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Combining Rigid Cellulose Nanocrystals and Soft Silk
Proteins: Revealing Interactions and Alignment in Shear

llona Leppdnen,* Suvi Arola, Alistair W. T. King, Miriam Unger, Hartmut Stadler,
Gry Sofie Nissen, Charlotte Zborowski, Tommi Virtanen, Juha Salmela, Harri Setdild,

Stephanie Lésage, Monika Osterberg, and Tekla Tammelin*

Natural materials, such as silk and cellulose, have an inspiring set of
properties, which have evolved over hundreds of millions of years. In this
study, cellulose nanocrystals (CNCs) and regenerated silk fibroin (RSF) are
combined to evaluate their suitability for filament formation. This is assessed
by tuning and characterizing the interactions between these two materials
and finally by studying the alignment of the mixtures under shear. To modify
the interactions between CNCs and silk, CNCs with varying surface
functionalities (sulfate and/or aminosilane groups) are used. The interactions
and compatibility of the two components are investigated using quartz crystal
microbalance with dissipation monitoring (QCM-D) and photothermal atomic
force microscopy (AFM-IR), which show that ionic interactions induce
sufficient binding between the two components. Then, the alignment of the
CNC and silk mixtures is evaluated by shear-induced polarized light imaging,
which indicates that silk can orientate with the CNCs when not covalently
bound. Finally, the potential of the materials for filament formation is
tentatively demonstrated using an industrial dry-spinning environment, where
CNCs are expected to bring order and alignment, whereas RSF provides soft
and more mobile regions to further facilitate the alignment of the final

cellulose nanofibrils (CNF) in plants and
bacteria and silk nanofibrils in spider and
silkworm cocoon silks, are considered to
be semicrystalline polymer-like nanofib-
rils. These are composed of highly or-
dered nanocrystals that are embedded in
a softer amorphous matrix.'! In addi-
tion to the material properties, the natu-
ral processes by which nature synthesizes
these materials have gained a lot of at-
tention. Recent studies have shown that
silk is spun from an aquamelt, which al-
lows the production of silk under aque-
ous conditions and ambient temperature
with low energy demand.[?! This is con-
trary to the way we are accustomed to pro-
cessing synthetic polymers, where high
temperatures, chemicals, and a lot of en-
ergy are needed. In addition, petroleum-
based polymeric materials are facing
challenges related to environmental con-
cerns, which is why naturally derived

filament structure.

1. Introduction

In nature, biocomposites consist of both stiff and soft compo-
nents that are arranged in highly oriented hierarchical struc-
tures inducing exceptional mechanical properties. For example,

materials are gaining more attention.

Here, we combine cellulose nanocrystals

(CNCs) and silk proteins to evaluate their

applicability to form filaments, which exploit the high tendency

of CNCs to align under shear and the softness of the silk proteins,
to provide novel material solutions.

Cellulose (C4H,(Os), is the primary component of the plant

cell walls, where it functions primarily as a structural element. It
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is composed of repeating f-1,4-linked glucopyranose units result-
ing in a linear polymer chain.?! These cellulose chains associate
with one another, through hydrogen bonding between equato-
rial hydroxyl groups and hydrophobic stacking of axial non-polar
moieties, into a tightly packed semicrystalline structure; form-
ing linear parallel-oriented nanofibrils. Nanofibrils are then bun-
dled into microfibrils, which eventually form wood fibers. Ow-
ing to the hierarchical structure of cellulose and semicrystallinity,
nanosized components, CNFs, and CNCs can be produced from
cellulose fibers by a top-down approach using mechanical,*]
chemical® and enzymatic treatments,®/ and combinations of
those.3] CNCs extracted from wood are short colloidal particles
with lengths ranging from 100 to 200 nm and widths of only
a few nanometers (3-5 nm).[>’] They are produced from cellu-
lose nanofibrils by removing the disordered domains using acid
hydrolysis leaving the crystalline proportion intact.®] Depend-
ing on the acid used, CNCs with different chemical moieties
are produced. Sulfuric acid hydrolyzed CNCs carrying negatively
charged sulfate groups on the surface are currently commercially
available!®1% and are thus also industrially relevant.'!l CNCs can
also be produced via hydrolysis using hydrochloric acid (HCI)!2!
and even its vapor, 3] however, these result in CNCs, which are
practically uncharged with low colloidal stability. Hence, subse-
quent TEMPO-mediated oxidation can be used to introduce neg-
ative charges on the surface.['*! CNCs have an abundance of sur-
face hydroxyl groups, which can be easily modified, for exam-
ple, to increase their compatibility with synthetic polymers to
form strong composite materials.[*>1%] In fact, CNCs have gained
a lot of attention due to their outstanding mechanical proper-
ties, as previous experiments and analytical models have reported
a longitudinal Young’s modulus for the crystallites ranging be-
tween 56-220 GPa.l'718] Thus, they are widely studied as rein-
forcing agents in composite materials."®l Aqueous dispersions
of CNCs are known to form liquid crystal nematic ordered struc-
tures above a certain concentration!’! and birefringent gels at
even higher concentrations,!?’! resulting in ordered assemblies
when shear is applied.

Silk fibers are produced by silkworms and spiders and the
most well-studied natural silk fibers are the domestic silkworm
silk (Bombyx mori) and the spider dragline silks (Nephila clavipes
and Araneus diadematus). These different silks feature differ-
ences in structure and chemical variability in their amino acid
sequences.!! Bombyx mori silk is commonly used for high-
throughput production, for example, in the textile industry to pro-
duce silk threads and fabrics since silkworms can easily be culti-
vated. On the contrary, it is difficult to produce spider silk in large
quantities, which is why spider silk proteins are usually manufac-
tured using recombinant DNA techniques, ideally leading to silks
that mimic the primary structure of natural spider dragline silk
proteins.[?!l Recombinant spider silk has more high-end appli-
cations compared to silkworm silk, for example, in the biomedi-
cal field, and can be used to gain fundamental knowledge on the
silk assembly mechanism by studying the effect of different pro-
tein parts.?2] Bombyx mori silk is composed of two different pro-
teins, a structural protein fibroin and a coating protein sericin,
which holds the fibroin filaments together. The structural pro-
tein fibroin is composed of a heavy chain and a light chain linked
by a disulfide bond and a glycoprotein. The heavy chain consists
of highly repetitive core sequences with both hydrophilic and hy-
drophobic segments, inducing micelle formation in an aqueous
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environment.[>?4 The repeating motif, GAGAGS, consisting of
glycine, alanine, and serine, is the most dominating part of the
core and is the building block for the ordered f-sheet crystal-
lites, which contribute to the high strength of natural silk. The
highly oriented crystallites are embedded in an amorphous ma-
trix, which in turn facilitates the high extensibility of the fibers.
The combination of these two leads to a material with superb
toughness, which outperforms synthetic fibers. Thus, in recent
decades it has been of interest to create regenerated silk fibroin
(RSF) en route to man-made silk fibers. The common method is
to dissolve Bombyx mori cocoons in special solvents, which have
been found to dissolve silk fibroin and subsequently spin them
into fibers using different spinning techniques.[*!) Researchers
have been able to produce regenerated silk fibers with better me-
chanical properties than their natural counterparts.?’]

Nanocellulose has been previously studied as a reinforc-
ing agent with regenerated silk fibroin, to produce vari-
ous composite materials. For example, electrospun CNC/RSF
nanofiber mats,?¢! CNF/RSFI?’] and CNC/RSF?®] composite
films, CNC/RSF composite fibers,?) and RSF hydrogels, rein-
forced with CNC, bacterial cellulose, or CNF.[*) Recombinant
spider silk proteins have also been combined with nanocellu-
lose to produce composite fibers,*!l and sponge-like materials,3?!
where interactions between silk and cellulose are enhanced by
linking cellulose binding domains to the spider silk proteins.
In addition, recombinant spider silk proteins have been func-
tionalized with different affinity domains and motifs to increase
the bioactivity of CNEF/silk composites.*}] All of these stud-
ies showed improved mechanical properties with the incorpo-
ration of nanocellulose. These studies relied on both physical
crosslinking and hydrogen bonding between the two compo-
nents, while only a few studies combine silk and cellulose by co-
valent crosslinking.** Bioconjugation is a common method for
cross-linking. This has also been applied to crosslink nanocel-
lulose and proteins, by three different strategies using CNCs
with introduced amine, epoxy, and carboxylic acid moieties—
commonly used functional groups in bioconjugation.’’] Based
on the findings by Arola et al.**] N-hydroxysuccinimide-activated
ester coupling seems to be the most efficient, however, it is not
as specific as the others. “Epoxy amination” is the most specific
but the efficiency is rather low. By using “amine—amine” cou-
pling they were able to achieve the best specificity/efficiency ratio.
Thus, this was chosen as the most suitable method for this study,
to covalently crosslink CNCs and RSF.

In this study, we investigated three different approaches to
combine CNCs with RSF to determine the most suitable ap-
proach for filament formation. The first two are based on mix-
ing CNCs with varying surface charge with RSF and the third
one is based on covalently crosslinking the two components to-
gether. We functionalized the CNCs using silanization, a well-
established method to modify surfaces that are rich in hydroxyl
groups. We aimed to covalently introduce a reactive amine moiety
onto the CNC surface, via silanization, using an aminosilane, (3-
Aminopropyl)trimethoxysilane (APTMS).1*=%7] Hereby, we were
able to i) modify the surface charge of the CNCs by control-
ling the degree of surface substitution (DS,,) and ii) use it as
a platform for further grafting, that is, covalent “amine-amine”
crosslinking between CNCs and RSF. We emphasized detailed
characterization of the CNC modifications. For example, to ver-
ify the direct attachment of the aminosilanes, we resorted to a
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novel liquid-state NMR analysis of nanocelluloses, showing that
the functionality is chemisorbed rather than physisorbed. Fur-
thermore, we adopted a method to determine the degree of sur-
face substitution, as only the surface hydroxyl groups are avail-
able for modification. After characterization, we combined the
functionalized CNCs with RSF and studied the interactions and
alignment of these systems. First, we analyzed the interactions
between CNCs and RSF by using quartz crystal microbalance
with dissipation monitoring (QCM-D). We showed that the un-
conjugated components adsorbing via electrostatic interactions
induce a more favorable attachment of RSF on the CNCs com-
pared to the crosslinked system, as the crosslinking resulted in
the formation of spherical nanoparticles of RSF. Further, to vi-
sualize the alignment of the materials under shear and to de-
termine their suitability for spinning, we utilized shear-induced
polarized light imaging (SIPLI). These results indicated that silk
can orientate with the CNCs when not covalently bound. More-
over, the CNCs with the higher negative charge showed the best
alignment, in flow, with RSF. Finally, preliminary spinning exper-
iments were conducted for mixtures of amine-CNC+RSF (50/50)
and CNC+RSF (50/50), using dry-spinning, which takes inspira-
tion from the way natural fibers are produced. Furthermore, we
were able to spin pure amine-CNCs into filaments, which is a
noteworthy finding, as only a few studies have shown the suc-
cessful spinning of pure CNCs.[*83]

2. Experimental Section

2.1. Materials

Cellulose nanocrystal (CNC) powder was purchased from Cellu-
force (CelluForce NCV100) (Montreal, Canada). The CNCs were
prepared by sulfuric acid hydrolysis with a sulfate content of
246-261 mmol kg~!, as reported by the supplier. The width
of the crystals was measured using transmission electron mi-
croscopy (TEM) (Figure S1, Supporting Information) and the
average width was 3.99 nm, which is in the range of the re-
ported values by Celluforce (2.3-4.5 nm). The lengths reported
by Celluforce range between 44 and 108 nm. For the CNC sur-
face modification calculations we assume a rhomboid fibrillar
crystal cross-section, with a width of 4 nm. Aminosilane, (3-
Aminopropyl)trimethoxysilane (APTMS) was purchased from
Sigma Aldrich (Finland). Regenerated silk fibroin was provided
by Oxford Biomaterials Ltd. (Figure S2, Supporting Information).
Succinimidyl-6-hydrazinonicotinate acetone hydrazone (SANH)
(bc366de35) was purchased from SYNCHEM UG & Co. KG
(Felsberg/Altenburg, Germany). Succinimidyl-4-formylbenzoate
(SEB) (S0893) was purchased from Tokyo Chemical Industry Co.,
Ltd. (Tokyo, Japan). QCM-D experiments were performed on AT-
cut quartz crystal sensors with a silicon oxide (SiO,) surface pur-
chased from Q-Sense AB (Gothenburg, Sweden).

2.2. Methods

2.2.1. Silanization of Cellulose Nanocrystals and Determination of
Surface Substitution

Silanization of Cellulose Nanocrystals: Dried CNC powder was dis-
persed in either dimethylacetamide (DMAc) or DMAc contain-
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Table 1. Dispersion parameters for surface silanizations to produce amine-
modified cellulose nanocrystals (amine-CNCs).

CNCin DMAc 1 wt% LiCl Purification Reactor

[wt%] addition of CNCs volume

3 no no Radley 250 mL
3 yes no Radley 250 mL
3 no yes Radley 250 mL
3 yes yes Radley 250 mL
1 yes yes Radley 250 mL
1 yes yes Radley 1000 mL

ing lithium chloride (LiCl) to yield either a 3 wt% or a 1 wt%
dispersion; LiCl was used only in small amounts, to swell the
CNC structure for it to be more prone to modification.[*’! To fur-
ther increase the activity of the surface and determine the effect
of surface contamination on the efficiency of the reaction, either
non-purified or purified CNCs were used. The purification was
performed by Soxhlet extraction for 48 h using ethanol.*!l Af
ter purification, the CNCs were dried in a vacuum oven (40 °C)
and stored in a desiccator. Finally, the sample, 1 wt% purified
CNC in DMAc with 1 wt% LiCl, was prepared also in a big-
ger reactor with more efficient mixing (stirrer paddle (1000 mL)
and magnetic stirrer (250 mL)). Silanization was performed us-
ing an aminosilane, APTMS, to yield amine functionalized CNCs
(amine-CNCs), as described previously also for cellulose nanofib-
rils and nanocellulose films with slight modifications.*>#?] The
dispersions presented in Table 1 were first heated to 80 °C in a
Radley reactor (250 mL or 1 L). After the dispersions were hot,
the APTMS was added in small portions, within 1 h. 10 mL of
APTMS was added per 3 g of CNCs. After all the APTMS was
added, the reaction was kept at 80 °C for one more hour. The
dispersions were stirred overnight. The 3 wt% samples were pu-
rified by quenching with methanol and centrifugation. The sam-
ples were first centrifuged (3 min, 10 000 rpm) and the super-
natant was discarded. The pellet containing the modified CNC
was then dispersed into methanol and centrifuged for 30 min
at 10000 rpm. This step was repeated once. After the last cen-
trifugation, the pellet was dispersed into MilliQ water and dia-
lyzed (MWCO 3.5 kDa) to exchange the residual solvent for water
and to remove any remaining reagents. The 1 wt% samples were
purified using only dialysis (MWCO 3.5 kDa), as no pellet was
formed during centrifugation. This suggested that the CNCs re-
mained as individual nanocrystals and that no significant aggre-
gation had occurred during the modification. Dialysis was per-
formed against distilled water and it was changed twice a day
over 4 days. The wt% of these samples decreased quite drastically
during the dialysis (from 1 to 0.15 wt%) due to the flow of water
inside the dialysis tube. After dialysis, the aqueous amine-CNC
dispersions were either freeze-dried or evaporated to the desired
wt%, for further analysis. The reaction scheme is presented in
Figure 1, where APTMS reacts with the surface hydroxyl groups
on the CNCs in DMAc with the presence of trace water. Silaniza-
tion can lead either to physisorbed aminosilane moieties or to the
covalent attachment of the aminosilanes (chemisorption), the lat-
ter being the preferred form.
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Figure 1. Silanization reaction of the cellulose nanocrystals (CNCs) by using an aminosilane, (3-Aminopropyl)trimethoxysilane (APTMS). Silanization
can lead either to physisorbed aminosilane moieties or to the covalent attachment of the aminosilanes (chemisorption).

ATR-FTIR: Fourier transform infrared spectroscopy measure-
ments (FTIR) were carried out using a Thermo Scientific Nico-
let iS50 FT-IR spectrometer with an attenuated total reflectance
(ATR) diamond (Thermo Scientific, USA) to identify any changes
related to the amination of the CNCs. All spectra were ob-
tained from 32 scans with a resolution of 4 cm~! throughout the
wavenumber range from 400 to 4000 cm™'. Dry films were placed
on the ATR crystal and the IR spectrum was measured. At least
three repetitions per sample were conducted.

Elemental Analysis (C, H, N, S): The carbon (C), hydrogen (H),
nitrogen (N), and sulfur (S) content of the samples was measured
using a FLASH 2000 series analyzer (Thermo Scientific, USA).
Before analysis, the freeze-dried samples were dried in the oven
(105 °C) overnight, to remove excess moisture. The elemental
compositions of the samples were calculated based on the C, H,
and O composition of the anhydroglucose unit (AGU) (C4H;,Oy).

X-Ray Photoelectron Spectroscopy: X-ray photoelectron spec-
troscopy (XPS) was used to determine the surface elemental
composition and the degree of surface amination of the amine-
modified CNCs using a Kratos AXIS Ultra DLD spectrometer
with an Al Ka monochromatic X-ray source (1486.7 eV). Survey
scans were taken with a 1.0 eV step and 80 eV analyzer pass en-
ergy, while high-resolution regional spectra were recorded with
a 0.1 eV step and 20 eV pass energy. During the measurements,
the samples were charge-neutralized using slow electrons from
a tungsten filament. The base pressure of the system was be-
low 1 x 107 Torr. For each sample, XPS measurements were
repeated three times on different points of the sample surfaces
to check for homogeneity, reliability, and reproducibility of the
results. The position of the acquired peaks was charge-corrected
relative to the position of the C 1s component for C-C bonding
at 284.8 eV. Analysis of the XPS data was done with CasaXP$S
software.
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Solid-State *C CP-MAS NMR: Solid-state *C cross-
polarization (CP) magic angle spinning (MAS) nuclear magnetic
resonance (NMR) spectroscopy measurements were carried
out to confirm that the amine modification has taken place
and to qualitatively assess any crystallinity changes that might
occur during silanization. The measurements were performed
using an Agilent 600 NMR Spectrometer with a magnetic flux
density of 14.1 T, using a 1.1 ms contact time and a 3.0 s delay
between a total of 16 000 successive scans. Power levels for
Hartmann—Hahn match were calibrated using a-glycine, and
chemical shifts were calibrated using adamantane by setting
the adamantane low field signal to 38.48 ppm. Spectra were
processed using TopSpin 3.6 software.

Solution-State NMR: Solution-state NMR was performed on
the purified CNCs and amine-CNCs to confirm the cova-
lent attachment of the aminosilane moieties on CNC sur-
faces. The samples were analyzed using a novel technique,
utilizing a partially deuterated ionic liquid-electrolyte solution:
tetra-n-butylphosphonium acetate:deuterated dimethyl sulfox-
ide, ([P,444][OAC]):DMSO-d, (20:80 wt%), mixture.[*** The sam-
ples were dissolved to ~4 wt% and analyzed at a probe tem-
perature of 65 °C. The analysis was performed on a Bruker
Avance III 500 NMR spectrometer, equipped with a 5 mm
BBO probe ('H, *H, BB & Z-grad. 50 G cm™!). Multiplicity-
edited heteronuclear single quantum coherence spectroscopy
(HSQC) experiments were performed in accordance with Koso
et al.®l 70% gradient strength was used with a gradient
delay of 300 ms and a gradient pulse length of 2.5 ms.
This allowed for good attenuation of the ionic liquid sig-
nals, overlapping the slow-diffusing aliphatic signals. The col-
lected data were processed initially in Topspin 4.1 and then fi-
nal adjustments and image preparation were completed using
Mestrenova 14.
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Determination of the Degree of Surface Substitution (DS,): To
determine the extent of surface modification, as DS, it was
crucial to understand the cellulose nanocrystal morphology and
structure. To provide an in-depth assessment of the degree of
surface modification two different cross-sectional models were
adopted to calculate the DS, for our CNCs, with either exper-
imentally determined dimensions or theoretical dimensions of
a crystallite cross-section. a) The Eyley rhomboid cross-section
model, ¥ with experimentally determined dimensions, 4 nm X
4 nm (L, x L,), from TEM images, and b) the 18-chain hexag-
onal model,l*] that is, a softwood theoretical model were used.
The DS ¢ was calculated according to Equation (1), presented
previously by Eyley et al.l**] This calculation took into account
the number of hydroxyl groups on the surface of the crystals and
the two-fold helical twist of the cellulose chain, which resulted in
three hydroxyl groups pointing out of the crystal surfaces on ev-
ery second AGU unit, along the polymers. Thus, only half of the
surface hydroxyl, on each (110) or (110) plane, were available for
modification.

_ _L15Nuodifiea )
surface X NOH

cellulose

DS

where N, 5.4 is the number of moles of modification (nitrogen
or silicon) per gram of product, 1.5 is the number of accessible
hydroxyl groups per AGU on the surface, Ny, is the number of
moles of hydroxyl groups per gram on the surface of the CNC,
X celiulose 18 the mass fraction of cellulose in the product. Nitrogen
(N) content was used as the marker for calculating the degree
of surface substitution from the elemental analysis results and
Silicon (Si) content was used as the marker to calculate the DS ¢
from the XPS results. The XPS atomic concentrations (at%) were
converted to w/w-%, from which DS_ ; can then be calculated,
according to Equation (1).

DS, can be related to the bulk degree of substitution DS,
using the chain ratio, R. presented by Eyley et al., according to
Equation (2).*]

DSbulk = Rc X Dssurf (2)

where R_ is the ratio between the number of cellulose chains on
the surface, n and the total amount of cellulose chains in
the crystal.

Zeta Potential Measurements: To evaluate the effect of amina-
tion on the stability of the CNCs in aqueous environment zeta
potential measurements were performed in water and in vary-
ing pH environments (pH 2-10). The measurements were con-
ducted using a particle analyzer instrument (Zetasizer Nano ZS,
Malvern, U.K.). The pH values measured at pH 6-8 were mea-
sured in 10 mMm phosphate buffer used in the QCM-D experi-
ments. For higher (pH 9, 10) and lower (pH 2, 4) pH values, the
pH was adjusted using HCl and sodium hydroxide (NaOH), re-
spectively. Furthermore, the zeta potentials of the purified CNCs
and amine-CNCs were measured in MilliQ water, which was the
environment used for rheology and spinning experiments. Three
replicates were measured with concentrations of 0.1-0.01 wt%
with three reading each.

surface’
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2.2.2. Bioconjugation and Interactions between Cellulose
Nanocrystals and Regenerated Silk Fibroin

Bioconjugation of Amine-CNCs and RSF by Amine—Amine Cou-
pling: The crosslinking of RSF to amine-CNCs was performed us-
ing a common bioconjugation technique, that is, amine—amine
coupling.[*>*’] The reagents, succinimidyl-6-hydrazinonicotinate
acetone hydrazone (SANH) and succinimidyl-4-formylbenzoate
(SFB) are heterobifunctional, containing an activated N-
hydroxysuccinimide ester (NHS ester) and either a hydrazone
or an aldehyde group, respectively. The bioconjugation was
performed in three steps: in the first and second steps, the
amine-CNCs and RSF were reacted with SANH and SFB, re-
spectively, in separate test tubes. In the third step the modified
materials, SANH-CNCs, and SFB-RSF, were crosslinked to-
gether either in the QCM-D measurement chamber, to study the
crosslinking process, or in lab-scale, to produce a sample for the
rheology measurements. For the QCM-D experiments, 20 mL
of 1.5 g L~! amine-CNC in borate buffer (25 mwm, pH 8.9) was
reacted with 150 pL of 20 g L=! SANH dissolved in dimethyl
sulfoxide (DMSO) for 3 h at room temperature. For the rheology
experiments, 20 mL of 13 g L™! amine-CNC in borate buffer
(25 mm, pH 8.9) was reacted with 3 mL of 20 g L~! SANH dis-
solved in DMSO for 3 h at room temperature. The amino groups
on the amine-CNCs react with the NHS ester moiety yielding the
hydrazone reactive species on the amine-CNCs (later referred
to as SANH-CNC). The SANH-CNCs were purified by dialysis
into MilliQ water (QCM-D) or phosphate buffer (10 mm, pH 7)
(theology) using a molecular weight cutoff of 12000 Daltons.
The aldehyde reactive RSF for the QCM-D experiments (later
referred to as SFB-RSF) was made by mixing 50 mL of 3 g L~}
RSF in phosphate buffer (25 mwm, pH 7) with 200 pL of 20 g L™
SFB in DMSO for 3 h at room temperature. For the rheology
experiments, 40 mL of 13 g L' RSF in phosphate buffer (10 mwm,
pH 7) was reacted with 200 uL of 20 g L~! SFB in DMSO. Lysine
residues and the N terminus on the RSF react with the NHS
ester moiety on SFB yielding the aldehyde-modified species.
The SFB-RSFs, for QCM-D and rheology experiments, were
subsequently purified by dialysis to phosphate buffer (10 mwm,
pH 7). In the third step of the bioconjugation, the two modified
components, SANH-amine-CNC and SFB-RSF, were allowed to
react in phosphate buffer (10 mm, pH 7) either in the QCM-D
measurement chamber or in lab-scale in a glass bottle at room
temperature for 6 h crosslinking the materials.

Quartz Crystal Microbalance with Dissipation Monitoring (QCM-
D): Silica quartz crystals were coated with either purified CNC,
amine-CNC, or SANH-CNC thin films by spin coating accord-
ing to the protocol described by Eronen et al.[*8] with slight mod-
ifications made by Hakalahti et al.l*! Briefly, the crystals were
rinsed with MilliQ water, dried with nitrogen gas, and placed in
an UV-ozonizer (Bioforce Nanosciences, CA) for 10 min to clean
the surfaces. Subsequently, an anchoring layer of cationic poly-
mer (polyethylene imine (PEI)) was adsorbed on the crystals by
immersing them in an aqueous PEI solution (1 mg mL™1). Af-
ter 30 min the excess PEI was rinsed away by consecutive dip-
ping and rinsing with large amounts of fresh MilliQ water. The
different CNC suspensions of 0.15 wt% were sonicated using a
Branson 450 Digital Sonifier (400 W tip sonicator, Branson Ul-
trasonics, Danbury, USA) for 2 min, 25% amplitude. For the
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QCM-D experiments, the non-dried amine-CNCs were used. The
dispersions were then pipetted onto PEI SiO, crystals so that they
fully covered the surface of the crystal and then immediately spin-
coated (3000 rpm, 1 min) (Model WS-400BZ-6NPP/LITE, Laurell
Technologies, North Wales, PA, USA). After spin-coating, the sur-
faces were rinsed with MilliQ water and dried gently with nitro-
gen gas followed by heat treatment for 15 min at 80 °C. Inter-
actions between the CNCs (modified and unmodified) and RSF
were investigated using the Q-Sense E4 QCM-D instrument (Q-
Sense AB, Gothenburg, Sweden). The instrument allows for in
situ monitoring of changes in frequency (Af) and dissipation
(AD), as a function of time and at a fundamental resonant fre-
quency (5 MHz), and its overtones. Changes in frequency indi-
cate changes in the adsorbed mass on the crystal and changes in
dissipation give information about the viscoelastic properties of
the adsorbed layer. The interpretation of the QCM-D data is de-
scribed in more detail elsewhere.’*>2! The adsorption of RSF on
purified CNC and amine-CNC surfaces was studied, to establish
interactions between the components. In addition, the crosslink-
ing reactions between SANH-CNC and SFB-RSF were monitored
by QCM-D. Before the measurements, the crystals coated with
different CNCs were stabilized in phosphate buffer (10 mm, pH
7) overnight. RSF and SFB-RSF were diluted in phosphate buffer
(10 mm, pH 7) to a concentration of 0.1 g L~!. The adsorption
of RSF as well as desorption, after rinsing, were monitored as
follows: Before the introduction of RSF and SFB-RSF solutions,
the coated crystals were stabilized in the QCM-D chambers with
phosphate buffer, for ~1 h. 0.1 g L' RSF solution was then in-
troduced to the chambers containing the crystals coated with pu-
rified CNC and amine-CNC, and 0.1 g L~! SFB-RSF solution was
introduced to the chamber with the crystal coated with SANH-
CNC. The flow rate of the silk solutions was 0.1 mL min~" and the
adsorption was recorded for 1 h for purified CNC and amine-
CNC surfaces, and 6 hours for crosslinking SANH-CNC and
SFB-RSF. Subsequently, the surfaces were rinsed with phosphate
buffer to identify any desorption of the adsorbed layer. The mass
changes on the crystal were monitored by following the changes
in frequency and dissipation, as a function of time. Two replicates
for each surface were performed.

Atomic Force Microscopy (AFM): AFM imaging was used to an-
alyze the surface morphology of the QCM-D crystals coated with
different CNCs, before and after adsorption/conjugation of RSF.
The characterization was carried out using a NanoTA AFM+ in-
strument (Anasys Instruments, Bruker, MA, USA) with Mounted
Standard Silicon Tapping Mode Probes with Al Reflex coating
(Applied Nanostructures Inc., CA, USA). Images of the ultra-
thin film surfaces were recorded in tapping mode in air, with a
scan rate of 0.5 Hz using silicon (Si) cantilevers. The damping
ratio was around 0.7-0.85 Hz. For each sample, three different
areas were analyzed. The images were not processed by any other
means, other than flattening. AFM images were analyzed using
Analysis Studio Software 3.15.

Nanoscale infrared analysis (Photothermal AFM-IR): Photother-
mal AFM-IR was performed using a nanoIR3s system (Bruker,
MA, USA) with gold-coated Si probes (PR EX nIR2 10, spring
constant 0.2 N m™!), where the laser source was pulsed at higher
eigenmodes of the contact resonance. The samples were analyzed
in resonance-enhanced AFM-IR mode with tunable pulse rates
using two separate lasers: a 4-chip midIR QCL Laser system and
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a Hyperspectral QCL: 780 1950 cm™. Spectra on different loca-
tions and IR maps at characteristic wavenumbers (1060 cm™' for
cellulose and 1630 cm™! for silk) were acquired. The AFM-IR im-
ages were analyzed using Analysis Studio Software 3.15.

2.2.3. Rheology and Alignment of CNC and RSF Dispersions and a
Preliminary Spinning Demonstration

Rheology Measurements and Alignment Under Shear: Large defor-
mation steady-state rheology measurements were performed us-
ing an Anton Paar MCR302 rheometer to reveal the effect of
the modification on the dispersions’ rheological properties. Dis-
persions of both purified CNC and amine-CNC at different con-
centrations (1-4 wt%) were prepared. The dispersions were pre-
pared by dispersing dry CNC powder or freeze-dried amine-
CNCs to water and sonicating it at ~1000 J g~!, which has been
shown to be sufficient to break most of the aggregates.[?] As
the amine CNC dispersions prepared from the freeze-dried ma-
terial showed some aggregation and flocculation during redis-
persion, amine-CNC dispersions were also prepared by evapo-
rating the dialyzed amine-CNCs to ~3 wt%, from which dilu-
tions were made to 1-3 wt%. The measurements were performed
using cone and plate geometry (CP50-1, diameter 49.9614 mm,
cone angle 0.984°, gap 0.099 mm) and the shear rate was loga-
rithmically increased from 0.01 to 500-1000 s~!. The tests were
performed at room temperature. Shear-induced polarized light
images (SIPLI) were acquired during the steady-state shear mea-
surements to qualify and visualize the possible alignment and
orientation of purified CNCs, amine-CNCs, and their mixtures
with RSF. The coupling of optical techniques, with steady-state
rheological measurements, gives valuable information about the
relationship between macroscopic rheological properties and mi-
croscopic structural characteristics of the material. Thus, infor-
mation on the microstructure, gained by polarized light imaging,
gives a better understanding of the rheological behavior of the
material. For SIPLI the rheometer was equipped with an optical
setup. The method is discussed in more detail elsewhere.l>3%4]
Briefly, the other side of the sheared sample was accessible for
visualization, since the rheometer is equipped with a glass plate
(P-PTD200+H-PTD200). The optical parts consisted of a color
charge-coupled device (CCD) camera, an optical tube that trans-
fers the image telecentrically onto the CCD chip, and an inlet for
light. The light source emitted light, which was transferred by
the light guide into the optics. This white monochromatic light
went through a polarizer to the beam splitter from where it travels
to the sample. The sample was thus illuminated with polarized
light and the image of this was transferred to the chip of the CCD
camera, allowing the recording of changes in the sample struc-
ture (alignment, birefringence, crystallization) induced by shear.
Cross-polarized light (polarizer oriented perpendicularly to the
analyzer) was used in all measurements and an area of 25 mm
was directly optically monitored by this setup. The tests were per-
formed at room temperature.

Dry-Spinning of Silk-CNC Composite Filaments: Mixtures of pu-
rified CNC+RSF and amine-CNC (evaporated)+RSF were spun
at 50/50 dry-weight ratios. In addition, amine-CNC (evaporated),
purified CNC, and RSF were spun alone, as reference (100%).
The solid contents of the spinning dopes were: 7 wit% for
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Table 2. Elemental analysis results for amine-modified cellulose nanocrystals (amine-CNCs).

Sample Elemental analysis [wt%)]
N C H S
CNC (reference) 0 42.72 6.21 0.53
3 wt% CNC? 0.32 +0.03 42.00 +0.14 6.26 + 0.06 0.51+0.03
3 wt% CNC + LiCIP?) 0.35 (0.00) 41.86 +0.15 6.26 + 0.05 0.48 +0.04
3 wt% CNC (purified) 0.33 +0.02 40.85 + 1.28 6.13+£0.13 0.49 + 0.04
3 wt% CNC (purified) + LiCl9 0.37 (0.00) 42.17 +0.06 6.19 = 0.04 0.49 +0.03
1 wt% CNC (purified) + LiCl (250 mL reactor)®) 0.67 + 0.04 41.86 +£0.33 6.17 + 0.03 0.58 +£0.01
1wt% CNC (purified) + LiCl (1000 mL 1.13 +0.02 41.44 +0.25 6.33 + 0.04 0.57 +0.04
reactor)” 0.95 +0.06 38.38 +0.02 5.64+0.1 0.38 2 0.04
1.04 +0.11 38.92+0.9 6.02 +0.04 0.37+0.1

%3 wt% CNC in DMAc (250 mL reactor); ®)3 wt9% CNC in DMAC + 1 wt96 LiCl (250 mL reactor); 93 wt% CfNC (purified) in DMAc (250 mL reactor); 93 wt9% CNC (purified)
in DMAc + 1 wt%LiCl (250 mL reactor); 1 wt% CNC (purified) in DMAc + T wt% LiCl (250 mL reactor); )1 wit% CNC (purified) in DMAc + T wt% LiCl (1000 mL reactor).

amine-CNC+RSF, 8wt% for the CNC+RSF, 12 wt% for the silk,
and 2 wt% for the amine-CNCs. The spinning experiments were
conducted in Spinnova’s filament spinning facilities using their
R&D spinning device, utilizing a dry-spinning method. Initially,
the CNCs (CNCs and amine-CNCs) were mixed separately for
15 min. Next, both CNCs (CNCs and amine-CNCs) and RSF were
combined and the mixtures were carefully stirred, with a mag-
netic stirrer (30 s), to mix them thoroughly. Subsequently, the
samples were carefully placed in a 100 mL syringe and fed into
a Teledyne pump (Teledyne ISCO, NE, USA), and spun through
a nozzle (nozzle diameter = 0.13-0.25 mm) into filaments on a
stainless steel substrate with a ceramic surface treatment. The
filaments were dried for 10 s under three IR lamps and once
they had dried they could be detached from the substrate. Sub-
sequently, the films were placed in a conditioned environment at
25 °C with a relative humidity of 65% overnight. The filaments’
mechanical properties, stress, and strain were evaluated using
a Tex Techo Instrument (Textechno Herbert Stein GmbH & Co.
KG, Monchengladbach, Germany).

3. Results and Discussion

3.1. Attachment of Aminosilanes on CNCs and Determination of
the Surface Substitution

3.1.1. Surface Modification and Chemical Characterization of the
Amine-CNCs

Surface modification of CNCs was performed using the well-
known silanization chemistry, which can lead either to ph-
ysisorbed aminosilane moieties or to the direct attachment of
the aminosilanes (chemisorption), the latter being the preferred
form (Figure 1).15%] For the modification, we tested different dis-
persion parameters, presented in Table 1, to find the most suit-
able conditions to yield maximum amination. The dispersion
parameters included the solid content of CNCs (CNC wt% in
DMAC), the addition of 1 wt% LiCl, the purification of CNCs
before dispersion, and the volume of the reactor. Altogether
six different combinations were tested, for which DMAc was
chosen as the reaction medium as it is a cellulose compati-
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ble solvent, commonly used for cellulose dispersion, dissolu-
tion, and modification.[***¢] For the chemical characterization of
the modified CNCs (amine-CNCs), we used elemental analysis,
ATR-FTIR, solid-state NMR, and XPS, which gave evidence that
aminosilane functionalities were present in the samples. How-
ever, they were not able to show whether the aminosilanes are
physisorbed or chemisorbed. Thus, to demonstrate the direct at-
tachment we finally resorted to liquid-state NMR.

First, we performed elemental analysis on the six samples
listed in Table 1, to gain preliminary evidence on the success
of the chemical modification of the CNCs and the effect of the
dispersion parameters. By comparing the amount of nitrogen
present in the samples originating from the APTMS molecule,
we were able to determine, which of the dispersion conditions
led to maximum surface amination. Table 2 summarizes the el-
emental analysis results. As expected, elemental analysis results
showed no major changes in the C, H, and S content. All sam-
ples showed nitrogen, confirming the attachment of the APTMS
molecule to our samples. The N content varied between 0.32%
and 1.13%. Decreasing the CNC dispersion concentration to 1
wt% led to almost double the amount of nitrogen in the sample,
indicating that the reaction is more efficient at more dilute dis-
persions. Thus, we moved forward with this concentration and
prepared the sample in bigger batches (1000 mL Radley). From
Table 2, we can observe that the reaction yield could be further in-
creased when up-scaled with only minor deviations between the
three batches. The higher degree of modification is most prob-
ably due to more efficient mixing in the bigger reactor. In con-
clusion, we were able to reach maximum amination with the dis-
persion prepared at low solids content (1 wt%), where the surface
was activated by purifying the CNCs accompanied with the 1 wt%
LiCl addition. The amination could be further increased by using
a bigger reactor with more efficient mixing. Thus, further discus-
sion will focus on the sample, 1 wt% CNC (purified) in DMAc +
1 wt% LiCL

As a complementary technique for elemental analysis, we ap-
plied ATR-FTIR, to detect the amination of the CNC samples
(Figure 2 and Figure S3, Supporting Information). As expected,
the samples displayed absorption regions, 800-1500 cm™!
(C-0-C), 3000-3600 cm™! (~OH), and 2800-2900 cm™~! (~CH),
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Figure 2. Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) (left) and solid-state nuclear magnetic resonance (NMR)
(right) spectra of amine-modified cellulose nanocrystals (amine-CNC) (1 wt% CNC (purified) in DMAc + 1 wt% LiCl (250 mL reactor)) and unmodified
CNC samples (purified CNC and original CNC) as references. The expansion in the NMR spectra is from the aliphatic region, where the typical peaks

for (3-Aminopropyl)trimethoxysilane (APTMS) are located.

typical to that of the cellulose I allomorphs.>’] The peak at around
1640 cm™! may originate from both bound water and N-H bend-
ing of the free primary amine present in the APTMS molecule,
thus, it is difficult to make any conclusions about the success of
the modification. An appearance of a peak around 1550 cm™,
arising from possible -NH bending, has been reported previ-
ously for APTES modifications.[*”*8>°] However, this peak is not
visible in our samples. The absence of this peak does not nec-
essarily indicate an unsuccessful reaction, since the penetration
depth of ATR-FTIR is about 2 um. Thus, it will record the spec-
tra throughout the CNCs and not only from the CNC surface,
where the modification has taken place. The typical peaks for
Si—O-Si and Si-O-C are overlapping with the strong C-O-C
band and thus it is difficult to differentiate these based on the
ATR-FTIR.’”%8] However, slight differences in the shape of the
fingerprint area can be distinguished between the unmodified
and modified CNC samples, giving some indication of success.
Next, we performed solid-state *C CP/MAS NMR (Figure 2)
on our samples. The presence of signals corresponding to the ex-
pected ppm values for aliphatic signals from APTMS are present
in the amine-CNC sample, but not in the unmodified CNC sam-
ple. Three new weak signals in the amine-CNC spectrum are ob-
served between 10 and 50 ppm, which correspond to -CH,-NH,
(around 40 ppm), —CH,—- (around 20 ppm), and —-CH,-Si—(OR),
(10 ppm), of the aminopropyl groups of the APTMS reagent.
Similar observations have been reported also previously.!3#2l
In addition, the spectra did not show any changes in the cellu-
lose I form, as characterized by no visible changes in the broad
and sharp signals for the C4 region. Furthermore, the effect of
DMACc/1 wt% LiCl on the crystallinity of the CNCs was also eval-
uated from the solid-state NMR data by peak fitting and there was
no major change in crystallinity, 44% and 52% for amine-CNCs
and purified CNCs in water, respectively. This showed that the
addition of 1 wt% LiCl as an activating agent was not too high
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to start dissolving the cellulose or causing significant changes in
the crystalline form.

To gain information on the elemental composition on the out-
most surface of the CNCs, we used a surface-sensitive technique,
XPS. Amination was confirmed by the appearance of additional
core-level peaks in the XPS survey spectra, attributed to nitrogen
(N 1s) around 400 eV and to silicon (Si 2p and Si 2s) around 102
and 150 eV, in addition to the C and O and S peaks, which were
visible also for the reference materials (Figure S4, Supporting In-
formation). The elemental compositions (at%) of C, O, N, S, and
Si of the samples are presented in Table 3 and Table S1, Sup-
porting Information. We observed a ratio between the Si and N
content of around 1.1 (Table 3, Table S1, Supporting Information)
for our amine-CNC samples, which is close to the theoretical ra-
tio expected from the structure of the APTMS molecule.

The high-resolution N 1s spectra (Figure 3) can be decon-
voluted into two areas, corresponding to two different types of
nitrogen bonds in the sample (NH, and NH;"), revealing the
presence of charged amine groups on the surface. In addition,
the high-resolution C 1s spectra (Figure 3) can be deconvoluted
into different areas, giving information on how the carbons are
bonded. These four bonds correspond to C-O/C-N at 286.5 €V,
C—C at 284.8, O-C-O at 288.0 eV, and O—C=0 at 289.1. The
relative abundance of these carbon bonds (at%) is presented in
Table 3. Theoretically, the cellulose molecule itself, without any
modifications, does not contain the C-C component, that is, car-
bons without oxygen neighbors. However, this band is always
detected even for pure cellulose samples. It has been shown
to arise from impurities and remnants of lignin, and hemicel-
lulose, on the cellulose surfaces.['¢?] In addition, impurities,
such as aromatics and aliphatics, have been shown to accumu-
late on CNC surfaces, leading to a reduction in the reactivity.[*1%]
The abundance of C-C bonds for the CNC powder was 14.8%,
which is relatively high for unmodified cellulose. The atomic
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Table 3. X-ray photoelectron spectroscopy (XPS) results showing the elemental composition (at%) and relative abundance of carbon species (at%),
of amine-modified cellulose nanocrystals (amine-CNCs) (1 wt% CNC (purified) in DMAc + 1 wt% LiCl (1000 mL reactor)), and reference cellulose

nanocrystals (CNC powder and Soxhlet purified CNC powder).

Sample Elemental concentration [at%)] Relative abundance of carbon bonds [at%]

C (0] N S Si c-C C-O/C-N O-C-0 0-C=0
CNC powder (Ref) 61.7 37.2 0 0.5 0.2 14.8 66.3 16.4 2.5
Soxhlet purified CNC powder (Ref.) 58 40.8 0 0.7 0 4.4 74.8 18.7 2.1
amine-CNCs 57.8 40.5 0.8 0.7 1.0 7.8 733 17.5 1.4

percentage of C-C bonds is decreased to 4.4% by Soxhlet ex-
traction, indicating the extraction efficiently removed impurities
making the surface more prone to modification. An increase in
the relative abundance (at%) of C-C bonds originating from the
APTMS molecule, was observed as expected.

While all the results gained so far from elemental analysis,
ATR-FTIR, solid-state NMR, and XPS show that the APTMS
species are present in the samples, they do not confirm the direct
attachment of the aminosilanes on the CNCs, that is, whether
they are physisorbed or chemisorbed.

3.1.2. Evidence Supporting Covalent Attachment

Finally, we resorted to solution-state NMR to show that the func-
tional group is covalently attached, that is, chemisorbed. We em-
ployed diffusion-edited 'H NMR on the amine-CNC sample, 1
wt% CNC (purified) in DMAc + 1 wt% LiCl (1000 mL reac-
tor) (Figure 4). This technique allows for editing out the slow-
diffusing species, that is, it would have the effect of attenuating
the physisorbed material but keeping the chemisorbed signals
in the spectrum. Proof of chemisorption versus physisorption is
a long-standing question for the silanization platform.[** Due to
the potential for the introduction of a wide range of novel reactive
or “click” functionalities, confirming covalent attachment is crit-
ical for the reduction of downstream leaching of the introduced
functionalities, from the surface of celluloses.

The amine-CNC spectrum was compared to the normal-
ized 'H spectrum for the unmodified CNCs (Figure 4a) and
the diffusion-edited 'H spectrum for the unmodified CNCs
(Figure 4b). The effect of diffusion editing can be clearly observed
when comparing the two spectra of the unmodified CNCs. In

Figure 4D, the ionic liquid signals are almost completely atten-
uated, after applying diffusion editing. In Figure 4c, it can be
observed that there are clear alkyl resonances corresponding to
the APTMS-like moieties, retained after applying the diffusion
editing. When compared to APTMS in the [P,,,,][OAc]:DMSO-
d electrolyte (Figure 4d), there is a clear overlap observed. This
indicates that by using this silanization procedure, the reagent
has become chemisorbed. In addition to this evidence, we also
suspended the amine-CNCs in DMSO-d; to see if there was any
physisorbed material that could be extracted from the surface
(Figure 4e). In fact, no resonances corresponding to APTMS can
be observed, however, traces of DMAc were observed, retained in
the sample after the silanization procedure (including after dial-
ysis). These two methods give strong support for covalent attach-
ment, that is, chemisorption. Where possible ambiguity would
arise would be from the interpretation of the diffusion-edited
'H experiment results, as it does not demonstrate a coupling-
dependent correlation between species but rather shows that
both the cellulosic and silyl species are both diffusing at a very
slow rate, compared to the low molecular weight species. How-
ever, as we do not observe the extraction of any silyl species
into DMSO-d, (Figure 4e), the silyl species seems to be strongly
bound to the CNCs, at least under these solvent conditions. In
the future, diffusion-editing could be used to assess the connec-
tivity between different species using different solvents, which
are relevant for processing the materials.

3.1.3. Calculation of Degree of Surface Substitution

The CNCs used in this study are derived from plants having
a majority of the I crystalline allomorph structure. The early
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Figure 3. High-resolution X-ray photoelectron spectroscopy (XPS) spectra of C 1s and N Ts for amine-modified cellulose nanocrystals (amine-CNCs), 1

wt% CNC (purified) in DMAc + 1 wt% LiCl (1000 mL reactor).
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Figure 4. 'H spectra: a) 'H spectrum of unmodified cellulose nanocrystals (CNCs) in [Ps444][OACl:DMSO-dg, b) diffusion-edited 'H spectrum
of unmodified CNCs in [P444][OAC]:DMSO-d, c) diffusion-edited "H spectrum of amine-CNCs in [P4444][OAc]:DMSO-dg, d) "H spectrum of (3-
Aminopropyl)trimethoxysilane (APTMS) in DMSO-dg, €) 'H spectrum of DMSO-dg-extracted amine-CNCs (with toluene as internal standard).

fibrillar model cross-sections for the I, crystalline structure were
thought to consist of 36 cellulose chains based on the composi-
tion of the cellulose synthase complexes (CSCs).I%] These models
are commonly presented as having a square cross-section with
only (110) and (110) planes on the surface, as suggested by solid-
state NMR data.[*®%’] However, currently the 36-chain model has
been displaced by the 24-chain and 18-chain models, which favor
the formation of more hexagonal shapes having faces made up
of the (110), (110), and (200) Miller index planes.[**657!] Based
on the literature, the 18-chain model for softwood with a 234432
arrangement of chains is currently the most favored.[%8-7072]
Moreover, the only model in the literature to calculate DS,
from experimentally determined crystallite sizes is the calcu-
lation method described by Eyley et al.*’] This is for an early
square (rhomboid) model, with only the (110) and (110) planes at
the surface, that is, all surfaces contain OH groups due to the ab-
sence of the (200) plane.l”%] For our calculations, we have adopted
the 18-chain hexagonal model (234432) and the rhomboid model
presented by Eyley et al., but recognize there are variations de-
pending on the species and processing history.[”?) Furthermore,
the true shape of CNCs is shown to be irregular consisting of ag-
gregated structures of a few crystallites even after sonication.!”*!
Thus, the Eyley rhomboid model based on experimentally deter-
mined dimensions presents a good alternative to calculate the
available hydroxyl groups for modification. In conclusion, for
our CNCs, we adopted the 18-chain hexagonal (234 432) and the
Eyley rhomboid cross-section with dimensions 4 nm X 4 nm
(L, X L,), which have been determined from TEM images.

We used elemental analysis and XPS data to calculate the de-
gree of surface substitution (DS,,,), using Equation (1), for the
amine-CNCs based on the measured average nitrogen (N) and
silicon (Si) content, respectively. The calculated DS, values are
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converted to DS, ;c by Equation (2). In addition, we utilized the
liquid NMR data to give an accurate DS, ;, corroboration for the
aminated CNCs. The DS_; and DS, values are presented in
Table 4. The degree of substitution was determined for two dif-
ferent CNC models a) the Eyley rhomboid model, with experi-
mentally determined dimensions, and b) the 18-chain hexagonal
model, that is, a softwood theoretical model. Example calcula-
tions for the DS data are provided in the Supplementary infor-
mation. Interestingly, the values for the degrees of substitution
are very similar between the two models, experimental and theo-
retical, and the calculated DS, values from XPS and elemental
analysis data are close to the DS, ;, derived from the NMR data.

The theoretical maximum degree of surface substitution
(DS ;) for the CNCs is 1.5, however, as suggested by Eyley et al.
it is unlikely it will be > 1 due to the relative unreactivity of the
hydroxyl group at C; as it is taking part in the intramolecular hy-
drogen bonding. Thus the % of maximum is calculated by com-
paring the DS_ to DS, = 1. It should be noted that the CNCs
used are sulfated, which means a small fraction of the available
hydroxyl groups for modification have already been modified.
This corresponds to approximately every eight primary hydroxyl
replaced by a sulfate group.

3.2. Adsorption and Bioconjugation Studies between CNCs and
RSF

3.2.1. QCM-D Measurements to Study the Physical Adsorption of
RSF on the CNC Surfaces

Interactions occurring between CNCs and RSF in mixtures of pu-
rified CNC + RSF and amine-CNC + RSF, were revealed using
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Table 4. Degree of surface (DS, s) and bulk (DSy,) substitution for amine-modified cellulose nanocrystal (amine-CNC sample), 1 wt% CNC (purified)
in DMAc + 1 wt% LiCl (1000 mL reactor) determined from elemental analysis, X-ray photoelectron spectroscopy (XPS), and solution-state nuclear

magnetic resonance (NMR) results.

Method Experimental? Theoretical®)
DSg¢ DSy % of maximum®) DS DSy % of maximum®)
Elemental analysis (N, wt%) 0.24 0.13 24 0.20 0.13 20
XPS (Si, at%) 0.23 0.13 23 0.19 0.13 19
NMR (integrated peak area)? - 0.070 12 - 0.070 1

2 Experimental values are calculated based on Eyley rhomboid model, with experimentally acquired crystal dimensions (rhomboid, 4 x 4 nm); ®) Theoretical values are
calculated based on the 18-chain hexagonal model, i.e., a softwood theoretical model; 99% of maximum is calculated by comparing the DS, ¢ to the maximum degree of
surface substitution (DS,,, = 1); ) DSy, gained from the NMR by integrating the peak area (Equation (S1), Supporting Information).

quartz crystal microbalance with dissipation monitoring (QCM-
D). This method is highly surface sensitive and gives informa-
tion on whether ionic interactions induced simply by mixing the
two components together are enough for sufficient binding or
whether covalent crosslinking via bioconjugation is needed. Cel-
lulose is not very prone to non-specific protein adsorption, which
originates from its hydrophilic nature, which is why nanocel-
lulose has been used as an antifouling coating for membrane
applications.[”>7¢] Thus, electrostatic or covalent crosslinking is
usually needed for fully irreversible adsorption. First, we mon-
itored the adsorption of RSF on purified CNC and amine-CNC
surfaces in situ (Figure 5a,b). After introducing RSF on the pu-
rified CNC surface, there was a clear decrease in the frequency
indicating that RSF adsorbed (Figure 5a). Once the system had
stabilized, the system was rinsed using phosphate buffer, which
caused a positive change in frequency indicating that some RSF
is desorbed from the surface. The overall change was still nega-
tive indicating that a thin layer remains adsorbed on the surface.
It can be expected that the excess amount of RSF, which is not
directly interacting with the CNC layer was desorbed and only
a thin monolayer of RSF remained on the CNC surface. A sim-
ilar phenomenon could be observed for the adsorption of RSF
onto an amine-CNC surface (Figure 5b), which has both positive
and negative surface charges, originating from the amine groups
and sulfate groups respectively. RSF was adsorbed but rinsing
detached the excess amount of RSF from the surface. Compar-
ing these two systems, the adsorption phenomena are slightly
different as less protein was desorbed from the amine-CNC sur-
face with rinsing compared to the purified CNC surface. How-
ever, the overall decrease in frequency after ~60 min of rinsing
is slightly higher for the purified CNC surface (—18 Hz) com-
pared to the amine-CNC surface (—14 Hz) and thus more pro-
tein was adsorbed on the purified CNC surface at the end of the
experiment. These results indicate that the interactions induced
by physical adsorption are sufficient to induce binding between
amine-CNCs/CNCs and RSF and that amination of the CNCs is
not necessarily needed. However, as the amine-CNCs bear also
positively charged surface groups, this could facilitate stronger
attraction of RSF onto the amine-CNC surface, which could ex-
plain the lower amount of desorbed RSF with rinsing. Silk fibroin
has an estimated theoretical isoelectric point (pI) of around 4.5,
meaning that above this pH RSF is negatively charged. However,
because of the strong acidic sulfate groups, the amine-CNCs are
negatively charged at a wide pH range and the difference between
the overall adsorption is not that significant since both systems
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are still anionic, —27 and —33 mV for amine-CNCs and purified
CNCs, respectively, at our measurement conditions (10 mm phos-
phate buffer, pH 7) (Figure S5, Supporting Information).

AFM images of the QCM-D crystals before and after adsorp-
tion on purified CNC (Figure 5c) and amine-CNC (Figure 5d) are
presented beneath the frequency and dissipation curves. For pu-
rified CNC and amine-CNC, very little difference can be observed
on the surface after the adsorption (Figure 5c,d right). The height
profiles have smoothened to some extent after adsorption, how-
ever, a single protein is difficult to see on the conventional AFM.
The adsorption of the proteins was confirmed by photothermal
AFM-IR, which gives information on the chemical composition
of the surfaces. The AFM-IR images (Figure 5e,f, right column)
showed typical adsorption peaks for proteins at 1630 cm™! con-
firming that the proteins had adsorbed on top of the CNCs form-
ing a thin monolayer. The images on the left-hand side are be-
fore adsorption and the images on the right, are after adsorption.
Before adsorption, the photothermal AFM-IR map shows the ar-
eas in yellow/red where the 1060 cm™! wavenumber, typical for
cellulose, is visible. After adsorption, the surface is treated with
wavenumber 1630 cm™!, which is typical for proteins. The areas
rich in this wavenumber are shown in yellow/red. In addition,
the spectra collected from different positions show the typical
carbonyl-based vibrations for proteins, around 1630 cm™ (Figure
S6, Supporting Information). This correlates with the ATR-FTIR
spectra for pure RSF and the two CNCs (Figure S6, Supporting
Information).

3.2.2. Bioconjugation of CNCs and RSF in QCM-D

Next, we assessed whether we could maximize the binding be-
tween RSF and CNCs by crosslinking the two materials by well-
known bioconjugation chemistry using amine-amine coupling
(SANH-CNC + SFB-RSF).**#] This system is very different from
the physical adsorption discussed in Section 2.2.1 as the bind-
ing discussed here is guided by a chemical reaction rather than
by spontaneous adsorption driven by entropic changes. Com-
paring Figure 5a,b, and 6a we can observe that the kinetics for
the crosslinking reaction between SANH-CNCs and SFB-RSF
(Figure 6a) differed greatly from the kinetics induced by only
physical interactions between CNCs and RSF (Figure 5a,b), as the
crosslinking reaction proceeded slower compared to the physical
adsorption. In addition, a larger negative change in frequency,
~—225 Hz, was detected for the crosslinking reaction at the end
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Figure 5. Quartz crystal microbalance with dissipation monitoring (QCM-D) frequency and dissipation graphs showing adsorption of regenerated silk
fibroin (RSF) onto a) the purified cellulose nanocrystal (CNC) surface, and b) the amine-CNC surface. Atomic force microscopy (AFM) images of the
QCM:-D surfaces for c) the purified CNCs, and d) the amine-CNCs, before (left) and after (right) RSF adsorption. c,d) Roughness values (R;) presented
for the AFM images both before and after adsorption of RSF. Photothermal AFM-IR images of the QCM-D crystals coated with e) purified CNC and
f) amine-CNC before (left) and after (right) RSF adsorption. In the upper panel, AFM topographical images, and in the lower panel the corresponding
photothermal AFM-IR images, of the QCM-D crystals, collected at 1060 cm™" (before RSF adsorption) and 1630 cm™" (after RSF adsorption). The height
scale for (e) and (f) is 20 nm. The yellow/red color indicates where the signal for the measured wavelength is the most intense and the blue areas where
it is less intense.

of the experiment, compared to physical adsorptions, which sta-  lize to a certain level but rather increases over time. This may be
bilized around —18 and —14 Hz for CNCs and amine-CNCs, re-  because SFB-RSF is adsorbed in a specific conformation, due to
spectively, after 1 h of rinsing. No desorption induced by rinsing  the restriction of the crosslinking chemistry. Thus, there is more
was detected for the crosslinked system indicating irreversible — room for more proteins to adsorb. It is also possible that SFB-RSF
amine-amine coupling. The crosslinking reaction did not stabi-  starts coupling with the free primary amine groups on the already
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Figure 6. a) Quartz crystal microbalance with dissipation monitoring (QCM-D) frequency and dissipation graphs showing the crosslinking reaction be-
tween succinimidyl-6-hydrazinonicotinate acetone hydrazone modified cellulose nanocrystals (SANH-CNCs) and succinimidyl-4-formylbenzoate mod-
ified regenerated silk fibroin (SFB-RSF) occurring in QCM-D. b) Crosslinking scheme. 1) phase: amine-CNCs and RSF are modified separately in test
tubes with heterobifunctional reagents, SANH, and SFB, respectively to yield SANH-CNC and SFB-RSF. 2) phase: the crosslinking reaction between
SANH-CNC and SFB-RSF was performed in QCM-D, where SANH-CNCs, carrying a labile (acetone) protected hydrazine moiety, react with the aldehyde
group on the SFB attached to RSF, forming a stable hydrazone linkage. The time for this crosslinking reaction (SANH-CNC + SFB-RSF) takes ~6 h to
proceed and, thus, the QCM-D experiment for the crosslinking was run for a longer time than the physical adsorption experiments. c) Atomic force
microscopy (AFM) images of the QCM-D crystal surface before (left) and after (right) the measurement. d) AFM height images of the QCM-D crystals
after crosslinking and their corresponding photothermal AFM-IR images at 1060 cm™" (top row) and 1630 cm™" (lower row).

attached SFB-RSF, as necessarily not all of the amine groups on
RSF have been modified with SFB. However, this Schiff base for-
mation between primary amines and aldehydes is a relatively la-
bile functionality under aqueous conditions. Thus, the linkage
may not be stable enough to form a permanent link. This could,
however, explain the thicker layer that is formed. Additionally, the
change in dissipation is higher for the crosslinking reaction indi-
cating that a greater amount of water was also adsorbed with the
proteins.

For the crosslinking layer, shown in Figure 6¢, a clear differ-
ence can be observed in the AFM images of the surface after
the measurement (right), indicating a high amount of RSF is at-
tached. In addition, the protein is not adsorbed as a monolayer
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but rather as spherical nanostructures. The photothermal AFM-
IR maps (Figure 6d) are both after adsorption and clearly show
the areas, which contain more cellulose (1060 cm™?, yellow/red
areas), and areas where the protein carbonyls at 1630 cm™! are
stronger (yellow/red areas). In addition, the photothermal AFM-
IR spectra collected at various positions on the surface correlate
well with the ATR-FTIR spectra of the crosslinked system (Figure
S7, Supporting Information). In conclusion, the binding between
CNCs and RSF could be increased by crosslinking the compo-
nents by amine-amine-coupling. However, this strong binding
induced the formation of spherical protein nanostructures on the
CNC surface, which may affect the ability of the CNC crystallites
and the protein to orientate under shear.
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Figure 7. Steady-state shear viscosity curves and shear-induced polarized light images (SIPLI) as insets for a) purified 3 wt% cellulose nanocrystal
(CNC) dispersion, b) 3 wt% amine-CNC dispersion prepared from freeze-dried material, and c) 3 wt% amine-CNC dispersion, evaporated to 3 wt% from

dialyzed material.

3.3. Rheology and Alignment of CNC and RSF Dispersions and a
Preliminary Spinning Demonstration

3.3.1. Rheological Properties and Alignment of CNCs and RSF

First, we studied the large deformation steady-state rheology of
both purified CNCs and amine-CNCs to reveal the effect of the
modification on the dispersions’ rheological properties. Figure 7
shows the viscosity curves for 3 wt% purified CNC (Figure 7a) and
3 wt% amine-CNC dispersions (Figure 7b,c). Viscosity curves for
the other wt% dispersions are reported in Figure S8, Supporting
Information. The purified CNC sample shows typical rheological
behavior for lyotropic liquid crystals, as reported previously.”’!
Three distinct regions can be identified for samples 2-4 wt%
(Figure 7 and Figure S8, Supporting Information), which are
1) shear-thinning due to alignment of liquid crystal domains,
2) plateau region, where all domains have been aligned along
the shear and 3) a second shear-thinning region, where the do-
mains are destroyed, and individual rods align. Figure 7a shows
the shear-induced polarized light images (SIPLI) of the 3 wt%
CNCs as insets, showing birefringence. At 1 s there is an ap-
pearance of a Maltese cross, indicating a parallel orientation of
one of the main axes of the optical indicatrices of a birefringent
structure in the plane of polarization of the incident light. This
means that the linearly polarized light passing through will not
change its polarization resulting in the black sectors. For the pu-
rified CNC samples, the birefringence decreases with decreasing
wt% but becomes more pronounced with increasing shear rate
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(Figure S9a, Supporting Information). It is known that CNC dis-
persions are isotropic below a critical concentration, above which
they start to enter the anisotropic chiral nematic phase showing
birefringence.[”®!

Figure 7b,c shows the viscosity curves for the 3 wt% aminated
samples prepared from freeze-dried or evaporated material, re-
spectively. Viscosity profiles for different wt% amine-CNC dis-
persions are presented in Figure S8b,c, Supporting Information.
The modification of the CNCs induces a clear increase in the vis-
cosity of the amine-CNCs (freeze-dried and evaporated), which
is about 1000x that of the purified CNC dispersions (Figure 7).
Once the amine-CNCs are freeze-dried, they cannot be redis-
persed to the same extent as the non-modified CNCs, possibly
due to the strong interactions caused by opposite surface charges.
Indeed, the freeze-dried sample shows aggregation and floccula-
tion of the amine-CNCs, when imaged under non-polarized light
(Figure S10, Supporting Information). However, they still formed
a gel-like dispersion, where the amine-CNCs did not precipitate
out of the water phase. Similar behavior for cationic CNCs has
also been reported previously, even when the zeta potential is en-
tirely positive.””) Our amine-CNCs bear both negative and posi-
tive charges on the particle surface, which may cause irreversible
flocculation and aggregation of the freeze-dried amine-CNC par-
ticles after redispersion, thus, affecting the rheological proper-
ties. To decrease the aggregation of particles induced by drying
we prepared concentrated amine-CNC dispersions by evaporat-
ing the samples after modification to avoid the drying step. The
viscosity of the evaporated amine-CNC dispersion (Figure 7c)
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Figure 8. Steady-state shear viscosity curves and shear-induced polarized light images (SIPLI) as insets for a) 3 wt% cellulose nanocrystal (CNC) + 2
wt% regenerated silk fibroin (RSF) mixture, and b) 3 wt% amine-CNC + 2 wt% RSF mixture prepared from freeze-dried amine-CNCs. The circles indicate

the points where the images were acquired.

remained high implying some type of ionic bridging or crosslink-
ing between the particles even without drying the material. How-
ever, visually the evaporated dispersion was as translucent as the
unmodified CNCs. In addition, the zeta potential measurements
of the evaporated amine-CNCs did not show unstable behavior,
which would indicate aggregation, and were similar to values of
purified CNC over a wide pH range (Figure S5, Supporting Infor-
mation). Furthermore, there were differences in the SIPLI im-
ages, as the SIPLI images for amine-CNCs prepared from the
evaporated material showed better orientation showing an ap-
pearance of the Maltese cross (Figure 7c) compared to the freeze-
dried CNCs, which showed isotropic behavior at all concentra-
tions. This indicates that the freeze-drying of amine-CNCs pre-
vents the formation of clear liquid crystalline phases after re-
dispersion and that the birefringence, that is, alignment, can be
better conserved when using evaporation to prepare the concen-
trated amine-CNC dispersions (Figure 7c). However, the birefrin-
gence was not as distinct as for the purified CNCs. The effect of
wt% on the birefringence for amine-CNCs (evaporated) is pre-
sented in Figure S9b, Supporting Information.

3.3.2. Rheological Properties and Alignment of Mixtures of CNCs
and RSF

Mixtures of the different CNCs (amine-CNCs (freeze-dried) and
purified CNCs) and RSF were prepared and imaged using SIPLI.
Figure 8 shows that the addition of RSF to CNC and amine-CNC
dispersions slightly increased the viscosity, as expected. Freeze-
dried amine-CNCs were used for the mixtures instead of evapo-
rated amine-CNCs as the viscosity of the evaporated amine-CNCs
was already very high at 3 wt%. Thus, it was difficult to efficiently
mix RSF with amine-CNCs at even higher concentrations to re-
sult in a final amine-CNC consistency of 3 wt%. The addition
of RSF to CNCs did not affect the alignment of the sample and
RSF seems to orientate together with the CNCs as there is a clear
Maltese cross visible when imaged using SIPLI (Figure 8a). By
increasing the shear rate, the birefringence becomes even more
pronounced. A very light Maltese cross can be detected for the 3
wt% amine-CNC + 2 wit% RSF sample (Figure 8b), indicating
some alignment is induced when combining RSF and freeze-

Adv. Mater. Interfaces 2023, 10, 2300162 2300162 (15 of 18)

dried amine-CNCs. RSF on its own showed no birefringence
(Figure S11, Supporting Information).

Rheological measurements and SIPLI were also conducted on
the crosslinked system (Figure S12, Supporting Information).
However, the high viscosity already at a low solid content pre-
vented us from performing the crosslinking at higher wt%, sim-
ilar to those of the other mixtures. In addition, the formation of
clustering was observed in the SIPLI supporting the AFM im-
ages, which showed that RSF formed spherical nanostructures
when adsorbing on the CNC surface. Thus, the rheology mea-
surements and SIPLI results indicate that silk can orientate with
the CNCs when not covalently bound by crosslinking. Further-
more, the CNC + RSF mixture showed the best alignment sug-
gesting that amination is not able to increase the alignment.
However, higher viscosity is beneficial in spinning experiments,
which could facilitate the formation of amine-CNC + RSF com-
posite filaments. The preliminary spinning experiments were
conducted for the mixtures of CNCs (purified CNCs and amine-
CNCs) and RSF and evaporated amine-CNCs were used for spin-
ning as they did not form aggregated structures and showed bet-
ter alignment in the SIPLI images.

3.3.3. Filament Dry-Spinning: A Preliminary Demonstration

A preliminary study was performed to show the potential of
the silk and CNC composites to be used in filament spin-
ning. Spinning experiments were performed for two mixtures:
CNC+RSF and amine-CNC+RSF, as these both showed orien-
tational behavior in the SIPLI experiments. In addition, 100%
CNC, 100% amine-CNC, and 100% RSF were spun, for refer-
ence. We were able to spin both mixtures. However, the spinning
of the CNC+RSF mixture was more successful than the amine-
CNC+RSF as we were able to acquire higher amounts of fila-
ments (Figure 9). This is supported by the SIPLI images, which
showed a better orientation of the CNC+RSF than the amine-
CNC+RSF mixture. The strength and strain properties of the two
mixtures, however, remained quite low (Figure S13, Supporting
Information) and optimization of the spinning process is still re-
quired. The amine-CNC+RSF filament’s force-elongation curves
showed two types of behavior. This may be originating from the
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Figure 9. Collage of the spun cellulose-silk mixtures (upper row) and amine-modified cellulose nanocrystals (amine-CNCs) (lower row). Top left purified
cellulose nanocrystals + regenerated silk fibroin (CNC+RSF), top right amine-CNC+RSF, lower left amine-CNC, and lower right force-elongation curve

of amine-CNCs.

strong adhesion of the filaments (filaments were rather flat) to the
substrate and once they were detached the mechanical properties
were affected.

The amine-CNC dispersions’ rheological properties also indi-
cated that some type of crosslinking, either ionic or covalent, oc-
curred between the crystallites, as the dispersion viscosities were
drastically higher than that for purified CNCs. Thus, we wanted
to see whether this interesting behavior would be translated into
the filament properties. We were not able to spin the purified
CNCs. This is due to the rod-like morphology of the crystallites
and their high colloidal stability, where the high surface charge
causes repulsion between the crystallites preventing aggregation.

Table 5. Summary table of preliminary spinning experiments.

CNCs are mostly used as strength additives in composite fibers
and only a few studies have shown the successful spinning of
pure CNCs.[*8%] Interestingly, we were able to spin 100% amine-
CNC filaments, which showed atypical strain values at break-
age for CNCs (Figure 9). Despite our efforts to reveal possible
crosslinking using NMR, we were not able to show this. How-
ever, the XPS results, rheological measurements, and the strain
properties of the filament strongly suggest, even if indirectly, the
existence of crosslinking between the crystallites.

Table 5, concludes the spinning results and shows that when
interactions between the components are attractive and induced
by electrostatic interactions as demonstrated by QCM-D or

Sample Interaction Alignment under shear Filament spinning
amine-CNC? attractive (rheology and XPS)®) medium successful
CNC + RSF attractive (QCM-D) strong successful
amine-CNC? + RSF attractive (QCM-D)9 weak challenging
SANH-CNC + SFB-RSF Highly attractive (QCM-D)% clustering, no alignment not possible

2 Evaporated amine-CNCs; Y Attractive electrostatic interactions indirectly revealed by rheology (high viscosity) and XPS (positively charged NH3+ groups); 9 Attractive
electrostatic interactions revealed by QCM-D; ) Highly attractive due to covalent crosslinking revealed by QCM-D.
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rheology and XPS measurements, and when there is clear align-
ment shown by SIPLI, filament spinning is most successful. In
light of these results, further optimization of the spinning pro-
cess, especially the spinning substrate, has to be completed to
further improve the mechanical properties of the filaments, and
to form round cross-sections of the filaments.

4, Conclusion

In this study, we have successfully combined functionalized
CNCs with silk proteins (RSF), studied the interactions between
the two components, and assessed their alignment under shear.
Finally, we tentatively demonstrated their applicability in fila-
ment formation. First, we were able to demonstrate the direct
attachment of the amine functionality on the CNCs by using a
novel liquid-state NMR approach, which is a critical factor to re-
duce the downstream leaching of the introduced functionalities,
from the surface of the CNCs. In the QCM-D studies, we showed
that RSF can interact and adsorb on both purified CNC and
amine-CNC via attractive physico—chemical interactions and that
the interactions did not prevent the alignment and orientation of
the CNCs when mixed with RSF. However, the alignment of the
amine-CNCs was not as strong as for the purified CNCs, indicat-
ing that the modification hindered the ability of the crystallites to
align. Covalent crosslinking was able to increase the binding be-
tween CNCs and RSF, however, at the same time it induced the
formation of protein nanoclusters on the CNCs, preventing the
orientation of the system under shear. Thus, we can conclude that
when non-covalent, attractive interactions are present and when
the alignment of the CNCs is not strongly affected (i.e., via mod-
ification), filament spinning was most successful. These factors
were fulfilled in the CNC + RSF mixture and thus it performed
the best in the preliminary spinning experiments. Interestingly,
we were also able to spin filaments from amine-CNCs alone. The
high viscosity of the amine-CNCs indicated some type of attrac-
tive interactions taking place between the crystallites. This was
supported by the XPS data, which showed that the amine-CNCs
bear both positively and negatively charged domains, which could
facilitate the spinning together with high viscosity and lead to
atypical strain properties for CNCs.
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