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Abstract

Cellulose, the principal structural ingredient in plant cell wall, holds promise for a range of bio-
based high-tech applications. Acid (e.g., HCl) hydrolysis of cellulose microfibrils leads to
cellulose nanocrystals (CNCs), which are commonly suspended in water by repulsive interactions
introduced with negative charges after a sulfuric acid treatment or TEMPO oxidation. Lack of
surface charges prompts CNCs sedimentation. This work addresses the dispersibility of uncharged
cellulose nano- and micro- particles (CNCs and microcrystalline cellulose, MCCs) in water
through the physical adsorption of a glycolipid biosurfactant, composing of a single-glucose
moiety and a fatty acid tail. The methodology involves the sonication-assisted incorporation of the
biosurfactant directly within HCI hydrolyzed cellulose, without any surface modification (TEMPO
oxidation or sulfation). Characterization of biosurfactant-stabilized cellulose reveals an
enhancement in water stability of MCCs and CNCs in time at room temperature up to at least one
day. These results show that adsorption of glycolipid biosurfactants are an interesting approach to

disperse uncharged cellulose, potentially expanding its use in various technological domains.



1. Introduction

Cellulose nanocrystals (CNCs) are rigid, nanosized rods that can be isolated from plant-based
fibers by acid hydrolysis. They are a premium example of modern-day nanoparticles, whose assets
include renewability, biodegradability, and bio-based origin.! Although originally introduced 75
years ago,* particularly the past two decades have seen CNCs explored in a wealth of materials
applications in the fields of composites,> structural color,® biomedicals, or catalysis.”® Industrial
production of CNCs has also gathered momentum with several pilot plants and commercial sites
introduced around the globe in the past 15 years.

As with any nanoparticle, if CNCs are to be used efficiently, they need to be well-dispersed in
water for most applications. The usual route to dispersion is to introduce charge on the CNCs
surface. An overwhelming majority of studies as well as the industrial processes utilize sulfuric
acid hydrolysis for CNCs isolation, which simultaneously introduces charged sulfate half-esters
on the surface of the crystal.>! While the method works well, it is based on a study published in
1953!'! and suffers from drawbacks, such as low yield, high water consumption, and poor
recyclability of the acid.'?'* Furthermore, the sulfate groups can act as autocatalyst, decreasing
the thermal stability of CNCs.!>!® Uncharged CNCs, by contrast, can be produced in principle just
by HCI hydrolysis but their isolation is insufficient: instead of CNCs, the incomplete dispersion
after HCI hydrolysis leads to microcrystalline cellulose (MCCs) that consists predominantly of
micron-sized particles. The MCC particles can potentially be dispersed into CNCs but this often
results in low yields and polydisperse particle size (Figure 1a).!""! The purpose of this study is to
explore an uncharted route, that is, the use of a biosurfactant, to facilitate the dispersion of a
hydrolyzed cellulose substrate into CNCs.

To turn uncharged, hydrolyzed cellulose to a colloidally stable dispersion, the most commonly
used method is introducing surface charge by chemical reactions, such as esterification?®? or
oxidation.?> > Non-covalent methods generally minimize the need for chemical reagents, solvents,
and laborious purification steps. It takes a simple mixing step of the hydrolyzed cellulose with
various water-soluble polysaccharides and oligomers.??” Surfactants — the most common
dispersing agents in colloid science — have received less attention as CNCs dispersants, mainly
because they do not work as expected, largely due to their poor affinity to cellulose. The early
accounts utilized specific surfactants to alleviate CNCs dispersion in hydrophobic solvents.?®%

More recently, Shang et al. observed that CTAB, at the concentration over its critical micellar



concentration (>0.5 mM), promotes the aggregation of CNCs, due to the self-assembly properties
of the surfactant. Their team also found out that a lower concentration of CTAB (0.13—-0.47 mM)
was able to stabilize uncharged CNCs for up to 7 days. Separate investigations used sorbitan
monostearate for adsorption on uncharged CNCs surfaces, noting a brief improvement in
dispersion (for a few minutes) that diminished with increased surfactant, likely due to micelle
formation.’® In a 2017 review, Tardy et al. pointed out that, despite the extensive potential of
surfactants in modifying nanocellulose surfaces, progress has been limited and mostly
concentrated on practical applications in the last 20 years.’!

In another parallel field of research, surfactants of biological origin have recently gained
significant attention. The rising demand for environmentally friendly and effective surfactants in
sectors such as agriculture, cosmetics, food, pharmaceuticals, and environmental protection has
steered the focus towards the use of microbial sources to produce surfactants.’*>* Due to their
intriguing  structure, microbial biosurfactants are increasingly recognized for versatile
applications.**** Inspired by the natural affinity towards cellulose surfaces of diverse saccharides

3738 as well as dendrons

like glucose, cellobiose,*® oligosaccharides, and cello-oligosaccharides,
with sugar units,* we have adopted a strategy of using glucose-based biological amphiphiles. The
selected amphiphile is a single-glucose lipid named G-C18:1 (Figure 1b) which belongs to the
family of microbial biosurfactants, produced by fermentation and has two major advantages
concerning synthetic surfactants, including alkylpolyglycosides. First, microbial fermentation
guarantees monodispersity of the hydrophilic headgroup, in this case, a single sugar, known to
have a good affinity towards cellulose.*® Second, most biosurfactants, including G-C18:1, have a
double amphiphilic, bolaform, molecular structure, of which one end is composed of a free-
standing carboxylic acid unit. The hypothesis is then that the double functionality enhances
adsorbtion onto cellulose surface (glucose binding) and improved colloidal stability (charge
introduction). With unique chemical properties, biosurfactants promise a new level of control over
CNCs dispersion. Biosurfactants — with their tunable structures — could then provide a key to
unlock the full potential of CNCs in water while keeping their sustainability high, presenting a

green approach for dispersing uncharged hydrolyzed cellulose in both scientific research and

industrial applications.
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Figure 1. (a) Cellulose fibers, which comprise both crystalline areas and non-crystalline segments, are subjected
to acid hydrolysis to eliminate the dislocations. The size of the resulting cellulose crystalline particles can range
from microns (MCCs) to nanometers (CNCs). (b) Simplified illustration of the sample preparation involving

the combination of cellulose and the glucolipid biosurfactant and their chemical structures.

2. Results
Aqueous HCI hydrolysis of cotton linters (Whatman 1), reaching the leveling-off degree of

polymerization (LODP), *°

produced both micron-sized MCCs and nanosized CNCs (Figure 1a).
Therefore, from now on, the cellulose in our sample will be referred to as hydrolyzed cellulose
(HC), as it is a mixture of both MCCs and CNCs. The biosurfactant G-C18:1 (Figure 1b),
consisting of a glycosyl headgroup linked to a monounsaturated C18 fatty acid, was used to
disperse the uncharged, crystalline cellulose. G-C18:1 with its unique double amphiphile (glucose
headgroup and carboxylic end-group) character, differentiates itself from conventional surfactants
both in structure and self-assembly properties.*! At concentrations below about 10 wt%, G-C18:1

assembles into micelles above pH 7, vesicles below pH 6.2, wormlike micelles in the transition



pH range and lamellar precipitate below pH 4,%>*} whereas its critical micelle concentration (CMC)
was reported to be between 0.07 mg/mL and 0.12 mg/mL (0.16-0.26 mM) at physiological pH and
0.035 mg/mL (0.08 mM) at pH 3.* In the present study, the critical aggregation concentration
(CAC) is preferred to the more standard CMC, due to broader morphological variety of the G-
C18:1 aggregates.*! According to dynamic light scattering (DLS) performed over a broader range
of concentrations in the pH domain of vesicles stabilization (between pH 4.5 and 5) (Figure S1),
we found a more complex behavior than expected, when compared to the literature.** ¢ At first,
an increase in scattering occurs between 0.02 mg/mL (0.04 mM) and 0.03 mg/mL (0.06 mM), a
range that is in very good agreement with the values reported at pH 3, and most likely
corresponding to a monomer-to-micelle, or monomer-to-cluster transition. Nevertheless, we also
observe a second event at higher concentrations, 0.47 = 0.01 mg/mL (1 mM), probably
corresponding to an increase in size, as commonly reported for second CMCs,*” or to a change in
morphology (micelle-to-vesicles), as expected for this compound at pH between 4 and 6.2.4%%
Both hypotheses are most likely true, because elongated micelles are a well-known intermediate
shape between spherical micelles and vesicles, as reported for lecitin-bile salts as a function of
concentration*® and for G-C18:1 itself as a function of pH.*?

The range of G-C18:1 concentrations used for the stabilization of HC was eventually chosen on
the basis of the amount theoretically required to coat a single CNC crystal. The theoretical surface
area of CNCs was evaluated to be between 400 m?/g and 500 m?/g, that is, between 4 and 5:10%2
A%/g.¥>% Considering that the area per molecule for G-C18:1 was reported to be 35 A? and 47

3233 one estimates a

A%3" and more globally between 40 A% and 50 A? for single glucose lipids,
mass range between 0.6 g and 0.8 g of G-C18:1 to equalize the specific surface area of CNCs. This
range is actually in agreement with the experimental value of 0.7 g reported for the commercial
Beycostat NA surfactant.”* Given the above, to set ourselves in the full coverage domain of the
HC (1 mg/mL), we have chosen to study the stabilization effect of G-C18:1 both above and below
its second CAC (Figure S1), that is, at concentrations between 0.2 and 1.0 mg/mL (corresponding

sample names are Sample 0.2 to Sample 1, Table S1).

2.1. Colloidal stability
Two methods were tested to mix G-C18:1 and hydrolyzed cellulose (HC): combining their aqueous

solutions or adding G-C18:1 powder directly to the HC solution (Figure S2) (pH ~ 4.5). The latter



method (Figure 1b) proved to be more effective for colloidal stability and preventing
sedimentation. Turbidity was used to monitor the sedimentation kinetics of all samples (Figure
2a). Over time, it showed that while cellulose alone (referred to as Sample 0) completely
sedimented within two hours, G-C18:1-infused samples (Sample 0.2 to Sample 1) remained stable
over days (Figure 2b and Figure S3), underscoring the stabilizing role of the biosurfactant. This is
notable as HCl-hydrolyzed cellulose typically aggregates heavily due to a lack of surface
stabilization.>> Sedimentation process of these samples was monitored for three weeks until
stability was achieved (Figure 2c¢). By fitting the decay with a simple exponential, one can quantify
the time constants shown in Figure 2d. The presence of biosurfactant increases the stability in time
of HC up to a factor of 30, as in Sample 0.4. Interestingly, the concentration of G-C18:1 around
its CAC provided the best colloidal stability to the system. That piece of information is confirmed
by the time-lapse images of the cellulose and biosurfactant mixture in Figure 2e. Starting at 0.2
mg/mL of G-C18:1 (Sample 0.2), a dense, opaque phase emerges and settles more slowly than the
cellulose alone, suggesting that the biosurfactant helps in maintaining the cellulose in a swollen
state within the solution. For samples where the G-C18:1 concentration is below the CAC, the
supernatant appears to be clear. Above the CAC (from Sample 0.4 onward), the supernatant
appeared turbid, a phenomenon rather attributed to the well-known vesiculation properties of G-
C18:1 itself at pH below neutrality*>* than to the dispersion of cellulose itself (Figure S4).

To better understand the origin of the enhanced stability, we performed zeta potential
measurements (Figure 2f). Indeed, stabilization by electrostatic repulsion forces is the classical
mechanism reported for TEMPO or sulfuric acid treated CNCs. In the present system, G-C18:1
contains a free-standing carboxylic acid group, partially ionized at pH ~ 5, considering a pKa= 5.7
for G-C18:1.%¢ Zeta potential measurements revealed that adding G-C18:1 reduced the zeta
potential from -10.7 £5.15 mV to -17.7 = 3.77 mV. The initial negative charge, a result to be taken
with care considering the large relative error (50 %) from 6 measurements (Figure S5), correlates
with previous accounts.>!*® The decreased zeta potential with smaller relative error (21%), -17.7
+3.77 mV, indicates that the increased stability could be related to the presence of the deprotonated
form of G-C18:1 on the HC surface (Figure 2f). While the zeta potential values of -10 mV and -
17 mV both fall within the range typically associated with incipient instability,’’ the observed
decrease in the magnitude of the zeta potential after the addition of glucolipid is still indicative of

improved stability. This is supported by the longer-term stability observed in the samples



containing glucolipid. It suggests that the glucolipid has a surface stabilizing effect on HC particles
through electrostatic repulsive forces. The zeta potential values, yet negative, are still lower in

absolute value than those measured for CNCs modified with TEMPO (approximately -60 mV)*®

or sulfuric acid (ranging from -30 to -40 mV)>.
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Figure 2. (a) Illustration of the typical Turbiscan vial. The height (h), which changes in time, corresponds to
the distance comprised between the bottom of the vial and the meniscus; (b) backscattering profile recorded at
h= 44% of the samples during 2 weeks; (c) the sedimentation height tracked up to 20 days and fitted using a
single exponential decay to determine sedimentation time constant, reported in in (d); (e) time-lapse images of
the cellulose and biosurfactant mixture and (f) zeta potential measurements of the samples (error is calculated

over 3 samples).



2.2. Structural characterization
Small-angle X-ray scattering (SAXS) measured within the q range between 0.07 and 5 nm™ (90
nm and 1.3 nm) was used as a preferential technique to probe the aggregation and morphology of
both cellulose®®®! and G-C18:1.#1*? G-C18:1 was measured below and above its CAC2, although
the concentration range of G-C18:1 used in this work was at the limit of detection of the instrument,
despite the use of synchrotron radiation. As a control, the SAXS profiles of pure G-C18:1 at pH
about 4.4 and between 0.02 mg/mL and 1.0 mg/mL only displayed a signal above the CAC2 (0.4
mg/mL) (Figure S6c¢). For comparison, the concentration of 1 mg/mL was also found to be at the
detection limit of SAXS for aqueous solutions of other microbial glycolipids.®? Despite the lack of
thorough characterization of the self-assembly of G-C18:1 below 5 mg/mL, it is known that, at pH

below 6.2 this compound assembles into single-membrane vesicles,*>*

of which the typical
scattering profile is given at 20 mg/ml in Figure S6c¢. The scattering profiles of G-C18:1 at 0.4 and
1 mg/mL at pH 4.5, also shown in Figure Séc, do confirm that G-C18:1 self-assembles at CAC2.
Even if the poor signal-to-noise ratio of the signal around CAC2 does not allow a precise
morphological attribution of the scattering objects, one can reasonably expect the coexistence of
elongated micelles (around CAC2) and vesicles (above CAC2). Wormlike micelles are not an
uncommon intermediate and they were already reported for G-C18:1 itself above CAC2, as a
function of pH,** as well as for other amphiphilic systems, like lecitin-bile salts, as a function of
concentration.*®

After mixing HC and G-C18:1, samples were separated into two layers: referred to as supernatant
(top) and sedimented (bottom) phases. The signal of the supernatant phase (Figure 3a and Figure
Sé6a) is low and noisy, with a scattering profile being different than what should be expected for
the G-C18:1 controls at pH below 6.2 and for concentrations above the CAC2 (Figure S6c¢). This
finding shows that the supernatant phase neither contains vesicles nor micelles (spherical or
wormlike). A closer look at the SAXS data of Samples 0.2 to 1 shows that for the less noisy of

3

them (e.g., Sample 0.2, Figure 3a), a model-independent Guinier function®® with a radius of

gyration, Rg, of approximately 0.6 nm (sphere radius of 0.9 nm) could fit the data. Comparison of
this value to the expected radius of G-C18:1 micelles (measured at basic pH only) of 1.4 nm***
suggests the presence of small glucolipid clusters rather than actual micelles. The SAXS profiles
of the supernatant also exclude the presence of statistically-relevant amounts of crystalline

cellulose, of which the presence can probably not be totally excluded on the basis of optical and



atomic force microscopy (AFM) arguments (Figure 3b) for Sample 1. Optical microscopy shows
the spurious presence of large particles of about 50 um in size, while AFM reveals the presence of
anisotropic needles of about 200 nm in length (arrows in AFM image in Figure 3b), reasonably
attributed to MCCs and CNCs respectively.®* The latter seems to be embedded in a continuum-
dense, featureless matrix deposited on the AFM substrate, of which the nature could well be
attributed to G-C18:1. Eventually, if one cannot exclude, according to AFM, that cellulose and
glucolipids are in the supernatant, the SAXS data demonstrate that their content is negligible,
hence suggesting their strong interaction with HC in the bottom phase.

For the sedimented phase, SAXS, optical microscopy, and AFM investigations are shown in Figure
3a and Figure 3b. The SAXS profile of the commercial sulfate-stabilized CNC control sample
(Figure 3a) can be fitted with a classical parallelepiped form factor model.®® The values of the
parallelepiped height, 7= 5.0, and width, w= 21.3, obtained from the fitting process (refer to the
SAXS section in the Supporting Information for more details) match well with the data reported
by Grachev et al. for a series of CNC sample dispersions.®® The typical SAXS curve of the G-
C18:1/cellulose sub-phase is shown in Figure 3a for Sample 0.2 only, as all other samples (Figure
S6b) have the same profile. All samples display a scattering profile that is comparable with the
control CNCs only and different from the signals of G-C18:1 alone or HC. If G-C18:1 self-
assembled structures were in suspension, one would indeed observe an oscillation of the form
factor above 1 nm™! both for vesicles (refer to control at 20 mg/mL in Figure S6b) or micelles.*>*
On the other hand, the HC material (Sample 0) is characterized by a monotonous scattering with
an approximate -3 slope (log-log scale, Figure 3a), typical of large fractal interfaces.®’
Interestingly, the SAXS profile of the G-C18:1/cellulose sample (Sample 0.2 in Figure 3a) can
actually be fitted with the same parallelepiped form factor model used for the CNCs control using
comparable structural parameters, 4= 3.5 nm and w= 19.0 nm (all others fitting parameters being
unchanged, see supporting information). The fit is, however, poor below 0.1 nm’, as G-
C18:1/cellulose sub-phase samples exhibit a slope of about -2.5, a notable deviation from the CNC
control (-1.5). At a minor extent, the fit is also poor between 0.8 nm™ and 2 nm™'. These features
are discussed below.

Alteration in the slope at low low-q could be explained by the presence of MCCs or by aggregation
of CNCs. The I(q) power law dependence is generally associated to the interface scattering. When

the interface is flat, the expected power law is -4, but in the case of surface or volume fractals, the



expected power law dependency varies between -4 and -3 or between -2 and -3, respectively.’® A
recent work by Leppénen et al. summarizes the most common power laws and fractal dimensions
observed for MCCs and nanofibrillated cellulose (NFC) as well as their corresponding q-range. ¢!
As one would expect, the most common set of values is contained between -3 and -4, depending
on the treatment. This is easily explained by the fact that the size of MCCs and NFC particles
(microns in length) is orders of magnitude larger than the length scale probed by SAXS under
standard conditions of use (0.1 to 10 nm™!, that is 63 to 0.6 nm). Deviations from -4 are generally
explained by surface fractals. In this field, only few values between -1.2 and -1.9, or slightly higher
than -3 (e.g., -2.7 or -2.9), were also reported and explained by the presence of mass fractals,
probably induced by the alteration of the cellulose crystallites core structure by water adsorption.®!
Differently than MCCs and NFCs, colloidal CNCs show the typical low-q slope in the order of -

).% However, attractive

1.5/-1.6, associated to the scattering signal of a parallelepiped (Figure 3a
interactions driving the aggregation of CNCs lead to fractal structures, which commonly explain
deviation in the low-q portion of the spectra compared to the parallelepiped model (PM). Slopes
of -2.3 were actually reported in a recent study,®® in which authors nicely correlate the reduction
in the CNCs charge density with the deviation in the SAXS profile below about 0.3 nm™.
Interestingly, the same work also shows that deviation between experimental data and PM also
occur between 0.7 nm™! and 2 nm! (note: values are given in A™! in their work), that is the same
range in which a similar deviation exists between the data and PM for the G-C18:1/cellulose
sample (Sample 0.2 in Figure 3a). Considering the stronger similarity between the fitting results
performed in this work and the data reported by Cherhal et al.,%® one can reasonably state that the
SAXS profiles of the sub-phase show that G-C18:1 interacts with hydrolyzed cellulose so as to
contribute to stabilizing CNCs, which undergo partial interaction associating into CNCs mass
fractals. In light of the above, when considering the SAXS and zeta potential (Figure 2f) data
together, one can argue that G-C18:1 is able to stabilize individual CNCs but that the low charge
density drives their aggregation at longer time scales (> 24 h).

The SAXS profiles of the G-C18:1/cellulose samples, both in the supernatant and the sub-phase,
lack the signal of G-C18:1 (micellar or vesicular form), demonstrating that the glucolipid, even
above the CAC2, preferentially adsorbs at the water/CNC interface. The stabilization works well
when G-C18:1 is added in the powdery state to the HC suspension, rather than in a micellar (below

CAC2) or vesicular (above CAC2) suspension, the latter approach being the most obvious to
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operate. This piece of information combined to the SAXS data suggests that monomeric adsorption
of G-C18:1 at the HC interface competes with, and probably dominates over, its spontaneous self-
assembly process in water, whereas the interaction between surfactant monomers and cellulose
surface is known to be preferred over micelle-cellulose interactions.®” If G-C18:1 micelles cannot
be thoroughly excluded, they are either below the SAXS detection limit of about 0.3 mg/mL or
even possibly adsorbed at the HC interface. Finally, the SAXS data are corroborated by optical
microscopy and AFM, which show few large crystallites coexisting with needle-like structures in
the supernatant (Figure 3b) and massive amounts of aggregated needle-like structures, reasonably

attributed to CNC, in the sub-phase.
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Figure 3. (a) SAXS profiles recorded on the supernatant phase and sub-phase of Sample 0.2, HC (G-C18:1
free), sulfated CNC commercial control and G-C18:1 vesicle suspension. All profiles were scaled in the intensity
for better reading. The SAXS profiles for all samples are given in the Supporting Information (Figure S6); (b)

the optical microscope and AFM images of Sample 1.

Zeta potential and SAXS experiments have so far suggested that G-C18:1 adsorbs on the
hydrolyzed cellulose and contributing to disperse HC and stabilize CNCs in water. Qualitative and
quantitative proof for G-C18:1 adsorption onto cellulose is hereafter established by combining
spectroscopic (FTIR) and quartz crystal microbalance with dissipation monitoring (QCM-D)
experiments, which can also help understand the mechanism of G-C18:1 adsorption above and
below CAC2. It must be noted here that the QCM-D experimental setup requires the use of G-

C18:1 solutions, here prepared above CACI, while the colloidal stabilization experiments
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discussed above were optimized with a direct dispersion of G-C18:1 powder to the HC in water.
The direct correlation between surface (QCM-D) and bulk (SAXS) data will then be performed
with care. To run QCM-D, we prepared a smooth, ultrathin film of cellulose via regeneration of
trimethylsilyl cellulose (TMSC), as verified by XPS measurements (Figures S7 and S8). The
investigation of biosurfactant adsorption on the cellulose thin film involves monitoring the changes
in frequency (4f) and dissipation factor (4D), here performed at concentrations of 0.2 (below
CAC2) and 1 (above CAC2) mg/mL of G-C18:1, as shown in Figure S9.

During the injection of biosurfactant solutions, the change in dissipation remained negligible, with
values of -0.1-10 for Sample 0.2 and -0.2:10° for Sample 1 (Figure S9b), thus indicating that the
adsorbed layer is considered elastic (i.e., 4D < 1-10°°) and its dry mass can be estimated using the
Sauerbrey equation.®® Meanwhile, a significant difference in resonance frequency change (4f) was
recorded for the two analyzed concentrations of G-C18:1, with the signal settling at -2.55 Hz for
Sample 0.2 and -3.01 Hz for Sample 1 after washing out the excess of biosurfactant. These values
are considerably lower compared to the frequency changes observed in the adsorption of
macromolecules onto cellulose, where frequency shifts can reach signals as high as 30 Hz.%%¢°
Using the Sauerbrey equation, ’° Af can be converted into a mass change, 4m, (Figure 4a) of the
adsorbed biosurfactant.

In agreement with the literature,®’ the initial adsorption rate (IAR) of G-C18:1 on cellulose is
determined from the slope of Am(¢) at short time scales (t < 5 min) and it is found to be 9 and 35
ng/cm?min' for concentrations of 0.2 and 1 mg/mL of G-C18:1, respectively. Interestingly, the
monotonous increase of the IAR with concentration above the CMC strongly recalls the adsorption
of hydrophilic non-ionic ethylene oxide (E) surfactants (e.g., C12E7) onto cellulose rather than
that of more hydrophobic ones (e.g., C12ES5 or C14E7), of which the IAR is rather constant above
their CMC.% Indeed, the linear increase of the IAR only occurs below the CMC for all surfactants
tested.’” Moreover, the plateau at the maximum adsorption, T,,4y, (about 57 ng/cm?, that is 1.2
umol/m?) is reached immediately after the initial adsorption above CAC2 (1 mg/mL) but not yet
after 3 hours below CAC2 (0.2 mg/mL), settling at about 30 ng/cm? (0.7 umol/m?) but still slightly
increasing. After rinsing, the irreversible adsorption, 7;, was quantified as 15 ng/cm? (0.3 pmol/m?)
at 0.2 mg/mL and 18 ng/cm? (0.4 pmol/m?) at 1 mg/mL (Figure 4b), suggesting that the actual
irreversible adsorption of G-C18:1 on the cellulose surface involves the same surfactant’s amount,

irrespective of its initial aggregation state. The initial to post-rinsing surface concentration ratios,
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Ti/Tmax, Were 50%, with a desorption rate of -1.5 ng/cm*min’, for the 0.2 mg/mL sample to be
compared to 32%, and desorption rate of -14 ng/cm?min!, for the 1 mg/mL sample. This indicates
that higher concentrations of G-C18:1 do not improve its irreversibly adsorbed amount and that
increasing the initial G-C18:1 concentration simply causes multilayer adsorption.

Conversion of the typical ng/cm? into pmol/m? units allows a direct comparison with adsorption
isotherms measured for nonionic ethylene oxide surfactants onto cellulose, which had shown an
adsorption of about 3 umol/m? of the surfactant at about 0.5*CMC.”" For the corresponding Sample
0.2, we estimate the adsorption of G-C18:1 at 0.7 umol/m?, that is about four times less. At twice
the CMC (Sample 1), one finds 1.2 umol/m? of G-C18:1, to be compared to about 5-6 pmol/m? of
ethylene oxide (EO) surfactants, which is about five times less.”! If these data show that the amount
of adsorbed G-C18:1 is objectively less than what was found for EO surfactants, it must be stated
that adsorption values of EO surfactants were actually found to be quite high by the authors
themselves. Typical plateau values of surfactant adsorption on silica and hydrophobic surfaces
were reported to be between 1.5 and 2 times less’>”

dodecylbenzenesulfonate (NADBS) and Triton X-100 (TX100) onto Whatman-40 ashless filter

and plateau adsorption of sodium

paper (BET surface area of 16.5 m?/g) was rather in the order of 0.1 pmol/m? for both surfactants
(after conversion from published values of 0.5 mg/g for NADBS and 1 mg/g for TX100).”* Despite
the isotherm study of G-C18:1 onto cellulose was not a goal of this work, the absolute values of
adsorption at (pseudo-)equilibrium for Sample 0.2 and Sample 1 are after all in the same order of
magnitude as those found for other surfactant systems.””

FTIR analysis further demonstrated the irreversible adsorption of G-C18:1 on the cellulose surface.
Given that the quantity of biosurfactant used was significantly greater than the amount required
for successful irreversible adsorption onto the HC surface, as determined by QCM-D analysis, a
dialysis step was implemented to remove any excess biosurfactant from the solution immediately
following the mixing of HC and G-C18:1. Figure 4c displays FTIR measurements conducted on
dried Sample 1, both with and without dialysis step. HC and G-C18:1 control samples are included
for comparison. Given the similarity in chemical composition between cellulose and G-C18:1
(both contain a glycosidic unit), the key distinguishing factor lies in the presence of the C-H
stretching vibrations in the 18-carbon chain (2854 — 2926 cm™'), unsaturated site =C-H stretch
(3010 cm™), and the -COOH functional group (1701 cm™) in the biosurfactant.””””’ The peak of

C=C stretching vibrations generally appears in the range of 1620-1680 cm™ with medium to weak
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intensity, overlapping with the region of strong and sharp C=O stretching peak, making it
undetectable.”” After dialysis, the carbonyl signal at 1701 cm™ in the FTIR spectrum indicated
persistent G-C18:1 presence. FTIR could also be used to quantitatively characterize the presence
of G-C18:1 content.”® After normalization (see SI), the post-dialysis concentration was found to
be 0.38 mg of G-C18:1 adsorbed on the sample after dialysis, in agreement with the previously
found amount of biosurfactant needed when analyzing the QCM-D data.”®-80:8!

By subtracting the spectrum of HC from that of Sample 1 after dialysis, one can identify the typical
spectral signatures of G-C18:1 (Figure 4d and attribution given in Table S2). FTIR spectroscopy
revealed characteristic functional groups indicative of a glycolipid biosurfactant, consistent with
previous studies on similar compounds (e.g., from Azotobacter chroococcum,®* Pseudomonas
aeruginosa DSVP20 and SP4,%* Bacillus megaterium SPSW1001%). A broad peak at 3389 cm’
! corresponds to O—H stretching vibrations, consistent with the glucose headgroup of G-C18:1.
Peaks at 3010 cm™! and 2926 cm™! represent aliphatic C—H stretching (CH2—CHj3). The presence of
a carbonyl group (C=0) within a carboxylic acid (-COOH) moiety is supported by a peak at 1701
cm™! and further confirmed by peaks in the 1420-1323 cm™! region, attributable to ~OH bending.
Finally, the absorption peak at 1030 cm™ is attributed to O-C-C stretching, typically observed in
the sugar ring.

Spectral subtraction reveals a shift in the O-H stretching vibration from 3389 cm! in the G-C18:1
control to 3340 cm™!, indicating the formation of intermolecular hydrogen bonds involving the -
OH group of the sugar ring.”**" This interaction is further supported by a decrease in intensity of
the O-H bending peak at 1075 cm™'. Slight frequency shifts are observed for the shoulder (1030-
1020 cm™) of the band centered at 1050 cm™. These shifts of the O-C-C stretching and C-O-H
bending modes may originate from a modification of the level of hydration of C-O-H groups.
Notably, the C=0 stretching vibration peak at 1701 cm™ remains unchanged, despite the general
sensitivity of the C=0 band position to carboxylic group interactions. ' This finding suggests that
the primary interaction between G-C18:1 and HC occurs through sugar-sugar interactions, while

the biosurfactant tails remain relatively uninfluenced.
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on Sample 1 both before and after dialysis. HC and G-C18:1 control spectra were also provided. (d)
Comparison between the FTIR G-C18:1 control spectrum and the Sample 1 spectrum after dialysis (c¢) to which

the HC contribution was subtracted.

3. Discussion
Throughout this study, the possible dispersant potential of a single-glucose biosurfactant, G-C18:1,
for hydrolyzed cellulose particles has been explored. A significant enhancement in the stability
time (up to 2 days) was observed compared to native uncharged cellulose, which otherwise
sediments within one hour. For improved colloidal stability, an amount of G-C18:1 in the order

of, or lower, than 0.4 mg/mL was detected to be as the suitable amount, that is in the regime of the
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G-C18:1’s second CAC. Both SAXS and AFM show that the initial HC is converted into a
dispersion of aggregated CNCs where the colloidal stability is nevertheless not comparable to
sulfate-stabilized CNC, yet. We attribute this fact to several factors. The values of the zeta potential
are more negative (slightly less than -20 mV) in the presence of G-C18:1, but not as negative as
for sulfate-stabilized CNCs (rather -60 mV).>® The negative zeta potential values are attributed to
the carboxylate group of G-C18:1 (pKa= 5.7),* expected to be partially deprotonated at the current
pH~ 5. According to FTIR argument, the COOH group seems to be less involved in the surface
interaction with cellulose if compared to the glucose moiety of G-C18:1. On the other hand, if the
calculated G-C18:1-to-CNC mass ratio corresponding to a monolayer of G-C18:1 (using a surface
area of 500 m?/g) is expected to be in the order of 0.7, the colloidal stability study shows that a
mass ratio of 0.4 is not enough while 1 is too much. On this basis, it can be argued that not all the
available surface of the initially hydrolyzed cellulose is most likely accessible to G-C18:1.

The actual mechanism of adsorption could also be a matter of debate. It is well-known that
surfactant adsorption onto cellulose occurs through the monomeric state of the surfactant, where
both the headgroup-cellulose and tail-cellulose interactions are important, although the latter is
supposed to play a key role upon the adsorption of G-C18:1. If the tail-cellulose interaction is
favored below the CMC, it can also occur above the CMC for hydrophilic surfactants with a high
micelle-monomer dissociation rate.®’” In other words, surfactants with high CMC values can
efficiently adsorb in the monomer state also above their CMC, while surfactants with low CMC
values essentially adsorb predominantly below their CMC. This mechanism was supposed to hold
if the affinity between the headgroups and cellulose is low, which was supposed to be true in the
case of EO surfactants.®’ In the present case, the CMC of G-C18:1 was reported to be between
0.07 mg/mL and 0.12 mg/mL at physiological pH and 0.035 mg/mL at pH 3,** 6 the latter verified
in this work (CAC1) at pH between 4.5 and 5 by DLS. For G-C18:1, a CACI of 0.03 mg/mL is
equivalent to 6.5 x 10 mol/m?, which is in the order of the CMC of C12E5,% suggesting a
behavior at the borderline between a slightly hydrophobic (C12ES) and a more hydrophilic (e.g.,
C12E7, with CMC or 8.0 x 10 mol/m?) surfactant.

Several scenarios could then be proposed in the present work, where G-C18:1 is always above its
CAC1. 1) The interactions between the headgroup (glucose) of G-C18:1 and cellulose are
negligible and G-C18:1 behaves like a hydrophobic surfactant, like C12ES5, characterized by a

slow micelle dissociation rate. 2) The interactions between the headgroup of G-C18:1 and cellulose
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are negligible and G-C18:1 behaves like a hydrophilic surfactant, similar to C12E7, characterized
by a fast micelle dissociation rate. 3) The interactions between the headgroup of G-C18:1 and
cellulose are not negligible and G-C18:1 adsorption occurs in its micellar state, possibly through
the intermediate of the monomer.

Scenario 1) can easily be excluded because the IAR measured by QCM-D increases with
increasing the concentration above CAC1 (Figure 4b). G-C18:1 then rather behaves like C12E7,
suggesting scenario 2) more plausible. However, scenario 2), in which the adsorption is driven by

67,86 and

the monomeric form of G-C18:1 following a Langmuir monolayer adsorption model,
where existing micelles act as a reservoir of matter, could also be questioned. First of all, the CACI
of G-C18:1 is lower than the CMC of C12E7 and rather comparable with that of C12ES5, suggesting
that the dissociation rate is most likely slow. Secondly, there is no evidence of a SAXS signal of
free micelles (or vesicles), even well above twice the CAC2 (Sample 1), while such a signal should
actually be expected according to quantitative arguments. Considering a value of surface area per
G-C18:1 in the order of 50 A*molecule,’' > one can easily estimate the total surface area to be
contained between 2.6 and 6.5 A%/10?* for 0.4 g and 1.0 g of G-C18:1 (per mL of solution). If HC
at 1 g/mL would be quantitatively transformed into CNCs, one expects between 4.0 and 5.0 A%/10%
available, on the basis of 400-500 m?/g.*>*° Considering that a complete stabilization is never
reached in the present case, even in excess of G-C18:1, it goes without saying that the entire
theoretical surface area of HC is not accessible. Considering that the best stability is achieved
between 0.2 and 0.4 g (per mL) of G-C18:1, the excess of G-C18:1 in solution is then above 0.6
g/mL. On the basis of SAXS arguments recorded on the G-C18:1 control solutions (Figure Séc),
one then expects a background scattering attributed to G-C18:1 self-assembly either in the top or
bottom phase. This is never the case.

Finally, scenario 3) supposes a non-negligible affinity between the glucose headgroup of G-C18:1,
in its monomeric or micellar form, and cellulose, whereas carbohydrate-carbohydrate interactions
are well-known in the literature,®” in particular to explain cell-cell recognition, and also reported
for biosurfactants.®® In the present system, this scenario could be supported by the glucose-
cellulose interactions suggested by FTIR data. In this case, the Langmuir monolayer hypothesis
behind the adsorption of monomeric surfactants onto a surface may not hold anymore.®”-3

Considering again the fact that G-C18:1 is always introduced above its CAC1, one could suppose

the direct interaction between micelles and the cellulose surface. Indeed, as discussed above,
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neither micelles nor vesicles are observed in top or bottom phases, even in the excess of G-C18:1,
at twice the CAC2. Quantitatively speaking, surface stabilization by micelles, although not directly
proven, is not unreasonable. To simplify the problem, we suppose that G-C18:1 micelles are
spheres of a total radius of about 15 A*? and aggregation number contained between 20 and 30, in
analogy with sophorolipids.”® Supposing a hexagonal arrangement of the micelles on the surface
(packing density of 0.9), one can estimate the occupied surface area by the micelles to be between
5.5-8.3 A%/10?* at 1 mg/mL and 2.2-3.2 A%/10%2 at 0.4 mg/mL. As discussed above, if the entire
HC would be transformed into CNC, the total available area would be in the order of 4-5 A%/10%2.
Despite the crude hypotheses, these values, which should of course be taken as orders of
magnitude, show that the total amount of expected G-C18:1 micelles is enough, and actually in
excess, to cover the theoretically available surface of CNC. Interestingly, back-calculation of the
excess G-C18:1 in solution shows that, if the entire CNC surface would be available, the residual
content of G-C18:1 is either not expected or expected below the detection limit of SAXS. For
lower accessible CNC surface area, one still does not expect excess G-C18:1 in solution at its
CAC2, while one could expect enough to be detected by SAXS for the | mg/mL G-C18:1 sample
below a threshold CNC surface area.

The considerations above suggest that micelles-HC interactions driven by carbohydrate-
carbohydrate interactions are able to disperse HC into aggregated CNCs. However, the actual
mechanism could be more complex, deserving more work. Indeed, the stabilization of HC was
optimal when G-C18:1 was introduced in a powdery form rather than as a micellar solution.
Although hard to compare, QCM-D data, in which G-C18:1 was introduced as a solution above
(vesicle phase) and below (micelle phase) CAC2, show that the surface coverage of the cellulose
film (assuming a homogeneous coating of the substrate) is only 10%. This is calculated from the
value of 15 ng/cm? (value after rinsing) and using the same structural hypotheses discussed above
(spherical micelle of 15 A radius disposed in a hexagonal packing and of aggregation number of
30). A monomer-mediated micellar adsorption process could then be plausible.’!

While CNCs hold considerable promise for replacing manufactured plastics, producing CNCs on
a large scale via concentrated acid hydrolysis poses significant challenges. In this context, we are
exploring the potential of using a biosurfactant not only for the liquid acid hydrolysis of CNCs but
also for cellulose treated with gaseous HCI, which could offer a greener pathway for large-scale

CNCs production. Figure S10 shows the HCI gas cellulose and preliminary stability results using
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G-C18:1 as dispersant. Despite the stability results being less impressive than with liquid
hydrolyzed cellulose, in the order of 8-10 h, the optimal concentrations of G-C18:1 for improved
colloidal stability are always close to CAC2. Further work on the use of gaseous HCl-treated

cellulose is undergoing.

4. Conclusion

This work highlights the use of a glycolipid biosurfactant as surface stabilizer for as-prepared
uncharged hydrolyzed cellulose microfibrils, which are free of the classical carboxylate of sulfate
surface functional groups. The stabilizing effect of the glucolipid G-C18:1 is observed by mixing
the sample powder directly to the water dispersion of HC1 hydrolyzed cellulose microcrystals. The
most promising effects, consisting in a colloidal stability above 24 h compared to 2 h without the
glucolipid, are obtained in the vicinity of the second critical aggregation concentration (CAC2, 0.4
mg/mL) of G-C18:1 for 1 mg/mL of cellulose.

Synchrotron SAXS experiments indicate that in the length scale below 50 nm, G-C18:1 stabilizes
individual CNCs, characterized by the typical parallelepiped morphology. Above this size domain,
G-C18:1 stabilized CNCs tend to aggregate. FTIR experiments show that the interaction between
G-C18:1 and the cellulose surface occurs through sugar-sugar, rather than sugar-COOH,
interactions, in agreement with zeta potential experiments, which show a more negative surface
charge of the G-C18:1 stabilized CNC as compared to hydrolyzed cellulose microcrystals. The
interaction between G-C18:1 and cellulose is eventually demonstrated by QCM-D experiments
performed below and above CAC2.

Overall, this work suggests that, compared to standard head-tail surfactants, biosurfactants are of
interest alternatives. This could be explained by the concomitant presence of a glycosylated
headgroup, which promotes sugar-sugar interactions with the cellulose surface, and an accessible

carboxylic acid group, which provides a negative charge, in bolaform shape.
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