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ABSTRACT: Nanocellulose is increasingly being investigated as a paradigm of a sustainable nano-
material, because of its extraordinary physical and chemical properties, together with its renewable nature
and worldwide abundance. The rich structural diversity in cellulose materials is represented by different
crystalline allomorphs, from which types I and II stand out. While type I is naturally and ubiquitously
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present, type-II is manmade and requires harsh and caustic synthesis conditions such as the so-called
mercerization process. Here we provide an optimal scenario to obtain either type-I or II nanocrystalline
cellulose (NCC) by a mercerization-free method consisting only on the acid hydrolysis commonly used
to produce nanocellulose from microcellulose. The possibility of having non-mercerized type-11 NCC
acquires a great relevance, since this nanostructure shows particularly appealing properties. Moreover, an
entangled and wrapped system arises when used as a dispersing agent for single-walled carbon nanotubes
(SWCNTs), significantly different from that of type-1. The biological testing of each NCC type and their
respective SWCNT-NCC dispersions in human intestinal (Caco-2) cells reveals a general innocuous be-
havior, in both cancer and normal stages of differentiation, however the type-1I based SWCNT-NCC dis-

persions display cytotoxicity for cancer cells, while enhancing mitochondrial metabolism of normal cells.

INTRODUCTION

Nanotechnology is heading towards more and more sustainable and ‘green’ principles, based on renew-
able sources, and preferably compatible with aqueous media. Over this horizon, novel nanostructures and
nanocomposites, fulfilling these standards have emerged, with an emphasis on natural origins (polypep-
tides, polysaccharides...), biocompatibility and degradability.! Cellulose is the most abundant biopolymer
on Earth, and its availability, renewability and hydrophilic character (stemming from its rich hydroxyl-
based surface composition) have sparked its study at the nanoscale in the form of nanofibrils or nanocrys-
tals.? As for the latter ones, these are produced via top-down approaches based on the acid hydrolysis of
lignocellulosic biomass, in order to selectively hydrolyze the amorphous phase and isolate the nanometric
crystalline domains within its structure. The resulting nanocrystalline cellulose (NCC) has needle-like or
rod-like morphology with dimensions of 3-10 nm diameter, an aspect ratio higher than 5, and outstanding
properties:® For example, high tensile strength (~7500 MPa), mechanical moduli up to 130-140 GPa, high
surface area (~250 m?/g), generally accepted biocompatibility, and a huge versatility in surface function-

alization.*® These will warrant a promising future in the development of multifunctional materials, sensors
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and structures, with the same success as previous nanostructures, but with better prospects of sustainabil-

ity and cost-effectiveness.®

From a structural point of view, cellulose chains have a directionality at a macromolecular level,” defin-
ing the type of crystal structure upon the relative disposition of such chains. There are up to four described
crystalline types of cellulose (from I to IV), being I and II the most reported and studied. The most com-
mon crystalline polymorph (a.k.a. allomorph) is the so-called type-I, which is dominant in natural cellu-
lose sources, exhibiting a parallel arrangement of chains.® Besides, type-I may exist in two different forms,
namely I, and Ig, which only differ in their kind of unit cell. Type-I, is a meta-stable phase with a triclinic
unit cell provided of one cellulose chain, while type-Ig has a monoclinic unit cell with two chains. Type-
II cellulose allomorph, in turn, displays polymeric chains in antiparallel fashion. Despite type-II being the
most thermodynamically favored cellulose allomorph, its presence in natural sources is negligible and the
way of obtaining it is by chemical transformation from type-I in an irreversible manner.®® On the one
hand, the dissolution and recrystallization of type-I cellulose yields the type-II (a material known as re-

generated cellulose), and this needs specific chemicals such as ionic liquids'®!

and/or organic sol-
vents.!>!3 On the other hand, and perhaps the most extended method to turn type-I cellulose into type-II,
is the soaking in concentrated NaOH solutions (typically around 15-20 wt%), a process named merceri-
zation, and known since the mid-19"™ Century.>7*? It is widely accepted that the solid-state reaction taking
place between NaOH and type-I cellulose starts by a swelling of cellulose crystals, breaking the existing

hydrogen bonds,’ followed by a chain intermingling that causes a reconfiguration of these bonds towards

the antiparallel fashion.”®

The mercerization strategy could raise environmental concerns, as for the harsh and caustic substances
employed, whose remnants might also pose unforeseen hazards if the fate of such type-II NCC is envi-
sioned in biological or biomedical applications. Nevertheless, there is a landmark work showing the pos-
sibility of obtaining type-II NCC without mercerization.'* This report, from 2012 by Sébe et al., clearly

demonstrated the feasibility of obtaining type-II NCC by only sulfuric acid treatment, without the need
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of any alkaline treatment to the feedstock.!* This striking discovery meant that mercerization can be cit-
cumvented, and thus type-II NCC can be obtained in the course of acid hydrolysis, saving time, costs, and
entailing a somewhat more environmentally friendly scheme. However, surprisingly and to the best of our
knowledge, this method has gone largely unnoticed thereafter, in favor of mercerization, until just very

recently a few authors have started to apply it again.'>!®

Despite being widely reported in the literature for the last decade, type-II cellulose nanocrystals have
been highly disregarded in terms of potential applications, as the majority of scientific studies only focus
in their preparation and characterization®**!7'® NCC types I and II do not only differ in their crystalline
structure and morphology, but also in their properties and behavior. From the very scarce studies that paid
attention to this fact, it is known that in Pickering emulsions, the emulsion ratio is higher and droplet sizes
are smaller when made upon type-I NCC in comparison to type-II.'° This would open a venue to tune oil-
in-water emulsions by only choosing a specific NCC type. Another difference is that type-II NCC seems
to be more enzymatically degradable than type-1,2°21*2 5o the former one would be a much more conven-
ient candidate to conform fully biodegradable materials or structures. Hence, there is still great room to

unravel and exploit NCC through the study of its type-II and application in many fields.

One possible venue would be the combination of NCC with other carbon nanostructures. While hybrid
nanomaterials between two different carbon nanostructures are widely reported in literature,>»** those
composed of NCC and carbon nanostructures are certainly rare. Practically all these limited examples
consist of a simple mixing of components, mostly without accomplishing the synergistic characteristics
of a hybrid. Moreover, a recurrent strategy is to induce an aqueous affinity to the system by providing
either oxidized carbon nanostructures (e.g. graphene oxide),? or oxidized/carboxylated NCC,?® so the

hybrid materials born thereof exhibit aqueous processability,>”-*3

usually at the expense of mechanical
and electrical properties. There is only one precedent that unambiguously addresses the achievement of a

hybrid nanomaterial composed of unmodified carbon nanotubes (CNTs) and unmodified NCC, reported

by Chauvet and co-workers.?’ It was demonstrated that non-oxidized CNTs (either single-walled or multi-
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walled) can be efficiently dispersed in an unmodified NCC aqueous colloid, resulting in a very stable
hybrid material in water. However, no reports have been found on the use of type-II NCC for this purpose,
or the potential of NCC for dispersing other kinds of non-oxidized CNTs. It is well known that a traditional
bottleneck for the development of carbon nanotubes or graphene materials is their proper processability
in water, requiring harsh chemical treatments or the use of large amounts of toxic surfactants or organic
solvents,** so the use of NCC could provide a friendlier approach for the aqueous processing of non-

oxidized hydrophobic carbon nanostructures.

In the present work, we have performed a systematic parametric study to selectively synthesize type-I
or type-1I NCC by only making use of chemical hydrolysis with sulfuric acid. The preparation procedure
has been optimized to provide the basis to achieve a tailored outcome, ranging from nearly pure NCC
crystalline types (I or II) to customized mixtures of both. Furthermore, the implications of interfacing one
type of NCC or another with carbon nanotubes provides surprising results in the NCC behavior as dis-

persing agents and in the biocompatibility and bioactivity of the resulting dispersions.

EXPERIMENTAL SECTION

Materials and reagents. The cellulose source employed in this work was a microcrystalline cellulose
(MCC) in powder from cotton linters with 20 pm average particle size (Sigma Aldrich, ref. 310697).
Sulfuric acid (98%) was acquired from Labkem (Barcelona, Spain). Any use of water reported here cor-
responds to ultrapure water, obtained from a Siemens Ultraclear device, whose water has a conductivity
of 0.055 pS/cm. Single-walled carbon nanotubes (SWCNTs), produced by the electric arc discharge
method, were purchased form Carbon Solutions Inc. (California, USA) in pristine form (AP grade). These
SWCNTs were purified in-house by a combination of oven treatment (350°C, 2h) and HCI reflux (3M,

2h), as reported elsewhere.’!
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Synthesis of NCC: All experiments were carried out starting from 10g of MCC. This was placed in a
500 mL round-bottom flask; 45 mL of ultrapure water were poured onto it and the blend was bath-soni-
cated (45 kHz) during 10 min for homogenization. The flask was placed in an ice/water bath at 0°C and
magnetically stirred until the temperature of the medium was stabilized. Then, another 45 mL of H>SO4
(98%) was slowly added, dropwise, always with constant magnetic stirring. The dripping rate is recom-
mended at 1 droplet for every ~5s. Special care must be taken to sustain the stirring, since the reaction
medium progressively becomes more and more viscous, and a defective homogenization will result in a
deviation from the expected outcome, or even the burning of the sample. Once the acid dripping finishes,
the final sulfuric concentration in the reaction medium reaches 64 wt%. In those experiments where 50
wt% H2SO4 1s intended, another 33 mL of water were dropwise added right after the sulfuric acid dripping
finishes, again at 0°C and with constant magnetic stirring. It is important to note that using a 50wt% H2SO4
solution from the beginning of the process does not provide the same results, as the contact with concen-
trated acid is necessary to favor cellulose swelling (see below). Immediately after the last droplet is added,
the flask is brought to a heating plate and treated at a specific temperature for a given time (see Scheme
1), always with constant stirring. Then, the medium is poured on a 10-fold excess of cold water and left
to settle down overnight in a fridge at 4°C. The sedimented solid was partly separated from the liquid by
slow decanting, and this process was repeated once more. The remaining suspension was inserted into a
dialysis sack (SpectraPor®1, Spectrum Labs, regenerated cellulose, 6-8 kDa molecular weight cutoff) and
dialyzed against water inside a 5L beaker, with frequent water replacements, until no acid is detected in
the dialysis waters. The dialyzed suspension was separated in 45 mL sized aliquots, centrifuged at 16000
rcf for 1 min, and the supernatant liquid decanted off. The pellets were redispersed in 45 mL of water
each, and centrifuged again in equal conditions. The centrifugation was stopped once the supernatant
liquids showed no appreciable amount of NCC in suspension. The whole amount of accumulated NCC
water colloid was stored in a fresh place and kept away of sunlight. Unless otherwise stated, NCC was

employed in the form of such aqueous colloid; only in specific characterization techniques, a lyophilized
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fine powder (Telstar Cryodos freeze drier, -49°C, 0.3 mbar) was employed. Besides, by means of the
freeze drying technique, the mass concentration of the as-prepared NCC colloids (in mg/mL) could be
obtained, as well as the mass yield of the whole hydrolysis process, taking into account the starting 10mg
of MCC. In average, NCC aqueous colloids were obtained in the range of 2-3 mg/mL, and the full con-

version yield from MCC to NCC in the range of 10-20 wt%.

SWCNTs dispersions in NCC: In a typical experiment, 10mg of SWCNTs were put in touch with
10mL of an as-produced NCC aqueous colloid (3 mg/mL), either type-I or II. The system was sonicated
with a sonic tip (Hielscher DRH-P400S; 400 W maximum power; 24 kHz maximum frequency at 60%
amplitude and 50% cycle time) for 1h while externally cooled with an ice/water bath. The resulting dis-
persion was left to settle down overnight, the supernatant liquid was carefully decanted and subjected to
ultracentrifugation (Beckman Coulter L-100 XP ultracentrifuge, SW55Ti rotor, Beckman tubes ref.
326819) at 120000 rcf for 1h. After this process, the supernatant liquid was again carefully extracted, and
the remaining pellet was discarded. All subsequent characterizations and biological tests to SWCNTs dis-
persions were performed on these latter supernatants, which were determined to have a concentration of

SWCNTs of about 0.1 mg/mL.

Characterization techniques: X-Ray diffraction (XRD) patterns were collected with a Bruker D8 Ad-
vance diffractometer using a Cu tube as the X-ray source (A Cu Ka = 1.54 A), a tube voltage of 40 kV,
and a current of 40 mA. The results were recorded in Bragg—Brentano geometry in the range of 26 =
[5°—40°], with steps of 0.05° and 3s accumulation time. Samples were measured in powder state and

analyzed with the fitting software Topas 5.0.

Thermogravimetric analysis (TGA) was carried out in a Netzsch TG 209F1 device, in nitrogen atmos-
phere (60 mL/min) and a heating rate of 10°C/min, to sample aliquots (solid fine powder) of about 10mg,

exactly weighed. Each represented plot is the average of several recordings.

FTIR spectra were acquired using a Bruker Vertex 70 spectrophotometer. Lyophilized NCC samples

were milled in agate mortar with spectroscopic-grade KBr, and the resulting pellet was recorded in the
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400-4000 cm™! range in transmittance mode. SWCNT dispersions were measured in the NIR region in a
liquids cell, with a previous dilution in ultrapure water in order to reach an absorbance value of ~0.4 at
850nm.*? The same diluted sample was also measured in the UV-Vis region by means of a Shimadzu UV-
2401PC spectrophotometer. Both NIR and UV-Vis spectra are herein represented in a single plot for the
sake of clarity. Since SWCNT concentration is directly proportional to the sample absorbance (optical
thickness), ultra-centrifugation yields (in mass%) were calculated as the ratio of the respective absorb-
ances (before and after ultracentrifugation) at 850 nm. 3> NIR purity indexes were calculated through the
S22 van Hove transition, as the ratio between the peak area and the full spectral area in this particular
region.>?

Particle size and Zeta potential were measured directly to aqueous colloids in a Malvern Nano ZS in-
strument, according to the principles of dynamic light scattering (DLS) and electrophoresis, respectively.
The device measures the particle size distribution through the DLS approach by irradiating with a He—Ne
laser at 633 nm, and applying the Stokes-Einstein equation while assuming a single and constant diffusion
rate (i.e. spherical particles). The Zeta value was internally calculated from the electrophoretic mobility
using Henry’s equation. In the case of SWCNTs dispersions, supernatants were measured after diluting
them as described earlier for absorption spectroscopies. For the DLS measurements, a refractive index of
1.47 was taken for cellulose species, while 2.42 (carbon) was taken for SWCNTs. Measurements were
carried out in disposable polystyrene dip cells (code DTS1061). All Zeta potential measurements were
performed at least by triplicate, and are referred to an average pH of 4.6 (NCC aqueous colloids) or 5.2

(SWCNTs aqueous dispersions) and a room temperature of 25°C.

Transmission electron microscopy (TEM) images were obtained with a JEOL-200FXII microscope.
Samples were prepared by drop casting liquid samples onto carbon-coated, 400-mesh copper grids (Elec-

tron Microscopy Sciences, Ref. CF-400CU).

Cell culture: This study was carried out in the human enterocyte-like cell line Caco-2/TC7,*® kindly

provided by Dr. Edith Brot-Laroche (INSERM, UMR S 872, Centre de Recherches de Cordeliers, Paris,
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France). This cell line undergoes in culture a process of spontaneous differentiation that leads to the for-
mation of a monolayer of cells, expressing morphological and functional characteristics of the mature
enterocytes. This differentiation process is growth-dependent, where the cells undergo differentiation
from 'undifferentiated proliferative crypt-type cells' in exponential phase of growth, to 'differentiated en-
terocyte-type cells' in stationary phase.>* Caco-2/TC7 cells (passages 30-50) were cultured at 37°C in an
atmosphere of 5% CO; and maintained in high glucose DMEM supplemented with 2 mM glutamine, 100
U/mL penicillin, 100 pg/mL streptomycin, 1% non-essential amino acids, and 20% heat-inactivated fetal
bovine serum (FBS) (Life Technologies). To cell line maintenance, cells were passaged enzymatically
with 0.25% trypsin-1 mM EDTA and sub-cultured on 25 cm? plastic flasks at a density of 10* cells/cm?.
Culture medium was replaced every 2 days. With this density of culture, the cells reach cell confluence
90 % (where cell differentiation starts) at 7 days after seeding, and the complete cell differentiation is
reached at 15 days post-seeding. Thus, experiments in undifferentiated and differentiated cells (considered
as cancer and normal cells, respectively) were performed between 2-5 days and 12-15 days post-seeding,
respectively. Cells were seeded in 96-well plates at a density of 2 x 10% or 4 x 10° cells per well, and
measurements were carried out 5 or 15 days after seeding, respectively. The culture medium was replaced
with fresh medium (without FBS) containing the samples at the required concentrations varying from 0

to 5 ng pl™!, and with an exposure time of 72 h.

Cell viability assay: Cell survival was measured by using the MTT test. The assay is dependent on the
cellular reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma) by the
mitochondrial dehydrogenase of viable cells to a blue formazan product that can be measured spectropho-
tometrically. Following the appropriate incubation of cells, with or without the samples, MTT (5 mg mL"
1) was added to each well in an amount equal to 10 % of the culture volume. Cells were incubated with
MTT at 37 °C for 3 h. After that, the medium and MTT were removed and 100 pl of DMSO was added
to each well. The plate was gentle stirred in a shaker. Finally, the cell viability was determined by meas-

uring the absorbance with a multi-well spectrophotometer (DTX 800 Multimode Detector, Beckman
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Coulter) at a wavelength of 560 nm and compared with the values of control cells incubated in the absence

of the samples. Experiments were conducted in triplicate wells and repeated at least three times.

RESULTS AND DISCUSSION

General overview. Types I and II cellulose nanocrystals have been produced by a mercerization-free
process, in essence, treating a cellulose source with acid hydrolysis. H>SOg is a feasible swelling agent of
cellulose but it is also highly reactive,*>*¢ being imperative that such swelling is favored against hydrol-
ysis (depolymerization) to obtain type-II NCC, and vice versa for type-I. There is a certain range of tem-
perature and concentration conditions in which HoSO4 behaves more as a hydrolytic or swelling agent,
respectively.>>® Thus, we have taken this into account when exploring the circumstances in which it is
possible to control swelling against hydrolysis. Scheme 1 displays a general overview of the experimental
variables studied. Sébe and co-workers,'* postulated that obtaining type-I or Il NCC was sensitive to the
H>SO4 amount and addition time. Here we demonstrate that such control over the crystalline allomorph
can be exerted via the acid concentration, treatment time and temperature. One important first considera-
tion is the acid addition rate over the initial MCC suspension. A rapid addition of the acid will boost the
hydrolysis pathway, by creating locally high acid-to-cellulose ratios (kinetic control), resulting in the
maintenance of the preceding type-I allomorph. In turn, an excessively lengthy addition will result also in
hydrolysis again by kinetic reasons. Only an intermediate contact time between cellulose and H2SO4
seems to be the optimum to end up in type-II allomorph, by maximizing the swelling effect (responsible
for the hydrogen bond breakage and chain intermingling®) while keeping hydrolysis to a minimum extent

during the addition step. Similarly, Sébe et al.'*

reported the most prominent type-II XRD features at
intermediate acid addition rates. Here we hypothesize that this control over the NCC crystalline type is

actually dependent on the acid exposure conditions (contact time and temperature) at a given H>SO4 con-

centration. In order to suppress parasitic external influences, we have kept a steady acid addition rate (1
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droplet at every ~5s) and a constant and vigorous magnetic stirring along the whole synthetic procedure.
We have explored two different H2SO4 concentrations, namely 64wt% and 50wt%. The former one is a
widely reported benchmark, while the latter is the lowest found published in this context.”!® The great
majority (if not all) of NCC syntheses are carried out between these two HoSO4 concentration values, so
all of our experiments have focused these two limiting values. An important detail is that all treatments
with 50 wt% H>SO4 have been carried out by further dilution of the 64 wt% case, i.e. dripping a volume
of water right after the acid dripping had finished. In this way, we intended to boost the swelling effect of

concentrated H>SO4.

In general terms (Scheme 1), we find out that 64 wt% H>SO4is able to produce exclusively type-I1 NCC
at high treatment temperatures (70°C) but in short reaction times (10 min). Longer times will result in fail,
as the sample will burn, but this won’t happen if 50 wt% H2SOs is used. In this case, treatments up to 40
min will provide an essentially type-I NCC, but with an appreciable amount of type-II (named as type-I
+ II). In order to increase the ratio of type-II in the NCC sample, a combination of 64 wt% H>SOa, lower
treatment temperatures and longer times is necessary (named as type-II + I), until reaching an exclusively
type-II NCC at room temperature (27°C) and a relatively long treatment time (5h). In-between conditions
would lead to intermediate outcomes. In this whole scenario, the inferred insights point to the fact that
there is a delicate equilibrium between hydrolysis and swelling. Concentrated HoSO4 (64 wt%) seems
necessary for type-II NCC to be reached, as this concentration provokes the swelling of cellulose crystal-
line domains (if enough time is given) thus leading to the thermodynamically favored antiparallel chain
rearrangement. But for this to happen, the hydrolysis rate needs to be slowed down as much as possible,
mainly by using low treatment temperatures. By using more aggressive conditions (i.e. higher treatment
temperatures), hydrolysis is boosted and swelling cannot take place in time, so the eventual NCC retains
the original type-I crystallinity. These guidelines are intended to serve as a roadmap to predict the allo-
morph type or ratio by choosing the proper experimental combination, with the added advantage of avoid-

ing alkaline treatments or re-crystallization procedures.
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Scheme 1.- Representation of the different experimental conditions to obtain NCC type-I (green),
type-II (orange) or their mixtures. Arrows represent the cellulose chain orientation within nano-
crystals. The upper graphs correspond to representative X-Ray diffractograms in the range of 20 =
5°-40°. The bottom lines indicate the process variables. Temperature (T) and time (t) follow inverse
trends, while sulfuric acid concentration ([H2S04]) affects differently being S0wt% or 64wt%. Ver-

tical dotted lines provide visual aid.

Evaluation of crystalline structures. In order to verify the successful achievement of different NCC
allomorphs and mixtures, we rely on the XRD technique.’”*® We analyzed many different diffractograms
for each situation described in Scheme 1, and a representative profile in each case is shown in Figure 1,
together with the MCC for comparison. We have also analyzed in depth their diffractograms by signal
deconvolution (Figure 1, Table 1). The starting MCC has a clear type-I profile, provided of three main
peaks at 20 = 22.5° (200), 16.6° (110) and 14.9° (1-10), which is perfectly consistent with other works for
this particular biomass source.’**° Besides, there is a shoulder at 20 = 20.9° (102) which also appears in

type-I celluloses,*” although it is not observed by all authors. In those experimental conditions leading to
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NCC with a main type-I character, these features are kept as such, except for the (102) shoulder, which
seems to disappear in the most efficient hydrolysis conditions®® (Table 1), suggesting that this crystalline
plane is more reactive and sensitive to hydrolysis than the other ones for type-I profiles. In the type-1 + II
mixture, the (102) shoulder is present, but at a slightly lower diffraction angle, which might be related to
the existence of a type-II component nearby (see below). Besides, the (200) component is slightly up-
shifted for type-I NCC as compared to that of MCC. In predominantly type-II NCC samples, new XRD
features arise as a consequence of their different crystalline structure. On the one hand, a characteristic
peak appears at nearly 20 = 12.4°, corresponding to their own (1-10) diffraction plane.®!*!¢!" Furthermore,
the contributions named as peak 4 and peak 5 (Table 1) experience a downshift with respect to type-I
samples, which entails a different diffraction planes assignment: (110) and (020) respectively, which are
also typical from type-II NCC.5!6#! In the type-II + I sample, the type-I diffraction peaks from (110) and
(1-10) crystalline planes are still visible, but these are almost depleted in the pure type-II sample, pointing
to the mixed nature of the former. In general, the progression from type-I to type-Il NCC with varying
experimental conditions is clearly visible from XRD profiles, leading to different diffraction patterns ac-

cording to the sample nature (Scheme 1 and Figure 1).

An additional analysis was carried out by quantifying the peak areas under the aforementioned compo-
nents (Figure S1, Supporting Information). Thus, we estimate that upon acid hydrolysis of MCC we are
able to reach NCC in the range from ~90% type-I (and the rest assumed as amorphous cellulose) to ~90%
type-II (and the rest assumed as type-I cellulose), plus intermediate situations depending on the experi-

mental variables.

Colloidal stability, size and morphology of NCC. It is known that the sulfuric acid hydrolysis entails
a concomitant insertion of a certain (random) number of sulfate ester groups, grafted to some native —
OHs.* This fact completely changes the chemical nature of the as-prepared NCC, by providing a nega-
tively charged surface and entailing a noticeable water dispersibility. Our freshly prepared aqueous NCC

colloids were evaluated by DLS and electrophoresis in order to acquire insights into their size and stability.
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Figure 2 shows a data summary of such results, classified by the NCC allomorph kinds. The herein re-
ported size, is ascribed to an “apparent (or equivalent) particle size”, in terms of hydrodynamic diameter,
but not actually representing the NCC dimensions, as nanocrystals have a high aspect ratio with complex
and varying diffusion constants which strongly deviate from an ideal spherical shape. Nevertheless, DLS
can be consistently used as a reference method to compare the state and quality of a dispersion in cases
such as this, where a series of samples is analyzed with identical sample preparation and measurement
protocols.*? The diameters found for our NCC samples (Figure 2, bars), show that type-1I NCC is more
than double the apparent size of type-I, and the mixed allomorphs samples correlate with intermediate
values. This could be attributed to a much stronger hydrophilic character of type-II NCC, compared to
type-1. In fact, this has been recently pointed out by some authors,'® who found a significantly lower
contact angle (H20) and higher surface energies for type-II NCC than for type-1. This would cause type-
IINCC to interact in a higher extent with the surrounding water molecules, increasing their hydrodynamic
size. In turn, Zeta potential value is directly proportional to such stability. In our samples, all values are
negative in sign, and are above 20 mV in absolute value, which is the generally accepted threshold of
stability. There were no significant differences among all the samples, which exhibited Zeta potentials in

the range of -30 to -40 mV, in perfect agreement with common literature values.*?
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Figure 1.- XRD patters for different cellulose samples. (a) MCC; (b) Type-I NCC; (¢) Type-1 + II NCC;
48 (d) Type-II + I NCC; (e) Type-II NCC. Miller indexes of the main crystalline planes are displayed either

50 in green or orange, in order to account for their correspondence with Type-I or I allomorph respectively.

60 ACS Paragon Plus Environment



coNOTULT A WN =

Biomacromolecules

Page 16 of 37

Table 1. XRD peak positions (20, in degrees) for the different deconvoluted signals from Figure 1.

Peaks are arbitrarily numbered following an increasing order of diffraction angle, and assigned to

their corresponding crystalline planes in type-I or II allomorphs.

Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
(1-10)-11 (1-10)-1 (110)-1 (102)-1 (200)-1
(110)-1I (020)-11

MCC 14.9 16.6 20.9 22.5
NCC Type-I 15.0+0.1 16.8 0.1 22.8+0.1
NCC, Type-1+11 15.0+0.1 16.8+0.1 [20.6+0.7 |22.8+0.1
NCC, Type-I1 +1 125£03 | 145+£0.2 159+0.5 [204+0.1 |22.5+0.1
NCC, Type-II 124+0.1 | 14.8+0.2 16.8£0.2 [20.2+0.1 |22.3+0.2

The dimensions, shape and morphology of the different NCC allomorphs were corroborated by TEM.

Figure 3 shows some microscopic images taken for type-I and IT NCC respectively. It is worth recalling

that TEM and DLS provide complementary information, since the former shows the actual sizes and mor-

phologies while the latter is a measure of the nanoparticle + solvation sphere set. Our TEM observations

are consistent with the current knowledge on NCC: type-I appears as needle-like particles with an average

of 200-300 nm length, and 5-10 nm width. Conversely, type-II presents a fully different aspect, more

twisted and ribbon-like, with shorter lengths (50-100 nm) and thicker widths (15-20 nm). This difference

in morphology has been evidenced in literature, agreeing in the fact that type-II NCC is made of shorter,

but wider, particles.

7,8,14,18
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Chemical nature of NCC. The chemical composition and nature of the as-prepared NCC samples were
evaluated through thermal stability and FTIR spectroscopy. Figure 4a, displays representative thermo-
grams of the different samples, together with the parent MCC (for precise temperature assignments, dif-
ferential thermograms, dTGs, are presented in Figure S2 in Supporting Information). At the earliest stages
(temperature range 25-120°C), all samples exhibit a slight weight loss (< 2 wt%) due to their moisture
content. The most visible feature is that MCC presents higher thermal stability (later onset and higher
maximum degradation rate temperature) than the derived NCC samples, which is usually pointed out
elsewhere.”**4%* These markedly different profiles stand as the first evidence of a successful achieve-
ment of NCC from MCC. In fact, there are several proposed reasons why this occurs,*® including an
increased surface area of NCC as compared to MCC, or a more effective heat transfer and thermal con-
ductivity of nanocrystals; but by far the most convergent explanation is the presence of sulfate ester groups

(coming from the sulfuric acid hydrolysis),***

which can catalyze the thermal decomposition of the cel-
lulose materials, possibly changing the involved mechanisms, and eventually compromising the overall
thermal stability. A sharp single weight loss is observed for MCC, centered at 338°C and with onset at
approximately 260°C and ascribed to the collapse of the glucosidic structure and aromatization of the
sample.* All the NCC materials exhibit a multi-step weight loss in the range of 140-300°C, which are
mainly due to the formation of carbonyl compounds and gasification processes.>** A significant feature
is that the lower thermal stability (earlier onsets and lower maximum degradation rate temperatures) is
associated with the higher type-II character of the NCC, and this fact points towards a higher sulfation
degree, see below). Furthermore, the amount of solid residue remaining at 800°C (which corresponds to
the annealed carbonaceous leftovers from the cellulose pyrolysis process) also correlates with the type of
NCC allomorph. The higher the type-II content, the more the solid residue remaining in TGA. As a matter
of fact, such residue in inert atmosphere TGAs can be related to the flammability of the material, whereby

the synthesized type-II allomorphs exhibit enhanced flame resistance.** (Table S1 in Supporting Infor-

mation).
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Since thermal stability of NCC is highly sensitive to its surface chemical nature, %+

we have attempted
to analyze the composition of our NCC samples through FTIR spectroscopy (Figure 4b). There are com-
mon features to all samples, namely their moisture content, by the bands at ~3400 cm™ and 1635 cm™,
the stretching vibration of C-H bonds at about 2900 cm™!, the antisymmetric vibration of C-O-C glycosidic
bonds at 1160 cm™, or the C-O stretching vibrations at 1032 and 1057 cm™ (C3 and C6 respec-
tively).!7:183942 Besides, we found that both the parent MCC and all type-I allomorphs thereof are type-
Ig, as for the O-H stretching and out-of-plane bending which respectively appear at 3270 and 710 cm™.%
There are, though, other bands that differ between allomorphs, such as the C-O stretching vibration of C2,
which appears in our case at 1113 cm™'. This band is fairly visible in type-I allomorphs, but gets quite
depleted when NCC has a high content in type-II. Similarly the band at 1430 cm!, ascribed to the CH»-
(C6) bending vibration, is also being noticed in mercerized NCC.'® According to the hydrogen bonding
reconfiguration that type-I experiences upon swelling, the C6 of a given chain shifts from a C3 bonding
to a C2 bonding to the adjacent chain, ending up in a more cross-linked conformation.* This could cause
the C-O stretching to be hindered, thus diminishing its corresponding IR band in type-II allomorphs.'®
Another proof of allomorphs difference in FTIR comes from the C-O-C symmetric vibration of B-glyco-

8 as we found this

sidic bonds, which appears near 900 cm™'. Our results are coincident with the literature, !
band at 898 cm™! for type-I NCC and at 895 cm™! for type-II. Again, the different interchain structure may
be a suitable explanation for this fact. Finally, the sulfate ester presence was also spotted in the FTIR
spectra; in particular, the asymmetric SO, stretching (at 1370 cm™), common to both allomorphs. Further,
the symmetric SO; stretching of sulfate esters is only visible (and very prominent) in the purest type-II
allomorph, suggesting that this sample contains a higher extent of sulfation (as already hypothesized in
previous discussions). In order to confirm this, we performed some elemental analysis (data not shown),

and we observed that the sulfur content in predominantly type-I samples was in the range of 0.3-0.8 wt%,

while predominantly type-II samples showed a sulfur content of 1-2 wt%.
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From TGA and FTIR characterization we demonstrate that the thermal stability and surface chemistry

of the different NCC samples correspond to a well-defined and selectively prepared cellulose allomorph

(or mixture), being a reliable fingerprint of each case, and mostly coincident with those results obtained

by mercerization or regeneration (in the type-II case). However, there are new implications in type-II

NCC, as the acid hydrolysis method provides significantly higher amounts of sulfate ester groups grafted

to the nanocrystals. This reveals that the resulting material has a unique composition and behavior, further

contributing to the much larger hydrodynamic sizes.
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Figure 4.- (a) TGA plots, and (b) FTIR spectra (in %Transmittance) for the different NCC samples and

their parent MCC.
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SWCNTs dispersions in NCC. Once NCC samples are fully characterized and their synthesis process
is understood, we tested them as dispersants for SWCNTs, leading to stable dispersions. We herein demon-
strate that the nature of such colloids go far beyond a mere actuation of NCC as a dispersive agent of
SWCNTs, since a striking synergy between both elements was noticed after stating the stability in water
upon ultracentrifugation at 120,000 rcf, which is unprecedented and exceedingly higher than that observed
in the same conditions for both separate components. As a matter of fact, these suspensions have shown
an extraordinary stability with time, as they remain unaltered and fully stable yet today since these were
prepared (more than a year and a half before, by the time this manuscript is submitted). Figure 5 displays
some characterization data on the ultracentrifuged aqueous supernatants of the SWCNT-NCC system.
Visible-NIR spectra (Figure S5a) show prominent peaks, corresponding to specific van Hove transitions
of metallic (M) and semiconducting (S) SWCNTs, consistent with the same features of these SWCNTs
ultracentrifuged with commercial surfactants.* The NIR purity index is considered to be one of the most
precise ways to assess the purity of a SWCNT sample, since the resonant transitions at a specific wave-
length are proportional to the actual SWCNT mass, and distinguishable from any other carbon form. Thus,
dividing the baseline-subtracted peak area at a given van Hove transition (preferably the S22 one, here
from 850 to 1300 nm) by the whole spectral area in this region, the obtained ratio is proportional to the
amount of SWCNTs versus other carbon forms, i.e. the carbonaceous purity of the sample (see ref. 32 for
full details on this methodology). Centrifugation yields and NIR purity indexes (Figure 5b) for SWCNTs
seemed very similar when using each NCC allomorph, meaning that there is not a dependence of the NCC
allomorph type in their quantitative dispersant behavior. Nevertheless, the morphologies are actually very
different in each situation, as observed by TEM (Figure 6). In the case of type-I NCC, SWCNTs are loose
with individual NCC particles along their axes, in parallel disposition (Figure 6a-c). Indeed, this was also

observed by Chauvet et al. 2>

who proposed that the association between SWCNTs and NCC was in
parallel adsorption along the NCC’s (200) plane, of higher hydrophobicity. According to this assumption,

the stabilization mechanism would be a cooperative action between hydrophobic interactions between
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SWCNTs and NCC, and long-range electrostatic forces between cellulose nanocrystals.*® But this only
alludes to type-I NCC, since type-II NCC provides a visibly different scenario (Figure 6d-f). We found
that SWCNTs dispersed in type-II NCC appeared as heavily wrapped, and trapped within an entangled
network. In order to compare the morphology and dimensions of the initial SWCNTs, prior to the disper-
sion in NCC, additional TEM images are shown in Figure S3 (Supporting Information). Zeta potential
and DLS measurements were also applied to the ultracentrifuged supernatants of SWCNTSs dispersed in
each NCC type, and the obtained data are shown in Table 3. These results correlate with those obtained
for the bare NCC aqueous colloids (Figure 2), being the SWCNT dispersions with type-II NCC of larger
hydrodynamic diameters (~ 4-fold) than with type-I NCC, but overall much lower in numbers. Both cases
display a high Zeta potential value, in similar values as their ‘naked” NCC counterparts, which accounts
for their analogous colloidal stability. It is worth noting that interfacing SWCNTs with NCC should in
principle entail a neat increase in hydrodynamic size (given the higher aspect ratio of SWCNTs as com-
pared to NCC), but here we have observed the opposite. The overall apparent sizes are reduced to a factor
of %4 from the NCC to the dispersed SWCNT, a fact that we postulate to point towards an extremely
efficient SWCNT debundling and individualization (also hinted by TEM). To the best of our knowledge
this is the first time that a type-1I NCC is used for dispersing carbon nanostructures, and whilst the effects
of both allomorphs are similar in terms of yield and optical purity, there are major differences in the

eventual morphology and physicochemical characteristics of both systems.

Table 2. Zeta potential and apparent size (in diameter) for SWCNT-NCC dispersions, together with

standard deviations.

SWCNTs-NCC | Zeta Potential (mV) | Apparent diameter (nm)

With type-1 44 + 2 58+£3

With type-11 30 £2 206+ 12
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56 Mass concentration of SWCNTs in both cases is around 0.1 mg/mL.
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Biocompatibility and bioactivity of SWCNT-NCC dispersions. Given the markedly distinct nature
of SWCNT hybrids with either type-I or type-Il NCC, we investigated whether these hybrids could behave
as biocompatible dispersing agents for SWCNTs. In previous reports, we found that SWCNTs induced
oxidative stress and altered the normal intestinal function in a rabbit model,*” even if SWCNTs were
purified and wrapped in a hydrophilic dispersant, casting a serious concern on their hypothetical use as a
drug vehicle to treat intestinal diseases. However, these adverse effects were mitigated if SWCNTs were
purified by dispersion in poly(L-lysine), as tested in vitro,* thus showing the potential benefits of a proper
surface modification of SWCNTs in the design of drug vehicles to treat diseases. In light of the promising
behavior of both NCC types to stabilize SWCNTs in water in very different fashions, at this point we
focused our scope at ascertaining the effects of such SWCNT-NCC hybrids in the viability of intestinal

cells.
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With this purpose, we have run biological studies in Caco-2 human intestinal cells (colon epithelium),
through the in vitro assessment of cellular viability using the MTT assay, that measures the mitochondrial
ability to metabolize MTT by reduction. Viable cells with active metabolism convert MTT into a purple
colored formazan product. When cells die, they lose the ability to convert MTT into formazan, thus color
formation serves as a useful and convenient marker of only the viable cells. Despite some authors show
concern about the reliability of MTT tests in the context of carbon nanostructures, it has been reported
that the possible occurrence of undesired effects (such as strong adsorption of chemical species onto
SWCNT sidewalls, or insolubilization of formazan crystals) is highly dependent on the employed
SWCNT dispersant.® In our case, given the strong interaction between SWCNTs and NCC, their stable
colloidal state, and the presumed inaccessibility of reaction intermediates to the SWCNTs sidewalls, we
assume this test is valid for our viability studies, always bearing in mind these particularities, and disclos-

ing it in a relative manner, comparing among a series of samples of identical nature.

Interestingly, we have used two time points after seeding (5 and 15 days) to obtain cells in different
stages of differentiation: undifferentiated cells (5 days) are considered cancer cells and differentiated cells
(15 days) are considered normal cells (see experimental section), so we have been able to test two different
conditions (normal and cancer) in the same cell line. The obtained results are presented in Figure 7. Bare
aqueous colloids of NCC were firstly tested, in order to verify their isolated biological effects (Figure 7a,
¢, e, g), and the obtained data illustrate the innocuous nature of NCC, seemingly independent of the allo-
morph type or the treatment concentration, as cell viability fluctuates close to 100% in all cases. It is worth
mentioning that the cytotoxicity and overall biological impact of nanocellulose is still under scrutiny, but
there is a major consensus in the fact that single- and low-dose administration of NCC on mammal cells
mostly entails a benign behavior.’® Our results stand in line with this premise, as we did not find any
adverse effect in a wide range of concentrations, within the boundaries of what could be considered a non-

hazardous and biocompatible material.
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Figure 7.- Graphs showing the viability of normal (15 days after seeding) (a-d) and cancer (5 days after
48 seeding) (e-h) Caco-2 cells treated with NCC and SWCNT-NCC hybrid samples: (a, ¢) bare NCC type-I;
50 (b, f) SWCNT-NCC(I) hybrid; (c, g) bare NCC type-II; (d, h) SWCNT-NCC(II) hybrid. The results are
expressed as mean = SEM (n > 9 experiments) *P<0.05; **P<0.01 vs. control. Visual guideline is pro-
55 vided with the same icons as Scheme 1 and Figure 7 for the representation of NCC and SWNCT-NCC

57 hybrids.
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The obtained results for the SWCNT-NCC hybrids (Figure 7b, d, f, h), in turn, are quite surprising.
While type-I based hybrids display an analogous effect on cell viability as their NCC counterpart, i.e.
innocuous towards both kinds of human intestinal cells in the studied concentration range, the type-II
based ones show a significantly different behavior. In this latter case, the hybrid displays an even more
positive effect towards cancer colon cells at the highest dose tested (5 ng/uL), as it reduces the viability
of these cells to about a half, and could be considered a cytotoxic compound for cancer cells and a potential
candidate for colon cancer chemotherapy. At the same time, these hybrids increase the mitochondrial
metabolism of normal colon cells, improving the cell viability between 200% and 400% in the studied
concentration range. We postulate that this unprecedented differential effect of the SWCNT-NCC(II) hy-
brid on normal and cancer Caco-2 cells, respectively, could be related to its unique morphology, that might
trigger different uptake pathways,>' with a different response depending on the cells’ metabolism. The
unexpected activation of normal cells’ metabolism could be related to this fact, as it might have promoted
an enhancement of mitochondrial activity through its own uptake pathway. In any case, a tumorigenic
effect is discarded as the explanation for such enhancement, since the cells did not show any abnormal
growth pattern during the culture procedure. This dual behavior with no associated drugs or targeting
agents might become an innovative colon cancer therapy, favoring the killing of cancer cells while in-
creasing the metabolism of the normal ones. However, further studies will be necessary to fully understand
the therapeutic potential of these SWCNT-NCC(II) hybrids (including cellular imaging/tracking tech-
niques and in vivo tests) plus the underlying mechanisms leading to this outcome, but as a first insight it

looks certainly promising.
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CONCLUSION

We have prepared different NCC allomorphs by solely applying sulfuric acid hydrolysis to a biomass
source, and the experimental variables (such as the acid concentration, treatment times and temperatures)
have been studied in detail in order to tailor the nanocellulose type (from nearly pure type-I to nearly pure
type-11, including their mixtures) without the need for mercerization or re-crystallization. Their character-
ization revealed that such type-II NCC (exclusively coming from acid hydrolysis) presents larger hydro-
dynamic sizes and sulfate content, leading to unique properties comparted to their mercerized analogues.
Taking advantage of the possibility to obtain these NCC allomorphs without adding extra stages to the
established acid hydrolysis protocol, this methodology can be considered more affordable and environ-
mentally friendlier. Besides, we have drawn the attention towards the importance and potential of non-

mercerized type-1I NCC, which is able to provide significant breakthroughs in materials science.

As a proof of principle, we have used these NCCs as SWCNT dispersing agents. Both NCC allomorphs
do not only differ in shape and morphology, but behave significantly different, leading to a distinct inter-
action with SWCNTs enabling enhanced dispersion behavior in aqueous media. Further biological tests
of these hybrids with human intestinal (Caco-2) cells reveal that only the one with type-II NCC presents
an unprecedented behavior, i.e. simultaneous effect of colon cancer killing and mitochondrial metabolism
enhancement of normal cells, while the rest of nanomaterials tested herein display an innocuous trait. To
the best of our knowledge, this is the first time a type-II NCC is used as a dispersant for carbon nanotubes,
and their resulting dispersion tested in a biomedical application. We showcase the feasibility of reaching
a new waterborne hybrid carbon nanomaterial, in a more sustainable and friendlier scheme, possessing
great biomedical potential. These preliminary results may pave the way towards the improvement of colon

cancer therapies, which is currently under deeper investigation in our laboratories.
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ABBREVIATIONS

NCC, nanocrystalline cellulose; CNTs, carbon nanotubes; SWCNTs, single-walled carbon nanotubes;

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
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