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Optimized reducing-end labeling of cellulose nanocrystals: implication for the

structure of microfibril bundles in plant cell walls

Fangbo LIN,* Jean-Luc PUTAUX® and Bruno JEANY

IUniv. Grenoble Alpes, CNRS, CERMAYV, F-38000 Grenoble, France

Abstract

A strategy to optimize the labeling of the reducing end of native cellulose nanocrystals (CNCs) with gold
nanoparticles (AuNPs) was developed and used to investigate the arrangement of the elementary
crystallites constituting these biosourced particles. First, CNCs pre-functionalized with
thiosemicarbazide molecules were reacted with presynthesized AuUNPs. A second method consisted in
synthesizing AuNPs in situ from soluble gold derivatives in the presence of CNCs regioselectively
functionalized with thiosemicarbazide molecules. Transmission electron microscopy images revealed
that the direct reaction resulted in a low labeling yield and the undesired formation of AuNP
aggregates. Oppositely, unprecedent high labeling yields were achieved through the in situ growth
approach, with a vast majority of CNCs bearing one or several AuNPs on one end. These results
evidence that cotton-derived CNCs are composed of the unidirectional assembly of chemically polar
elementary crystallites, implying that the acid hydrolysis isolates fragments of microfibril bundles

present in the cell walls.

1. Introduction

Cellulose nanocrystals (CNCs) consist of biobased nanorods produced by acid hydrolysis of
cellulose substrates, such as microcrystalline cellulose, cotton linters, pulp or paper (Habibi, Lucia, &
Rojas, 2010; Klemm et al., 2018). These slender nanoparticles, with a size depending on the source of
cellulose and hydrolysis conditions (Brito, Pereira, Putaux, & Jean, 2012; Dufresne, 2012; Elazzouzi-
Hafraoui et al., 2008), are renewable and biocompatible. They display tunable aspect ratios, a low
density, a high specific surface area (Angles & Dufresne, 2001; Ruiz, Cavaille, Dufresne, Gerard, &
Graillat, 2000), a remarkable high tensile strength and elastic modulus (Eichhorn et al., 2010; Eichhorn,
Young, & Davies, 2005; Sturcova, Davies, & Eichhorn, 2005), and can self-organize into liquid crystalline
phases (Lagerwall et al., 2014; Revol, Bradford, Giasson, Marchessault, & Gray, 1992). As a result, CNCs

can be exploited in various fields such as nanocomposites, packaging, paints, oil recovery, etc. (Habibi
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et al., 2010; Klemm et al., 2018; Yang, Shi, Zhitomirsky, & Cranston, 2015). As of today, these nontoxic
biosourced particles are no longer only produced at the laboratory scale, but pilot-plant quantities are

commercially available (Bras & Chauve, 2014).

The two ends of a cellulose chain are not identical since the so-called non-reducing end exhibits
a secondary hydroxyl group, while the reducing end displays a hemiacetal cyclic moiety, in equilibrium
with a highly reactive aldehyde form. In CNCs prepared from native cellulose, the chains are crystallized
in a parallel arrangement that corresponds to the so-called "cellulose 1" allomorph (Koyama, Helbert,
Imai, Sugiyama, & Henrissat, 1997; Nishiyama, Langan, & Chanzy, 2002). In these CNCs, the chemical
polarity of each chain is transmitted to the nanocrystal which, accordingly, has a non-reducing end rich
in secondary hydroxyl groups and a reducing end covered with aldehyde moieties. In other terms, CNCs
are chemically polar rodlike particles. This property was evidenced by specific staining of the reducing
ends or the enzymatic degradation of the non-reducing counterparts (Chanzy & Henrissat, 1985; Hieta,
Kuga, & Usuda, 1984). This unique feature of CNCs has motivated a growing, yet still limited, number
of research works aiming at regioselectively modifying the reducing end of CNCs, which were recently
reported in two reviews (Heise et al., 2020; Tao, Lavoine, liang, Tang, & Lin, 2020). Such an asymmetric
derivatization of CNCs is highly appealing since it can lead to a variety of innovative behaviors that pave
the way to the use of these Janus-like particles in advanced applications. However, this localized
chemical modification targeting a very small region of the whole object inherently suffers from low
reactivity and steric hindrance issues and thus raises serious concerns about a quantitative physical

and chemical characterization of the derivatized samples.

The combination of CNCs with metal nanoparticles (NPs) is a way to obtain hybrid organic-
inorganic materials benefiting from the properties of both components and expectedly prone to offer
new synergistic behaviors. Works have thus been dedicated to the association of both types of particles.
For example, thanks to their large specific surface area and their colloidal stability in water, CNCs have
been used as efficient stabilizers for many metal NPs, such as Pd (Wu et al., 2013), Ag (Shi et al., 2015;
Tang, Shi, Berry, & Tam, 2015) and Au (Chen, Cao, Quinlan, Berry, & Tam, 2015; Wu et al., 2014; Yokota,
Kitaoka, Opietnik, Rosenau, & Wariishi, 2008; Zhang, Sebe, Wang, & Tam, 2018). Semenikhin et al.
(Semenikhin, Kadasala, Moon, Perry, & Sandhage, 2018) have prepared individually dispersed gold
nanoshell-bearing CNCs by using gold nanoparticles. Different attempts specifically targeting the
reducing end of CNCs have also been reported. Hieta et al. (Hieta et al., 1984) stained the reducing
ends of Valonia CNCs with silver nanoparticles using a reductive amination reaction. Kuga et al. (Kuga
& Brown, 1988) and Koyama et al. (Koyama, Sugiyama, & Itoh, 1997) have used a silver-staining
technique as well to identify the reducing end of CNCs from Valonia, ramie and bacterial cellulose. The

reducing end of CNCs prepared from Valonia and ramie has also been stained with gold NPs to
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demonstrate the molecular directionality (Kim, Imai, Wada, & Sugiyama, 2006). Lokanathan et al.
(Lokanathan, Lundahl, Rojas, & Laine, 2014; Lokanathan et al., 2013) have produced cilia-mimetic hairy
surfaces, based on end-immobilized nanocellulose at gold surfaces by an oxidation followed by a
peptide coupling reaction. More recently, Li et al. (L. Li et al., 2018) have used a triazole end-grafting
reaction on CNCs for water-redispersion improvement using gold NPs. Nevertheless, judging from the
reported transmission electron microscopy (TEM) images shown in the aforementioned works and
based on reported low labeling yield values of only 15 %, efficient methods to regioselectively label the

reducing end of CNCs still need to be developed.

In the present paper, we propose to tackle the optimization of the regioselective labeling of CNCs
with gold nanoparticles (AuNPs), which stands as a prerequisite to fully benefit from synergistic
properties of materials comprising such hybrids. The work is based on the use of an alternative labeling
strategy avoiding the use of pre-synthesized AuNPs and associated steric hindrance issues, and thus
prone to favor high labeling yields. Two types of native CNCs from different cellulose sources were
used. Complementary TEM, dynamic light scattering, small-angle X-ray scattering and UV-Vis
spectroscopy analyses were used to characterize the labeled particles. Such a strategy additionally
allowed us to give some new insight into the basic characteristics of these particles and their parent

microfibrils.

2. Experimental section
2.1. Materials
Cotton linters were provided by Buckeye Cellulose Corporation and used as the cellulose source
without any further purification. Acetic acid (HAc) was purchased from Carlo Erba Reagents and other
chemicals were purchased from Sigma-Aldrich and used as received. Deionized water was used in all
experiments.
2.2. Preparation of CNCs
Native CNCs from cotton (cCNCs). Cotton linters were treated with 65 wt. % sulfuric acid during
30 min at 63 °C under mechanical stirring following the protocol described by Revol et al. (Revol et al.,
1992). The resulting suspension was washed by repeated centrifugation/redispersion cycles and
dialyzed against distilled water until the conductivity of the dialysis bath reached the conductivity of
distilled water. In the following step, the suspension was ultrasonicated for 4 min with a Branson 250
digital sonifier and successively filtered through 8 um and 1 um cellulose nitrate membranes using a
Sartorius filtration equipment. These native cellulose CNCs obtained from cotton will be referred to

as cCNCs.
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Native CNCs from wood (WCNCs). A 3 wt. % aqueous dispersion of neutral CNCs was provided by
Melodea Ltd. (Israel) and used after dilution to 1 wt. % with deionized water. These nanocrystals, that
will be referred to as wCNCs, were produced from wood by the reported sulfuric acid (64 %) hydrolysis

method (Bondeson, Mathew, & Oksman, 2006).

2.3. Sulfur content
A CNC suspension containing about 100 mg of cellulose was titrated with a solution of 0.01 M

NaOH using a MeterLab CDM 210 conductivity meter. At the equivalence, we have:
Veq X CnaoH = Neeltulose X ds (Equation 1)

with V,, the added volume of NaOH, 1 ¢jiy105¢ the number of moles of anhydroglucose units (AGU)

and ds the degree of substitution representing the number of sulfate groups per AGU. We know that

__ Mcellulose .
Neellulose = 5, (Equation 2)

Mave

where M giui0se is the dry weight of introduced CNC and M., is the average molar mass of a

substituted glucose residue which is given by the following relation:
Mg, = 162 X (1 —dg) + 242dg (Equation 3)

where 162 g mol™ et 242 g mol™ are respectively the molar masses of one AGU and a mono-sulfated

unit. Equations 1 and 2 allow us to write:

VegXxC XM
de = VeaXCnaon*Mave (Equation 4)
S

Mcellulose

After solving Equations 3 and 4, M,,,, was calculated from the following relation:

102 (Equation 5)

Mcellulose
The sulfur content, T, was then calculated using the following relation:

_ 32Xdg

Tg = (Equation 6)

Mave

2.4. Aldehyde content
The Fehling test was used to measure the aldehyde content (Vollhardt & Schore, 2014). Two A and
B solutions were prepared. For solution A, 69.28 g of CuSO,¢5H,0 was dissolved in 1 L of distilled water.
Solution B was prepared by dissolving 346 g of KNaCsH10¢®4H,0 and 120 g of NaOH in 1 L of distilled
water. The final solution for the titration was obtained by mixing these two solutions in equal volume.
Two grams of freeze-dried CNCs were dispersed into 50 mL of deionized water. The suspension was
heated to 65 °C with a very gentle stirring and then titrated dropwise with the titration solution using

a micropipette until there was no more red precipitate. After each drop, about 2 min were allowed for
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the detection of the red precipitate.

The net reaction between an aldehyde and the copper (II) ions in Fehling's solution can be written

as:
RCHO + 2 Cu(C4H,404)5~ + 50H~ - RCOO~ + Cu,0 + C,H,02~ + 3H,0
At the equivalence, we have:
‘/eq X CC'U.(C4_H4_O6)%_ = ncu(C4H406)%— = anCHO (Equation 7)

with 1, the added volume of Cu(C4H,04)3, Ccu(c,H,04)2- the concentration of Cu(C,4H,04)5,
Ncu(c,H,04)3~ the number of moles of added Cu(C,H,06);™ and the ngcpo the number of moles of

aldehyde groups that we want to deduce.

2.5. Thioureation

Thioureation refers to the reaction that introduces the thiourea group. An aqueous solution
containing 10 wt. % HAc and 2 wt. % thiosemicarbazide was prepared. Then, a suspension containing
about 2 g of cellulose was mixed with the previous solution in the same volume in a flask surmounted
by a condenser. The mixture was heated at 60 °C for 3 h and finally cooled in ice. Then, NaCl was added
until its concentration was approximately 0.4 M. The suspension was then centrifuged for 30 min at
11200 rpm and the modified CNCs were redispersed in HAc. The latter operation was repeated twice.
The final product, hereafter referred to as S-e-CNC, was dialyzed against distilled water until constant

conductivity of the dialysis bath and ultrasonicated for 4 min with a Branson 250 digital sonifier.

2.6. Preparation of gold nanoparticles (AuNPs)
Deionized water (925 mL) was heated to 95 °C and 92.5 mg of chloroauric acid was added under
stirring. Once 25 mL of a 1 wt. % trisodium citrate solution was added, the mixture was stirred for 30

min at 95 °C and then cooled down (Haiss, Thanh, Aveyard, & Fernig, 2007).

2.7. CNC labeling with gold nanoparticles
Two methods were used to label CNCs with gold nanoparticles.
Direct reaction method: One liter of AUNP suspension containing 54 mg of pure gold was mixed
with 2 g of a 1 wt.% S-e-CNC suspension. The mixture was stirred for 3 days away from light.
In situ growth method: Two grams of a 1 wt. % S-e-CNC suspension was added into 925 mL
deionized water. The suspension was then heated to 95 °C. 92.5 mg of chloroauric acid and 25 mL of a
1 wt.% trisodium citrate aqueous solution were then added under stirring for 30 min at 95 °C. The

resulting suspension was then cooled down to room temperature.

2.8. Dynamic light scattering (DLS)

DLS experiments were carried out with a Malvern NanoZS instrument. All measurements were
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made at a well-controlled (x 0.05 °C) temperature with a 632.8 nm laser at a backscattering detection
angle of 173°. The intensity size distribution was obtained from the analysis of the correlation function
using the multiple narrow mode algorithm of the Malvern DTS software.

2.9. UV-Vis absorption spectroscopy

The measurements were performed on a CARY 50 spectrophotometer using 0.5 wt. % samples
and the wavelength scan mode (from 400 to 800 nm) at 25 °C.

2.10. Transmission electron microscopy (TEM)

Drops of about 0.001 wt. % CNC aqueous suspensions were deposited onto carbon-coated TEM
grids freshly glow-discharged in an easiGlow plasma cleaning system (Pelco). After 2 min, the liquid in
excess was blotted away with a filter paper and, prior to drying, a drop of a 2 wt. % uranyl acetate
aqueous solution was deposited onto the specimen. After 2 min, the stain in excess was wicked off,
and the remaining thin liquid film allowed to dry. The specimens were observed either with a Philips
CM200 'Cryo’' or a JEOL JEM 2100-Plus microscope operated at 200 kV. The images were recorded with
TVIPS F216 TemCam and Gatan Rio 16 digital cameras, respectively. Size distribution plots were
obtained using the Imagel software. After labeling with AuNPs, a statistical analysis of the labeling
yield was performed using the Imagel software based on the observation of a statistically relevant

number of objects (between 200 and 600).

2.11. Zeta potential
The zeta potential of CNCs was measured from 0.1 wt. % suspensions by electrophoresis coupled
with laser Doppler velocimetry using a Malvern NanoZS instrument. Samples contained 10 mM Nacl.

Data were averaged over 3 measurements, each measurement comprising 10 subruns.

2.12. Small-angle X-ray scattering (SAXS)

Samples were measured using a Xeuss 3.0 apparatus (SAXS Lab, Saclay, France) equipped with a
micro-focused Cu Ka source (wavelength of 1.54 A, 8 keV) and a Pilatus detector (Dectris, Switzerland).
The distance between the sample and detector was 2.48 m, which corresponds to a Q-range from
0.0045 to 0.25 A%, An X-ray flux of about 7x10° photons per second was provided by a collimated beam
size of 0.5 x 0.6 mm?. 1.5 mm external diameter glass capillaries (0.01 mm wall thickness) were used
as sample containers. Independent measurements of solvent, empty capillary and dark field were

carried out for data subtraction purposes. The incoming data were normalized to absolute units.
The scattering intensity as a function of Q generally follows.
1@ =c-A2p*> P(Q)S(Q) (Equation 8)

where | (q) the scattering intensity, c the sample concentration, P (Q) the form factor, S (Q) the structure

41 sin 6
A

factor, Ap2 the contrast between sample and solvent, Q = the norm of the scattering vector
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with @ the scattering angle and A the wavelength of incoming X-ray.
The contrast term is defined as the square of the scattering length density difference between the
sample and the solvent, i.e.
2 .
Apz = (psample - psolvent) (Equat|0n 9)

Scattering length densities of cellulose, gold nanoparticles and water are equal to 14.5 X 107642

and 12.5 X 1075472, and 9.47 x 10742, respectively, leading to
Apiunp ssotvent = 1.33 X 1078A7% > ApZyc s oient = 2.5 X 107114 (Equation 10)

Consequently, the SAXS intensity arising from an aqueous suspension containing comparable

concentrations of CNCs and AuNPs will mostly be attributed to gold nanoparticles.

SAXS data were fitted by assuming that S(Q) = 1 for the dilute suspensions probed and using the

form factor of spheres given by

P(Q) = [sin(QR)—QR cos(QR)]Z

e (Equation 11)

The fit was achieved using the open source Sasview software (http://www.sasview.org/).

3. Results

3.1. Morphology of the starting particles

cCNCs resulting from the sulfuric acid hydrolysis of cotton linters consisted of rodlike nanoparticles
with a number average length of 129 nm (standard deviation 47%) and a number average width of 27
nm (standard deviation 46%), as shown in Supplementary Material Figure S1. These CNCs are
composed of a fascicle of laterally associated elementary crystallites (Figure 1a), in good agreement
with literature reports (Elazzouzi-Hafraoui et al., 2008; Lokanathan et al., 2013). The average sulfur
content obtained by conductometric titration was about 0.22 mmol g and a zeta potential of -34 + 5

mV was measured, confirming that cCNCs possess negative sulfate half-esters on their surface.

The TEM micrograph of wCNCs shown in Figure 1b reveals that these nanoparticles are
morphologically different from cCNCs. wCNCs are indeed rodlike but are longer (number average
length of 227 nm and standard deviation of 23%) and thinner (number average width of 14 nm and
standard deviation of 32%) than cCNCs (size distribution plots shown in Supplementary Material Figure
S2). Their average aspect ratio is about 16, compared to about 5 for cCNCs. In contrast with cCNCs,
WCNCs comprise only one or two elementary crystallites. A sulfur content of 0.325 mmol g* has been
reported by the manufacturer (Rivkin et al., 2015) and a zeta-potential of -33.7 + 5 mV was measured

using the previously described method. The negative surface charges on cCNCs and wCNCs generate



224
225

226

227
228
229
230
231
232
233
234
235
236

237
238

239
240
241
242

electrostatic repulsions, which results in a pronounced individualization of the nanorods and the

absence of aggregates.

Figure 1. TEM micrographs of negatively stained cCNCs (a), wCNCs (b), S-e-cCNCs (c), S-e-wCNCs (d)

prepared from aqueous suspensions at room temperature.

An aqueous colloidal suspension of AuNPs was prepared from the sodium citrate-stabilization
method (Haiss et al., 2007). One minute after addition of Na3CgHsO7, the transparent solution turned
into wine-red upon formation of gold colloids. The UV-Vis spectrum showed an absorption peak at
about 525 nm, indicative of a nanoparticle diameter between 10 and 30 nm (Supplementary Material
Figure S3) (Haiss et al., 2007). A hydrodynamic diameter of 20 + 5 nm was determined by DLS

(Supplementary Material Figure S4), in good agreement with the UV-Vis spectroscopy results.

3.2. Nanocrystal prefunctionalization with sulfur atoms
In order to promote the binding of AuNPs to CNCs, sulfur atoms were introduced by a one-step

thioureation of the cellulose chain reducing ends, as described in Scheme 1. Samples pre-
functionalized with S atoms are designated with the prefix "S-e-" (standing for sulfur at the reducing
end). In the presence of acetic acid, the aldehyde groups react with thiosemicarbazide and produce an

imine group. As the reducing ends represent only a few percent of the total CNC surface, techniques
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such as FTIR could not detect such small changes of functional groups due to a limited sensitivity.
However, the initial and post-thioureation aldehyde contents of the two different CNCs, i.e. the
concentration of reducing ends before and after prefunctionalization were measured using the Fehling
test and compared. The initial values were 24.9 + 0.4 and 18.8 + 0.6 umol g** for cCNCs and wCNCs,
respectively. After the thioureation step, the aldehyde content decreased to 9.1 + 0.5 and 6.9 + 0.6
umol g for S-e-cCNCs and S-e-wCNCs, respectively. This decrease in the number of aldehyde groups
shows that the thioureation reaction was successful. In both cases, the molar reaction yield was high

and of about 64 %.

N S CH,COOH
I
60 °C, 3 h

HN7 SNHNH,

Scheme 1. Asymmetric thioureation of the reducing ends of CNCs during which the aldehyde groups

are converted into imine groups.

Figures 1c and 1 d show TEM micrographs of the pre-functionalized CNCs. These nanocrystals are
very similar to their parent particles, which reveals that the thioureation reaction did not alter their

morphology.

3.3. Regioselective labeling of CNCs with gold nanoparticles

Using the thioureation reaction, sulfur atoms were successfully grafted on the reducing ends of
CNCs, as indicated by the very significant decrease in aldehyde content. Starting from this
prefunctionalized nanocrystals, the labeling with AuNPs relied on the well-known spontaneous
reaction between sulfur and gold, which occurs through a o-it coordinate bond (Ning, Xie, Xing, Deng,
& Yang, 1996; Ulman, 1996). Two strategies, namely a direct reaction of S-e-CNCs with presynthesized
AuNPs and an in situ growth method, consisting in synthesizing the gold colloids from soluble
derivatives in the presence of S-e-CNCs were applied to functionalize the cCNCs with AuNPs. The two

procedures, described in the Experimental Section, are depicted in Scheme 2.
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RT, 72 h, without light
AuNP-e-cCNC
100 °C, 30 min
HAuCl,, Na;CsHsO,

in situ growth

S-e-cCNC
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Scheme 2. Asymmetric functionalization of CNCs with gold nanoparticles with the direct reaction or in

situ growth methods.

cCNCs that were end-functionalized with gold particles, hereafter referred to as AuUNP-e-cCNCs,
prepared by direct reaction and in situ growth, were first investigated by DLS. As shown in Figure 2a,
the hydrodynamic diameter (Ds) of presynthesized AuNPs was about 20 nm and that of S-e-cCNCs was
about 91 nm, which corresponds to the value usually reported for bare cotton CNCs prepared by
sulfuric acid hydrolysis (Elazzouzi-Hafraoui et al., 2008; Lin, Cousin, Putaux, & Jean, 2019). This Dy
indicated that the thioureation reaction had no effect on the size of CNCs, which was confirmed by the
TEM images in Figure 1. For AuNP-e- cCNCs obtained by the direct reaction method, the intensity size
distribution plot shows three peaks. The first one at 20 nm can be ascribed to the presence of individual
AuNPs (not bonded to CNCs). The second one at 98 nm is slightly shifted to larger values when
compared to the Dy corresponding to as-prepared or sulfur-functionalized cCNCs (91 nm), which might
indicate that a fraction of CNCs were labeled with AuNPs. Although it is difficult to fully trust the value
corresponding to the third population at about 5000 nm, which is at the upper confidence limit of the

technique, this third signal indicates the presence of large-size aggregates.

Figure 2b shows the intensity size distribution of a 0.1 wt. % AuNP-e-cCNCs aqueous suspension
resulting from the in situ growth strategy. When compared to the direct reaction case, several
differences can be observed. First, a peak at about 17 nm is also observed, but its intensity is
considerably lower. This signal can tentatively be attributed to the presence of a limited number of
individual AuNPs, which would have a slightly smaller hydrodynamic diameter than the presynthesized
ones. A second population with a Dy of about 116 nm is detected. In contrast with the sample
generated by direct reaction, this signal is clearly shifted when compared to the as-prepared cCNCs
peak at 91 nm, revealing that most particles have increased in size but without reaching a value large
enough to account for aggregation. Such features are compatible with the sample being constituted of
CNCs bearing AuNPs. No further peak is detected in the large size region, showing the absence of

aggregates.

10
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Figure 2. Intensity size distribution of a 0.5 wt.% gold nanoparticles suspension (red solid line), 0.1 wt.%
S-e-cCNCs suspension (black solid line) and 0.1 wt.% AuNP-e-cCNCs suspension (violet dashed line)

prepared by direct reaction (a) and in situ growth (b) measured by DLS at 20 °C.

In order to complement the results obtained by DLS, TEM was used to observe the samples
prepared by the two different methods. In the TEM images shown in Figure 3, the AuNPs appear as
dark spheres (due to the high electron density of gold) with an average diameter of about 20 nm and
a narrow size distribution, irrespective of the method used to synthesize them. Figures 3a and 3b show
the TEM micrographs of AuNP-e-cCNCs prepared by direct reaction. These images evidence that the
sample comprises non-derivatized CNCs, free AUNPs gathered in clusters and a fraction of CNCs labeled
with a AuNP. In the latter case, it is clear from Figure 3b that the AuNP was attached at only one end
of the crystals. Furthermore, in most cases, the AuNP attached at the end of the CNC is located at a
specific position in direct alignment with the long axis of symmetry (c-axis) of one of the elementary
crystallites constituting it. Rather similar results of relatively low efficiency of the labeling were already
reported in the literature using different strategies. Indeed, in these works, observation of TEM images
and some estimation indicated an about 15 % labeling yield on the reducing end of CNCs, which is also

the value that we achieved in the present study using the direct reaction method.

11
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Figure 3. TEM micrographs of negatively stained AuNP-e-cCNCs prepared by direct reaction (a, b) and

in situ growth (c, d) from aqueous suspensions at room temperature.

In contrast, as shown in Figures 3c and 3d, a large number of cCNCs were functionalized with
AuNPs when using the in situ growth strategy. It can indeed clearly be seen that most cCNCs are labeled
with several AuNPs located on one end of the elementary crystallites constituting the cCNCs. Each
elementary crystallite bears no more than one AuNP coaligned along the c-axis. Furthermore, for all
hybrid particles, the AuNPs are systematically located on one side of the CNC. These results evidence
a remarkable asymmetric functionalization. Moreover, when compared to the direct reaction method,
a drastically reduced number of non-functionalized cCNCs and individual isolated AuNPs can be
observed. Based on the observation of 32 TEM micrographs containing about 650 particles, a statistical
analysis was performed to quantitatively characterize the grafting yield (Figure 4) that reached 81 %.
This yield, 5 to 10 times higher than those previously obtained, shows the very high efficiency of the in
situ growth method, which can be attributed to the preferential nucleation and growth of AuNPs at the

sulfur-derivatized end of cCNCs acting as nucleating agents.
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Figure 4. Number distribution of AuNP-labeled cCNCs and bare cCNCs resulting from the in situ growth
method in presence S-e-cCNCs. Particles that could not unambiguously be attributed to one or the

other category appear as “unclassified”. The histogram results from the analysis of about 650 particles.

Moreover, it is clear from the TEM images in Figures 3c and 3d that the AuNPs that were
synthesized in the presence of S-e-cCNCs and grown on their end have a very low polydispersity. In
order to get more information on that point, SAXS experiments were performed on a 1 wt. % AuNP-e-
cCNCs suspension prepared by in situ growth. As shown in Figure 5, oscillations with scattering minima
at Q1 = 0.055 A'and Q, = 0.095 A, can be observed. Such features readily show the presence of well-
defined objects. Since, as described in the Experimental Section, the contrast term between gold
nanoparticles and solvent is much greater than between cellulose and solvent, the scattering intensity
of AuNP-e-cCNCs particles in water is considered as arising from AuNPs only. Accordingly, assuming
interaction-free particles due to the low concentration used, the experimental data were fitted using
the form factor of dense spheres. As shown in Figure 5, a good quality of the fit was obtained, revealing
the presence AuNP spheres of radius 7.6 + 1 nm. This result thus confirms the presence of AuNPs with

a low polydispersity, in full agreement with the TEM images.
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experimental section for details about the model.

UV-Vis spectroscopy experiments were performed on suspensions of AuNP-e-cCNCs synthesized
by the two methods. The results shown in Supplementary Material Figure S5 first evidence that the
plasmon resonance signal is the same for a pure suspension of AuNPs as for a suspension of AUNP-e-
cCNCs prepared by the direct reaction method, which demonstrates that this technique did not detect
the formation of AuNP clusters. When the in situ growth strategy was used, the signal was shifted
towards a lower wavelength (from 524 to 508 nm), showing that the AuNPs that were synthesized in

situ were smaller than the presynthesized ones, in agreement with DLS data and TEM images.

Overall, the different characterization techniques (DLS, TEM, SAXS and UV-Vis spectroscopy)
concur to show the strong advantage in using the in situ growth approach that makes it possible to
functionalize with a very high efficiency the reducing end of cCNCs with AuNPs exhibiting a low

polydispersity, while avoiding the formation of AuNP clusters.

The in situ growth method was also applied to wCNCs. TEM images of AuNP-e-wCNCs distinctly
show a spectacular asymmetric functionalization of single crystallite wCNCs on one end of the rods
(Figure 6). A quite high attaching yield is observed even if the width, i.e. the reducing end surface of
these wood CNCs is very low and inferior to that of cCNCs. The in situ growth method can therefore
efficiently target the reducing end of CNCs even in the case where the end surface only represent a

very small fraction of the whole rod surface. As in the case of cCNCs functionalization, a statistical
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analysis showed that about 70 % of the wCNCs could be labeled with a gold nanoparticle
(Supplementary Material Figure S6). The use of wCNCs constituted of only one or two elementary
crystallites results in the majority of cases to the production of matchstick-like CNCs labeled with a

single AuNP.

As shown in Supplementary Material Figure S7, DLS data for unlabeled and reducing end-labeled
WCNCs are in agreement with TEM images. These results indeed confirm the presence after the in situ
labeling reaction of a reduced amount of individual AuNPs, show that the hydrodynamic diameter of
WCNC has increased from 140 to 164 nm after the labeling treatment and evidence the absence of
aggregates. These data are in qualitative agreement with those obtained with cCNCs using the in situ
growth method and confirm the high labeling efficiency achieved by this technique. UV-Vis data for
AuNP-e-wCNCs in Supplementary Material Figure S5 show a plasmon resonance signal with a maximum

at 515 nm, in line with the presence of about 20 nm AuNPs.

Figure 6. TEM images of negatively stained AuNP-e-wCNCs prepared by in situ growth from aqueous

suspensions at room temperature.

4. Discussion

4.1. Optimized labeling

Even if the labeling of the CNC reducing end with gold or silver NPs has already been addressed
by different groups based on the grafting of presynthesized particles, the labeling efficiency was
significantly improved by using the in situ growth strategy described in the present work. While past
works indeed reported maximum values of about 15 % labelling efficiency, we achieved here up to 81 %
for cCNCs. In addition, the AuNPs grown in situ at the CNC reducing end exhibit a very narrow size
distribution, as especially determined by SAXS. Importantly, the method was applied with a similar
success to CNCs of two different origins, including wCNCs that possess a smaller cross-section than

cCNCs, demonstrating a high degree of flexibility in the choice of the starting nanocrystals. Thus, the
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proposed method allowed us to overcome the synthesis challenge associated with the endwise
modification of CNCs, which is related to their significantly low abundance, the small dimensions of the
targeted reducing end sites and their limited reactivity. Data show that the nucleation and growth of
AuNPs on sulfur-bearing reducing ends is an efficient way to increase the labeling efficiency while
minimizing the AuNP polydispersity and formation of AuNP clusters. When compared to the grafting
of presynthesized particles, the in situ growth technique does not suffer from limitations such as steric
hindrance and electrostatic repulsions between similarly-charged CNCs and AuNPs but benefits from
fast diffusion of the reactant in a water-soluble form. As a result, AuNPs preferentially nucleate and
grow directly at the sulfur-derivatized reducing end, optimizing the labeling efficiency and limiting the
synthesis of individual AuNPs and the presence of clusters. In absence of CNCs, the classical citrate
method used to prepare AuNPs readily gives a fairly narrow size distribution centered around 20 nm.
AuNPs synthesized in presence of sulfur-functionalized CNCs exhibit a slightly more uniform size
distribution that can tentatively arise from the sulfur-derivatized CNCs playing the role of stabilizing
ligands since the presence of sulfur-containing ligands is known to promote the synthesis of AuNPs
with a narrow size distribution (Daniel & Astruc, 2004). Additionally, sulfur atoms at the CNC ends are
preferential nucleation sites for gold clusters formation. Both effects contribute to lower the AuNP size

distribution when compared with the synthesis in absence of pre-functionalized CNCs.

4.2. Insights into the production and characteristics of cellulose nanocrystals
Beyond this optimization that paves the way to the use of heavily functionalized CNCs for
advanced applications, the data also contribute to give additional insight into more fundamental

aspects, which are sometimes debated in the cellulose community.

Cellulose is synthesized at the plasma membrane by cellulose synthases that, in higher plants, are
organized into rosette-like assemblies, acting as cellulose synthase spinnerets (Li et al., 2016; Pear,
Kawagoe, Schreckengost, Delmer, & Stalker, 1996). The cellulose chains in one cellulose microfibril are
simultaneously spun by the rosette arrangement of cellulose synthases and due to the lack of solubility
of the elongated chains, unidirectional cellulose crystallization occurs very shortly after the extrusion
of the chains (Haigler, 1991). Due to the enzymatic synthesis, the nascent cellulose nanofibrils are
oriented with the chains aligned in a parallel fashion (Li et al., 2016). Dried cellulose microfibrils used
as a source for the production of CNCs contains alternating crystalline and more disordered regions.
During hydrolysis, the acid preferentially etches away these less ordered regions, releasing shorter
segments where the parallel packing of the chains is conserved, yielding rodlike particles with a
chemical polarity. For CNCs made of a single elementary crystallite, all reducing ends are located on

one end of the particle, as shown by crystallographic studies (Koyama, Helbert, et al., 1997; Nishiyama
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et al., 2002). This phenomenon was verified independently by using the selective cellulase Cel6A that
degraded the non-reducing end of Valonia cellulose nanocrystals (Chanzy & Henrissat, 1985) and by
the gold nanoparticles labelling method on the reducing end of Valonia cellulose nanocrystals (Kim et
al., 2006). In the present work, we could show that for commercial wCNCs originating from terrestrial
plants and comprising one or two elementary crystallites, our in situ growth strategy successfully

labeled only one end of the rods.

In contrast, the cCNCs were shown to be formed on average of 3 to 4 elementary subunits, which
are laterally associated, forming flat objects having a width 3 to 4 times larger than their height
(Elazzouzi-Hafraoui et al., 2008). This feature can easily be observed in Figure 1a and has been
confirmed through the use of advanced techniques such as small-angle X-ray or neutron scattering
(Azzam, Frka-Petesic, Semeraro, Cousin, & Jean, 2020; Cherhal, Cousin, & Capron, 2015). Such a
composite nature of cCNCs has also been observed for CNCs extracted from other plants, e.g. bamboo
(Brito et al., 2012). However, the respective orientation of these elementary units inside a CNC is not
trivial and should depend on the way the CNCs were initially produced. A first possibility is that the acid
hydrolysis isolates microfibril fragments composed of several neighboring crystallites without breaking
the transverse hydrogen bonds connecting them, i.e. that the elementary crystallites constituting one
CNC have never been separated during specimen preparation. In this case, the resulting nanocrystals
have inherited the chemical polarity of their parent microfibrils and should be formed of chemically
polar parallel crystallites, thus forming CNCs with all reducing ends of each crystallite located on the
same side of the nanocrystal. In other words, with this scenario, the chemical polarity of the crystallites

would be transferred to the CNC regrouping them.

A second hypothesis is that the acid hydrolysis is not only able to break the glycosidic linkages in
the disordered regions along the nanofibrils, releasing shorter and more crystalline elements, but also
to laterally separate the subunits, leading to individual single crystals that would subsequently re-
aggregate into the composite material observed. Upon re-aggregation, the respective orientation of
the subunits within a CNC could be parallel, antiparallel, or random leading in the first case to reducing
ends localized on the same side of the CNC and in the two other cases to reducing ends on both sides

of the rod.

Figure 7 shows high-magnification TEM images of AuNP-labeled native cotton cellulose
nanocrystals produced using the in situ growth method. As seen from these micrographs, AuNPs could
successfully be bonded to one end of a majority of elementary subunits even though some elementary
crystallites were not functionalized. Furthermore, when a CNC is considered, it is very clear that the
AuNPs are all localized on the same side (there is no example of a cCNC tagged with AuNPs on both

extremities). These results clearly show that elementary crystallites are oriented in a parallel manner
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in cCNCs with all reducing ends on the same side.

Figure 7. TEM micrographs of negatively stained AuNP-e-cCNCs prepared by in situ growth from

aqueous suspensions at room temperature.

These data provide a clear visual proof that cCNCs formed by multiple laterally-associated
crystallites are chemically polar. Flauzino Neto et al. concluded on a random antiparallel organization
of elementary crystallites in native CNCs extracted from eucalyptus (Flauzino Neto et al., 2016). It
seems that the case of cotton is different. It has to be noted that this conclusion is in full agreement
with our previous study, where we reported the grafting of thermoresponsive polyetheramines at the
reducing ends of cCNCs and the ability of these asymmetrically functionalized particles to assemble
into star-shaped complexes (Lin et al., 2019). Indeed, since only star-like structures were formed and
no end-to-end association was detected, the presence of reducing ends on both ends of the CNCs could

be ruled out.

The localization of all reducing ends in composite cCNCs on a single side is consistent with our first
hypothesis that the subunits in a CNC were never separated but does not strictly rule out the second
hypothesis (re-aggregation of separated elementary crystallites) since even in this case a parallel re-
assembly is still possible, though not statistically probable. However, the fact that sulfuric acid
hydrolysis not only individualizes the crystalline rods but also converts part of primary hydroxyl groups
into sulfate half esters is in favor of the first speculation. Indeed, if individual elementary subunits
would have been produced at some point during the hydrolysis, it would be expected that they have
been imparted with these negative surface charges, which would have strongly hampered a possible
re-association due to electrostatic repulsions. Consequently, we believe that the first CNC production
scenario based on never-separated crystallites is more likely to take place than the second one involving

separation and subsequent reaggregation of elementary crystallites.

Using TEM images of primary and secondary cotton cell walls or solid-state NMR in combination
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with spectral fitting, different groups distinctly showed that cotton microfibrils are present as tight
bundles (Malm, Bulone, Wickholm, Larsson, & lversen, 2010; Willison & Brown, 1977). The latter
technique further revealed a width of the fibril aggregates of about 40 nm, in fair agreement with the
width of cCNCs. Based on these information and our results, it can be concluded that cCNCs directly
arise from the isolation of the crystalline part of these fasciated parallely-arranged microfibril
aggregates during the acid hydrolysis process. As it was also shown that the extent of fibril aggregation
more generally depend on the cellulose source, drying and extraction processes (regulating the
absence or presence of hemicelluloses and lignins)(Chunilall, Bush, Larsson, Iversen, & Kindness, 2010;

Hult, lversen, & Sugiyama, 2003), it can be assumed that wCNCs result from less associated fibrils.

5. Conclusion

Two different regioselective labeling strategies were applied to cellulose nanocrystals. The first
method was a direct reaction in which CNCs prefunctionalized with sulfur atoms at the reducing end
of the chains were mixed with pre-synthesized gold nanoparticles. As shown by DLS and TEM, such a
strategy results in a low labeling ratio and the presence of gold nanoparticles aggregates. A second
method, so-called in situ growth functionalization strategy, was applied, where AuNPs were
synthesized from soluble derivatives in the presence of sulfur-bearing CNCs. In this case, a very high
labeling efficiency of about 80 % was reached for CNCs prepared from wood or cotton. A statistically-
relevant analysis of the TEM images further evidenced that one or several AUNPs were located on one
end of the rods and never on two opposite ends. Furthermore, there were nearly no gold nanoparticles
aggregates and these in situ-synthesized AuNPs had a very low polydispersity. All complementary
techniques used, namely TEM, DLS, UV-Vis spectroscopy and SAXS spectra, supported these findings.
This optimized labeling strategy was subsequently used to address questions about the constitution of
CNCs. Our results evidenced that in native cotton CNCs made of the lateral assembly of a few
elementary crystallites, these crystallites are arranged in a parallel (unidirectional) manner with all
reducing ends located on the same side of the nanocrystals. This organization showed that the acid
hydrolysis used to prepare the cotton nanocrystals isolated fragments from preexisting assemblies of

parallelly-packed microfibrils, without laterally separating them.
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