystal microbalance with dissipation monitoring
(QCM-D). Cellulose nanocrystals obtained from tunicate (CNC) were modified at
reducing end by amidation reactions. Two different functionalities were investi-
gated: a polyamine dendrimer (CNC-NH,), which interacts with gold surface
by the amine groups; and a biotin moiety (CNC-Biot), which has a strong affinity
for the protein streptavidin (SAV). QCM-D results revealed different adsorption
behaviors between modified and unmodified CNCs. Hence, unmodified CNCs
covered almost all the surface forming a rigid and flat layer whereas reducing
end modified CNCs remained rather upright forming a hydrated and viscoelastic
layer with lower surface coverage. The analysis of adsorption kinetics allowed the
calculation of an apparent collision rate factor, which resulted 10-fold higher for
unmodified CNCs compared to reducing end modified CNCs, therefore, demon-
strating the different adsorption behavior.
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1 Introduction

In the last decades, huge efforts have been made to develop new materials based on renewable natural
resources in order to replace the toxic and/or non-biodegradable materials derived from fossil resources.
Cellulose has arisen as a promising material because of its high abundance, biodegradability and non-
competition with food sources [1-4]. Cellulose nanocrystals (CNCs) are produced from fibers after removal of
the disordered cellulose domains by acid hydrolysis. This leads to highly crystalline nanorods excellently suited
for the fabrication of advanced materials, taking advantage of their remarkable physical, mechanical, and
chemical properties [2, 5]. Indeed, the presence of a high number of hydroxyl groups within their structure
makes CNCs a unique platform for surface modification, generally by esterification and etherification reactions
[6, 7]. Another important aspect of cellulose nanocrystals is their intrinsic chemical polarity, resulting from the
parallel arrangement of cellulose chains in the cellulose I crystal. Hence, CNCs display two differentiated
ends: the reducing end, which exhibits aldehyde groups, and the non-reducing end, enriched in secondary
hydroxyl groups [8]. Up to present, few reports on the selective modification of cellulose nanocrystals at
reducing end are described [9-13]. Recently, Lin et al. [13] introduced polyetheramine functionalities at CNCs
reducing ends for leading to their temperature-driven assembly. Zoppe et al. [12] polymerized by atom transfer
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radical polymerization (ATRP) different monomers tethered at the reducing end of cellulose nanocrystals.
Furthermore, Lokanathan et al. [10, 11] introduced thiol groups at reducing ends of cellulose nanocrystals,
which allowed the controlled coupling to silver nanoparticles or the chemisorption onto gold surfaces by the
reducing end. In previous works, we fabricated asymmetric rods by the selective introduction of a biotin
moiety at the reducing ends of cellulose nanocrystals. The modification by biotin allowed the specific
assembly of several CNCs by their reducing end upon addition of the protein streptavidin [14].

The aim of the present study is to investigate the adsorption behavior of reducing end modified cellulose
nanocrystals onto solid substrates. Previous studies revealed that the introduction of a chemical group at the
reducing end allows specific interactions between the reducing end of modified CNCs and the surface, which
results in an upright orientation of CNCs with the non-reducing end facing up [10, 14]. In this work, we give
more insight into the mechanism of adsorption of cellulose nanocrystals when interactions are driven by the
reducing end. The in-situ adsorption of CNCs monitored by quartz crystal microbalance with dissipation
monitoring (QCM-D) was used to investigate in real time the CNCs adsorption, and the obtained results
were discussed in terms of kinetic parameters of the interaction between CNCs and the surface. The
analysis of adsorption kinetics allowed the elucidation of the different adsorption behaviors for the
unmodified and reducing end modified CNCs, which justified the different arrangements on the surface.

2 Materials and Methods

2.1 Materials

Poly(amidoamine) with ethylenediamine core (PAMAM) dendrimer of generation 2.0 (polyamine),
biotin-dPEG®7-NH, (Biot), streptavidin from Streptomyces avidinii (SAV), N-(3-dimethylaminopropyl)-
N-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), sodium chlorite (NaClO,) and
potassium chloride (KCl) were purchased from Sigma-Aldrich (France) and were used without further
purification. Poly (allylamine hydrochloride) (PAH) was purchased by PolySciences (Mw 120-200 000
g'mol '), Spectra/Por dialysis membrane, MWCO 12-14000 Da, was purchased from Spectrum
Laboratories Inc. Water was purified by Millipore Milli-Q purification system (18.2 MQ).

2.2 Cellulose Nanocrystals Preparation

Tunicate nanocrystals (CNC) were obtained from tunicates (Styela clava) collected in Quimiac beach
(France), as previously described [14]. Briefly, nanocrystals were prepared by sulfuric acid hydrolysis
(65%) at 40°C for 90 min under continued stirring. Then, the dispersion was cooled to 0°C, and purified
by filtration (0.5 um) and dialysis (molar mass cut off 12-14000 Da). Nanocrystals were finally
re-dispersed in Milli-Q water at 6 g-L ™"

The quantity of charges on the CNC surface was measured by conductometric titration with a 0.001 M
NaOH solution by a TIM900 titration manager and a CDM230 conductimeter equipped with a CDC749
conductivity cell.

2.3 Functionalization at the Reducing End of CNCs

CNCs were functionalized at reducing ends in aqueous media, following the procedure previously
described with minor modifications [11]. The aldehyde groups on the reducing ends of CNCs (345 mg)
were oxidized to carboxyl groups by the addition of 8.7 mmol of NaClO,, and the pH was adjusted to
3.5 using acetic acid (1 M), followed by stirring for 20 h at room temperature. The reaction mixture was
subsequently centrifuged at 20000g for 30 min and, after redispersion, dialyzed against Milli-Q water to
remove excess reactants and side products.

A 2 g'L"" suspension of CNC-COOH (6 mL, pH 7) was degassed by bubbling nitrogen for 20 min, and
0.7 umol of NHS were added, followed by 7 umol of EDC, and the pH was adjusted to 6.5 by the addition of
several droplets of HC1 0.1 M. Appropriate amounts of KCI were added such that the final suspension was
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0.3 M. Then, 0.2 umol of polyamine dendrimer or biotin-dPEG®7-NH, were added and the pH of the
reaction mixture was adjusted to 9.2 with KOH 0.1 M. The reaction was incubated under stirring at room
temperature overnight. Functionalized CNCs were purified by centrifugation (20000g, 60 min, 20°C) and
then dialyzed (molar mass cut off 12-14000 Da) against Milli-Q water for 15 days.

2.4 Preparation of Surfaces

SAV surfaces were prepared by adsorbing 100 pL of streptavidin at 0.5 g'L ™" on QCM-D gold electrodes
for 30 min. The film was rinsed with deionized water and dried under a nitrogen stream. PAH surfaces were
prepared by spin-coating. 1 mL of a PAH solution (1 g'L™") was poured onto the QCM-D gold electrode and,
after 5 min of adsorption, the substrate was spun at 3600 rpm for 60 s. The film was then rinsed with 1 mL of
deionized water and spun.

2.5 Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D)

The QCM-D measurements were performed with a Q-Sense E4 instrument (AB, Sweden) using a
piezoelectric AT-cut quartz crystal coated with gold electrodes on each side (QSX301, Q-Sense). All
measurements were carried out at 20°C using the QCM flow cell modules. Frequency (4f,/n) and
dissipation (4D,,) changes were simultaneously registered at 5 MHz fundamental resonance frequency and
its several overtones as a function of time. Any material adsorbed on the crystal surface induces a
decrease of the resonance frequency (4f). If the adsorbed mass is evenly distributed, rigidly attached and
small compared to the mass of the crystal, Af is directly proportional to the adsorbed mass per surface
unit (47") using the Sauerbrey’s equation [15]:

o

n

AT = 6]
where C is the constant for the mass sensitivity of the quartz crystal (0.177 mg-m >-Hz ' at f = 5 MHz) and n
is the overtone number.

If the adsorbed film is rigid, the bulk water exerts a mass load and a viscous (damping) effect and the
Sauerbrey’s equation can be used for calculating the adsorbed mass. Nevertheless, for a dissipative film, the
effects on frequency and dissipation from the bulk water are different. In that case, both the viscoelastic
behavior of the adsorbed film and the effects from the bulk liquid must be taken into account by the
Voight-based model [16]. The adsorbed layer is represented as a homogeneous film on the sensor surface
using three unknown parameters: thickness (dy), shear elasticity (uy), and shear viscosity (7,); and the
assumed density (p;) of 1500 kg'm > [17]. The surrounding solution was assumed to be a semi-infinite
bulk liquid (p; = 1000 kg'm > and 5, = 0.001 kg'm s ). The adsorption curves for multiple overtones
were used for estimating the adsorbed mass by the software QTools 3.1.25.604 (Q-Sense). Results are
expressed as the mean of at least 3 experiments.

For QCM-D experiments, a baseline was first established by continuously flowing pure water solution or
phosphate buffer (10 mM) at pH 7 for the CNC-Biot experiments on the quartz crystal surface. Then frequency
and dissipation signals were off-set to zero just before injection of CNCs in a continuous mode at a flow rate of
0.1 mL'min"'. CNC dispersions (at 0.5 g'L™") were injected into the QCM-D cell until a plateau value of
frequency and dissipation signals was reached. Then, a rinsing step of the surface with water (for
unmodified CNC and CNC-NH,) or phosphate buffer (10 mM) at pH 7 (for CNC-Biot) was performed.

3 Results and Discussion

3.1 Characterization and Modification of CNC
In this work, we focused on tunicate cellulose obtained from Styela clava. Tunicate cellulose
nanocrystals (CNC) were obtained from acid hydrolysis that removed the amorphous regions leaving the
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microcrystalline segments intact. CNCs displayed nanometer scale diameters (Fig. A1), ranging from 7.5 to
13.7 nm, and an average length of 1360 + 630 nm [14]. CNCs were negatively charged due to the presence of
sulfate groups introduced during acid hydrolysis, which provided colloidal stability in water. The surface
charge, measured by conductometric titration, was 0.022 mmol-g '. CNCs were covalently functionalized
at oxidized reducing ends by amidation catalyzed by the NHS-EDC system. Two different functionalities
were investigated: a polyamine dendrimer, which would interact with the gold surface by the amine
groups; and a biotin moiety, which has a strong affinity for the protein streptavidin (SAV). Figure 1
reviews the functionalities introduced at reducing ends of CNCs.
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Figure 1: Schematic illustration of the structure of polyamine and biotin functionalized cellulose
nanocrystals at reducing ends (CNC-NH, and CNC-Biot, respectively). Dimensions of CNC (green
rectangles) and chemical structures are not scaled (CNC diameter is 11 + 3 nm, hydrodynamic diameter of the
polyamine is 3 nm, and that of the biotin molecule is about 0.2 nm)

3.2 Adsorption Behavior of CNC

For the adsorption studies, we investigated the behavior of three different CNCs: unmodified CNCs and
two different functionalities introduced at the reducing end of the nanocrystals. Unmodified CNCs were
negatively charged because of the sulfate groups introduced during acid hydrolysis; therefore, we
modified gold electrodes with a layer of a cationic polyelectrolyte, the poly (allylamine hydrochloride)
(PAH). The driving forces for the interaction between the negatively charged cellulose nanocrystals and
PAH include electrostatic, hydrogen bonds and the entropy gain resulting from the release of counterions
and water molecules [18-20]. In the case of polyamine-functionalized nanocrystals (CNC-NH,), we took
advantage of the affinity of amines for gold, similarly to the chemisorption of thiol-functionalized
cellulose nanocrystals to gold surfaces described by Lokanathan et al. [10]. For biotin-functionalized
nanocrystals (CNC-Biot), gold electrodes were modified by depositing a layer of streptavidin (SAV). The
protein SAV has four binding sites per molecule and the streptavidin-biotin complex is one of the
strongest non-covalent bindings that only dissociates in harsh conditions. Biotin appears to be specifically
confined in the active site of streptavidin by hydrogen bonds and van der Waals interactions among non-
polar groups [21, 22]. SAV has a near-neutral pl value [23]; therefore, to prevent unspecific adsorption of
CNCs on SAV, experiments were performed in phosphate buffer at pH 7 so that SAV was negatively
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charged. Thus, electrostatic repulsions between SAV and the negatively charged sulfate groups on the CNC
surface discarded the adsorption of unmodified CNCs on SAV.

The adsorption of unmodified CNCs and reducing end functionalized CNCs onto solid surfaces was
investigated by quartz crystal microbalance with dissipation monitoring (QCM-D). Figure 2 shows the
changes in frequency (4f,/n) and dissipation (4D, of the three surfaces, PAH, gold and SAV, upon the
injection of unmodified CNC, CNC-NH, and CNC-Biot, respectively. The changes of Af,/n and 4D,
signals for overtone numbers n =3, 5, 7, 9, 11 and 13 are shown in the Appendix A (Figs. A2-A4).
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Figure 2: Normalized frequency (4f,/n) (left) and dissipation (4D,,) (right) changes for the overtone number
n =3 of the adsorption of CNCs as a function of time. The arrow indicates CNCs injection and the asterisk the
rinsing step with water or phosphate buffer pH 7 for CNC-Biot

For both modified and unmodified CNCs, right after the injection, there was a decrease in frequency and
an increase in dissipation, followed by a more gradual change until reaching the steady state. In QCM-D, the
decrease in frequency is directly proportional to the adsorbed mass on the solid surface and the increase in
dissipation suggests the formation of viscoelastic layers [24, 25]. As Fig. 2 shows, the injection of
unmodified CNCs resulted in a rapid frequency decrease and dissipation increase, which confirmed the
adsorption of CNCs on the PAH layer. The slight decrease in dissipation observed at 10 min may indicate
some changes in the hydrated state of the CNCs layer on the PAH surface such that a more compacted
layer was formed. In the case of modified CNCs, the frequency shifts were lower for both CNC-NH,
and CNC-Biot whereas the dissipation reached rather high values. The differences in the frequency
decrease suggested that the adsorbed mass was lower in the case of functionalized CNCs. For both
modified and unmodified CNCs, the high values of dissipation suggested the adsorption of hydrated
layers, which was also confirmed by the separation of overtones (n = 3-13, Figs. A2-A4). The stability
of the layers and the irreversibility of the adsorption were assessed by rinsing with water, or phosphate
buffer at pH 7 for the CNC-Biot, after complete adsorption. In all cases, rinsing did not induce
significant changes in frequency or dissipation, suggesting that the nanocrystals were irreversibly
attached to the surfaces. In order to discard unspecific adsorption, the interaction of unmodified CNCs
with gold and SAV surfaces was also investigated by QCM-D. Upon CNC injection, nor frequency nor
dissipation changed (Figs. A5 and A6), which confirmed that unmodified CNCs did not adsorb nor on
gold surfaces nor on SAV layers.

In order to get more insight into the arrangement of cellulose nanocrystals onto the solid surfaces and the
properties of the formed layers, the changes in 4D,, were plotted as a function of Af,/n (Fig. 3), which offers
the advantage of eliminating time as an explicit parameter. The ratio between normalized frequency and
dissipation shifts gives an idea of the induced energy loss per coupled unit mass. Thus, the absolute slope
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Figure 3: Change in dissipation (4D, as a function of the change in frequency (4f,/n) for the overtone
number n = 3 for the adsorption of CNCs

and changes in the slope in the plots provide information about the adsorption regimes and conformation
changes [26].

In all cases, dissipation increased linearly with increasing frequency, and a unique slope was obtained for
both modified and unmodified CNCs. Therefore, adsorption took place as a single step process and CNCs did
not undergo significant orientation changes [26]. Nevertheless, there was a stronger increase in 4D,, for both
CNC-NH, and CNC-Biot compared to unmodified CNCs. Table 1 reviews the frequency and dissipation
values at the end of the adsorption process, and the slopes of the 4D, - Af,/n plots for modified and
unmodified CNCs.

Table 1: Frequency (4f,/n) and dissipation (4D,,) values at the end of the adsorption process, and
dissipation-to-frequency slopes obtained from the 4D, - Af,/n curves for the overtone n = 3
corresponding to the adsorption of modified and unmodified CNCs

Af /n (Hz) 4D, - 10°° | 4D ,/Af, /n| - 107° (HZz )
CNC on PAH —261.1 +4.2 43.9 + 4.4 0.20 + 0.04
CNC-NH, on gold -35.1+£15.3 19.6 £9.9 0.53 +0.01
CNC-Biot on SAV —63.1 £92.9 31.7 +43.2 0.54 +0.13

The slope of the 4D,, - Af,/n plot reveals at any point of the curve how dissipation changes by frequency
unit allowing a comparison of the viscoelasticity characteristics of the films [24, 27]. For both modified and
unmodified CNCs, the high values of dissipation (4D,, > 10~°) and the spreading of overtones indicated that
in all cases the adsorbed layers were hydrated [28]. Nevertheless, the 4D,, - Af,/n slopes suggested that both
modified CNC-NH, and CNC-Biot were forming layers more dissipative and viscoelastic than unmodified
CNCs. In a previous study, Lokanathan et al. [10] modified cellulose nanocrystals from Whatman filter paper
at reducing ends by the introduction of thiol moieties. They studied the adsorption of both unmodified and
thiol-modified CNCs on gold surfaces and they found significantly higher 4D, - Af,/n slopes for thiol-
modified CNCs compared to unmodified CNCs. The authors ascribed the increase in slope to a more
flexible conformation, where the thiol-modified CNCs chemisorbed onto the gold surface by the thiol
functionality at reducing end and repelled each other electrostatically due to the presence of sulfate



JRM, 2020, vol.8, no.1 35

groups along the nanocrystal surface. Therefore, thiol-modified CNCs adsorb on the gold surface in an
upright orientation with the non-reducing end facing up. In our study, we have demonstrated that
unmodified CNCs did not interact with gold or SAV surfaces (Figs. A5-A6); thus, the adsorption of
CNC-NH, and CNC-Biot was driven by the interaction of the polyamine and biotin functionalities. These
groups acted as anchoring sites at the surface and, similarly to thiol-modified CNCs [10], the presence of
negatively charged sulfate groups along the nanocrystal surface could facilitate the repulsion between
nanocrystals, which may result in a rather upright orientation.

3.3 Kinetic Adsorption Model

Cellulose nanocrystals can be viewed as rigid nanoparticles; therefore, the adsorption of CNCs onto solid
surfaces can be analyzed by a theoretical kinetic model for particle deposition derived from the Langmuir
analysis. Alince et al. [29] introduced a modified Langmuir model which is valid independently of the
particle content in the system; where particles are both in excess or at less than full coverage. The kinetics
of CNC deposition can be treated as a collision between the solid surface and the nanocrystals, thus, the
number of particles deposited onto the surface, N,, as a function of time, ¢, is given by:

dN, N,
7;’ = apkia SN, <1 _ ) Q)

where a is the collision rate efficiency factor; ki, is the rate constant; S is the initial number of surfaces per
unit volume; N, is the number of particles in solution; and N, is the maximum number of particles that
can deposit.

The fractional initial concentration, S, is the ratio between the initial number of particles in solution, N,
and the maximum number of particles that may deposit on the available surface, N,,,., (8 = No/N,.4); and the
fractional surface coverage, 4, can be defined as 8 = N,/N,,... The kinetics of the adsorption of nanoparticles
onto solid surfaces can be therefore described by the following expression [29]:
do
= a0k (6~ 0)(1 - 6) ®)

t

In the case of CNCs, as they are rigid rod-like nanoparticles, the surface coverage may not be
homogeneous, and therefore, the values of & can differ from the unity at the steady state. Considering this
assumption, the expression of the fractional surface coverage as a function of time for CNCs is:

agkinS <1 eﬁ)t
- l1—e e ; @)
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where 6, is the equilibrium fractional surface coverage at the end of the adsorption process.

This expression allows the calculation of the collision rate efficiency factor for the modified and
unmodified CNCs. The values of frequency and dissipation obtained by QCM-D were transformed onto
surface coverage by using the Voight’s model. For the purpose of comparison, we also used the
Sauerbrey’s expression (Eq. (1)) for calculating the surface coverage. In all cases, the adsorbed masses
calculated by the Voight’s model were higher than those calculated by the Sauerbrey’s equation (Fig. A7).
The high values of dissipation and the high slopes from the 4D,, - Af,/n plot indicated that the adsorbed
layers were dissipative; therefore, we used the Voight’s model to evaluate the fractional surface coverage.
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The experimental fractional coverage values as a function of time and the theoretical curves calculated by the
best fit of the kinetic model for unmodified CNC, CNC-Biot and CNC-NH, are shown in Fig. 4.
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Figure 4: Fractional surface coverage for CNCs as a function of time calculated from the Voight-based
model. The squares correspond to experimental data fitted by the Voight’s model and the solid lines represent
the fit to Eq. (4)

As the kinetic model is expressed as relative variables, i.e. 8 is the ratio between the adsorbed mass and
the maximum adsorbed mass, the kinetic parameters were similar by using both Sauerbrey’s or Voight’s
models (Fig. A8 and Tab. Al). From the Fig. 4, one can see that there is a good fit between the
theoretical prediction (Eq. (4)) and the measured data for all the CNCs studied. The model allowed the
calculation of ¢ k> S and the equilibrium fractional surface coverage, #,, for the modified and
unmodified CNCs (Tab. 2).

Table 2: Values of ag ki, S and equilibrium fractional surface coverage, 6.,
corresponding to the adsorption of CNCs

0o k12 S (min ") 0,
CNC on PAH 0.113 +0.024 0.97 + 0.05
CNC-NH, on gold 0.014 + 0.002 0.13 + 0.06
CNC-Biot on SAV 0.016 % 0.003 0.34 +0.45

The values of ag ki, S comprise the collision rate efficiency factor, the rate constant and the initial
number of surfaces per unit volume. Unmodified CNCs were negatively charged with the charge
uniformly distributed along the whole surface of the nanocrystal; therefore, the probability that the sulfate
groups find the polycationic surface increases. When CNCs were modified at their reducing end, the
collision factor decreased significantly (10-fold), and the values were independent on the chemical
modification, polyamine or biotin. The values of ay &, S reflected the probability of the nanocrystal to
have the proper orientation to adsorb. Hence, as the functionality was selectively introduced at the
reducing end of nanocrystals, their orientation should be rather perpendicular with the reducing end close
enough to the surface to interact. Interestingly, the nature of the interactions did not influence the
collision factor value since CNC-Biot adsorb on the SAV surface by specific protein-ligand interactions
whereas CNC-NH, chemisorb on the gold surface. In all cases, the values of oy k1, S were significantly



JRM, 2020, vol.8, no.1 37

lower than those previously obtained for the adsorption of clays on cellulose fibers (between 0.32 and
0.40 min ") [29]. In that study, the authors investigated the adsorption of clay nanoparticles on oppositely
charged fibers in a dispersed medium. The authors observed that the values of o ki, S decreased when
the negative clay was adsorbed on positively charged fibers compared to cationic clay on neutral fibers.
In our study, we studied solid surfaces, gold or macromolecules deposited on the QCM-D substrates;
therefore, the lower values of ag k1, S might be ascribed to different availability of adsorption sites in the
confined surfaces compared to dispersed media.

Concerning the equilibrium fractional surface coverage, 6., the adsorption of unmodified CNCs on the
PAH surface showed an almost completely covered surface (97%) whereas in the case of CNC-NH, and
CNC-Biot the surface was covered at 13% and 34%, respectively. From the differences in the chemical
structure, a different mechanism of adsorption was expected for each CNC. In the case of unmodified
CNCs, their negatively charged surface allowed the interaction with the polycationic layer (PAH) all
along the nanocrystal. Therefore, unmodified CNCs could be adsorbed in a flat orientation driven by
hydrogen bonds and electrostatic interactions of sulfate groups along the whole surface that results in a
high surface coverage. In the contrary, CNC-NH, has 15 amino groups at reducing end that may favor
the chemisorption on the gold surface; and CNC-Biot has biotin functionality at reducing end that
specifically binds to the SAV surface by hydrogen bonds and van der Waals interactions. For both CNC-
NH, and CNC-Biot the lower surface coverage compared to unmodified CNCs might be due to steric
hindrance of the nanocrystal structure. Modified CNCs interact with the surface by their reducing end,
and the whole nanocrystal has some degree of freedom similarly to a hairy surface. The differences
between CNC-NH, and CNC-Biot might therefore arise from the nature and size of the anchoring group
at the reducing end. Hence, in the case of CNC-Biot, the specific interaction with the SAV surface would
result in a rather perpendicular orientation of nanocrystals. In contrast, the larger size of the polyamine of
CNC-NH, may result in a less upright orientation. When the 5™ generation PAMAM is introduced at the
ends of nanocrystalline cellulose, Tavakolian et al. [30] described an association between the polyamine
groups that connect cellulose nanorods by their ends. Therefore, in the case of CNC-NH,, the polyamine
might favor the assembly of several nanocrystals, which could be adsorbed as microtraps where steric
hindrance could prevent more nanocrystals to deposit on the surface. Figure 5 shows a schematic
description of the different arrangement of CNCs onto the solid surfaces.
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Figure 5: Schematic description of the arrangement of unmodified CNC, CNC-NH, and CNC-Biot, onto
PAH, gold and SAV surfaces, respectively

4 Conclusions

This work gives more insight into the adsorption of nanoparticles onto solid surfaces. Results
demonstrate that the presence of the functionality at the reducing end of CNCs modifies significantly the
adsorption behavior of the nanocrystals. The number and distribution of anchoring groups along the
nanocrystals do not only influence significantly the adsorbed amount but also the arrangement of
nanocrystals on the surface. Hence, the presence of functionality at the reducing end of cellulose
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nanocrystals allows their adsorption in a rather upright orientation, which results in a hairy and hydrated layer,
compared to the rigid and flatly adsorbed unmodified CNCs. Moreover, the nature/size of the functional group
allows tuning the surface coverage. This work opens new routes for the modification of surfaces by cellulose
nanocrystals since we have demonstrated that we can control the number of adsorbed nanocrystals and their
arrangement by topochemical modifications.
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Appendix A.

1 Characterization and Modification of CNC

Figure Al: Transmission electron microscopy (TEM) micrograph of tunicate CNCs negatively stained with
phosphotungstic acid (1%, w/v)

2 Adsorption Behavior of CNC
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Figure A2: Normalized frequency (4f,/n) and dissipation (4D,,) changes for the overtones n=3,5,7,9, 11
and 13 of the adsorption of unmodified CNCs onto PAH as a function of time. The arrow indicates when
CNC:s are injected and the asterisk the rinsing step with water
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Figure A3: Normalized frequency (4f,/n) and dissipation (4D,,) changes for the overtones n =3,5,7,9, 11
and 13 of the adsorption of CNC-NH, onto gold surfaces as a function of time. The arrow indicates when
CNC:s are injected and the asterisk the rinsing step with water
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Figure A4: Normalized frequency (4f,/n) and dissipation (4D,,) changes for the overtones n=3,5,7,9, 11
and 13 of the adsorption of CNC-Biot onto SAV surfaces as a function of time. The arrow indicates when
CNCs are injected and the asterisk the rinsing step with phosphate buffer pH 7
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Figure A5: Normalized frequency (4f,/n) and dissipation (4D,,) changes for the overtones n=3,5,7,9, 11
and 13 of the adsorption of unmodified CNCs onto gold surfaces as a function of time. The arrow indicates
when CNCs are injected and the asterisk the rinsing step with water
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Figure A6: Normalized frequency (4f,/n) and dissipation (4D,,) changes for the overtones n =3,5,7,9, 11
and 13 of the adsorption of unmodified CNCs onto SAV as a function of time. The arrow indicates when
CNCs are injected and the asterisk the rinsing step with phosphate buffer at pH 7
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3 Kinetic Adsorption Model
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Figure A7: Calculated adsorbed masses by using the Sauerbrey’s and Voight’s models for CNC adsorbed on
PAH (a), CNC-NH, adsorbed on gold (b), and CNC-Biot adsorbed on SAV (¢)
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Figure A8: Fractional surface coverage for CNCs as a function of time calculated from the Sauerbrey’s
equation. The squares correspond to experimental data and the solid lines represent the fit to Eq. (4)
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Table Al: Values of ag k> S and equilibrium fractional surface
coverage, 6., corresponding to the adsorption of CNCs calculated by
using the Sauerbrey’s equation to estimate the mass adsorbed

do k12 S (minfl) 9@
CNC on PAH 0.100 £ 0.005 0.96 = 0.00
CNC-NH; on gold 0.012 + 0.002 0.13 £ 0.06

CNC-Biot on SAV 0.012 £ 0.003 0.31 £0.39
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