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ARTICLE INFO ABSTRACT

Keywords: Biohybrid colloids were fabricated based on electrostatic complexation between anionic TEMPO-oxidized cel-
Cellulose nanofibrils lulose nanofibrils (TO-CNF) and cationic hen egg white lysozyme (HEWL). By altering the loading of HEWL,
Lysozyme ) physical colloidal complexes can be obtained at a relatively low concentration of TO-CNF (0.1 wt%). At neutral
Eﬁ;’;zs;am complexation pH, increasing the HEWL loading induces an increase in charge screening, as probed by zeta-potential, resulting
Rheology in enhanced TO-CNF aggregation and colloidal gel formation. Systematic rheological testing shows that me-

chanical reinforcement of the prepared biohybrid gels is easily achieved by increasing the loading of HEWL.
However, due to the relatively weak nature of electrostatic complexation, the formed colloidal gels exhibit
partial destruction when subjected to cyclic shear stresses. Still, they resist thermo-cycling up to 90 °C. Finally,
the pH responsiveness of the colloidal complex gels was demonstrated by adjusting pH to above and below the
isoelectric point of HEWL, representing a facile mechanism to tune the gelation of TO-CNF/HEWL complexes.
This work highlights the potential of using electrostatic complexation between HEWL and TO-CNF to form hybrid
colloids, and demonstrates the tunability of the colloidal morphology and rheology by adjusting the ratio be-

tween the two components and the pH.

1. Introduction

Proteins and polysaccharides are commonly used to construct bio-
hybrid food-grade colloids because they are both naturally biocompat-
ible and biodegradable (Huang et al., 2020; Pei, Li, McClements, & Li,
2019). Cellulose nanofibrils (CNF) are a class of abundant, sustainable,
biocompatible and renewable biomass with a large range of remarkable
properties, such as biodegradability, biocompatibility and renewability,
as well as ease of functionalization (Arcari et al., 2019; De France,
Hoare, & Cranston, 2017; De France, Zeng, Wu, & Nystrom, 2020;
Desmaisons, Boutonnet, Rueff, Dufresne, & Bras, 2017; Hakansson et al.,
2014; Klemm et al., 2018). Among them, TEMPO-mediated oxidation of
the hydroxyl groups on the surface of CNF is a widely reported method
to introduce negatively charged carboxylate groups onto the CNF, here
referred to as TO-CNF, resulting in new functionalities (Rol, Belgacem,
Gandini, & Bras, 2019; Saito, Kimura, Nishiyama, & Isogai, 2007;
Weishaupt et al., 2015). Several research efforts on TO-CNF have
focused on its potential biomedical applications, such as drug delivery
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(Lobmann & Svagan, 2017) and wound healing (Xu et al., 2018), or as
rheological modifier in inks for 3D printing (Shin et al., 2017).

Lysozyme is a natural antimicrobial enzyme widely found in eggs
and animal secretions; specifically lysozyme from hen egg whites
(HEWL) has attracted significant research attention due to its low cost
and widespread availability (Eby, Schaeublin, Farrington, Hussain, &
Johnson, 2009; Horn, Tracy, Easley, & Davis, 2012). Moreover, the
isoelectric point of HEWL is 10.7, bearing a net positive charge over a
broad pH range making it an ideal candidate to form colloidal complexes
with negatively charged biomolecules (Syngai & Ahmed, 2019; Tiantian
Wu et al., 2019). Furthermore, the intrinsic antimicrobial activity of
lysozyme is often exploited in food packaging and wound healing ap-
plications, which demonstrates the multi-functionality of lysozyme
(Barbiroli et al., 2012; Liu et al., 2019; Zhang, Zhou et al., 2015).

The combination of cellulose and HEWL has been previously inves-
tigated for medical and food science applications (Dekina, Romanovska,
Ovsepyan, Tkach, & Muratov, 2016; Edwards, Prevost, Condon, &
French, 2011). In particular, many researchers have investigated the
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complexes and gels formed between sodium carboxymethyl cellulose
(CMC) and HEWL based on electrostatic and hydrophobic interactions
(Li et al., 2017; Li, Xu, Zhang, Chen, & Li, 2015; Pei et al., 2019; Zhu
et al.,, 2013). Composite networks have been successfully formed
through a variety of different complexation mechanisms, including co-
valent cross-linking (Tavakolian, Okshevsky, Van De Ven, & Tufenkji,
2018). For instance, positively charged lysozyme was incorporated into
a paper matrix containing CMC via non-covalent binding for food
packaging applications (Barbiroli et al., 2012). In another example, a
Ca%*-cross-linked TO-CNF hydrogel was investigated to act as a carrier
for positively charged lysozyme for topical drug delivery applications,
where the electrostatic interactions between lysozyme and the TO-CNF
hydrogel structure played a key role for the efficient loading of the
hydrogels (Basu, Strgmme, & Ferraz, 2018). Moreover, lysozyme was
immobilized to cellulose nanocrystals (CNC) by adsorption to
carbodiimide-activated carboxylate groups in the surface of CNC,
resulting in enhanced antibacterial activity (Abouhmad, Dishisha, Amin,
& Hatti-Kaul, 2017). Finally, the combination of nanocellulose and
lysozyme was evaluated in paper filters for advanced separation appli-
cations (Gustafsson, Manukyan, & Mihranyan, 2017). All these works
have shown a great potential of exploiting the electrostatic interaction
between anionic cellulose and cationic lysozyme for the formulation of
novel bio-complexes.

The interaction of lysozyme with charged polymers is pH-dependent.
For example, the changes in pH greatly influenced the formation of
electrostatic complexes between lysozyme and low methoxyl pectin
(Amara, Degraeve, Oulahal, & Gharsallaoui, 2017). Besides, the
colloidal stability of pure TO-CNF gel networks is also controlled by pH
(Alves et al., 2020; Fall, Lindstrom, Sundman, Odberg, & Waégberg,
2011; Mendoza, Batchelor, Tabor, & Garnier, 2018), since under acidic
conditions the carboxylic groups get protonated resulting in an aggre-
gated CNF gel. The pH-responsiveness of TO-CNF hydrogels can be
tuned by adjusting the negatively charged carboxyl density of the CNF
during the TEMPO-mediated oxidation process (Masruchin, Park, &
Causin, 2018) and is an attractive feature for the formulation of novel
materials. Changes of pH can cause the dissociation or regeneration of
hydrogel networks composed of phenylboronic acid-grafted alginate
and PVA, due to the pH-responsiveness of phenylboronic acid-diol ester
bonds, (Meng et al., 2014). Interestingly, pH-dependent dimerization of
an engineered spidroin protein was exploited recently as a means to
modulate the viscoelastic properties of protein-cellulose complexes
(Voutilainen, Paananen, Lille, & Linder, 2019). Therefore,
pH-responsiveness is a key point to investigate in the design of colloidal
complexes between charged polymers.

To the best of our knowledge, there has been no report on the elec-
trostatic complexation of TO-CNF and HEWL at low CNF concentrations
(i.e. below the threshold to form a percolated gel network). Therefore, in
this work a series of TO-CNF and HEWL complexes with different rela-
tive ratios were characterized. Effects of the loading of HEWL on the
complexation process were evaluated in terms of zeta-potential,
morphological and rheological properties. Moreover, the stability of
the complexes was monitored under high shear stress, heating-cooling
cycles, and changes in pH. Our results indicate that pH-dependent
complexation of TO-CNF and HEWL can be used to formulate hybrid
colloidal gels for possible applications in the food and medical in-
dustries, for instance as thickeners, stabilizers and gelling agents.

2. Experimental section
2.1. Materials

HEWL (hen egg white lysozyme, Mw =14.3 kDa), sodium hy-
droxide (NaOH), and (3-Aminopropyl) triethoxysilane (APTES) were
purchased from Sigma-Aldrich. HEPES (4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid), 2,2,6,6-Tetramethyl-1-piperidinyloxyl
(TEMPO), and sodium hypochlorite (NaClO) solution (12-14 %
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chlorine) were obtained from VWR. Never-dried elemental chlorine
free (ECF) cellulose fibers from bleached softwood pulp (Picea abies
and Pinus app.) were obtained from Stendal GmbH (Berlin, Ger-
many). Sodium bromide (NaBr > 99 %) was supplied by Carl Roth
GmbH & Co. All chemicals were used as received without any further
purification.

2.2. Preparation of TEMPO-oxidized cellulose nanofibrils (TO-CNF)

TEMPO-mediated never dried cellulose fiber oxidation was per-
formed following previously established protocols (Saito et al., 2007;
Weishaupt et al., 2015) with slight modifications. Briefly, the never
dried cellulose pulp (33.3 wt%), with a chemical composition of 81.3 %
Cellulose, 12.6 % hemicellulose, 0% lignin and 0.3 % ash (Josset et al.,
2014), was dispersed in distilled water to a final concentration of 2 wt%.
TEMPO and NaBr were dissolved in water at ratios of 0.1 and 1.0
mmol/g of cellulose pulp respectively, and were then mixed with the
cellulose pulp dispersion. The pH of the suspension was then adjusted to
10-10.5 using 2 wt% NaOH. 10 mmol NaClO was then added per gram
of cellulose. The reaction was allowed to proceed at room temperature
for 4—5 h, after which the TEMPO-oxidized cellulose fibers were washed
several times with distilled water until the conductivity was close to that
of distilled water, and subsequently ground using a Supermass Colloider
(MKZA10-20 J CE Masuko Sangyo, Japan) at an applied energy of 9 kW
h/kg. The ground CNF was further fibrillated using a high shear ho-
mogenizer (M-110EF, Microfluidics Ind., Newton, MA-USA) for a total of
10 passes at a pressure of 8 bar. After homogenization, a uniform and
transparent TO-CNF dispersion (Fig. S1) with a concentration of 0.5 +
0.1 wt% was obtained.

2.3. Preparation of TO-CNF and HEWL complexes

A stock solution of HEWL was dissolved in 10 mM HEPES buffer
(final concentration ~ 2.2 mg/mL) and the pH was adjusted to 7.4-7.5
using 1 M NaOH. The HEWL solution in HEPES buffer was then passed
through a 0.2 pm cellulose acetate syringe filter to remove any aggre-
gates. Subsequently, 0.5 wt% TO-CNF in water was mixed with a spec-
ified amount of HEWL, yielding a final concentration of TO-CNF of 0.1
wt% (1 mg/mL) and a final concentration of HEWL between 0 and 0.1 wt
% (10:1 — 10:10 wt ratio of TO-CNF:HEWL). 0.1 wt% TO-CNF only
(denoted 10:0) and 0.1 wt% HEWL only (denoted 0:10) samples were
also prepared as controls. Specifically, a volume of 30 mL of TO-CNF and
HEWL was obtained by mixing 6 mL of 0.5 wt% TO-CNF in MilliQ, 9 mL
of MilliQ, and the required amount of HEWL stock solution in 15 mL of
HEPES buffer, ensuring the same ionic strength in each biohybrid
mixture. Similarly, for pure HEWL suspensions, 6 mL 0.5 wt% TO-CNF
was replaced by 6 mL of MilliQ, such that the final concentration of
HEWL was kept at 1 mg/mL. For pure TO-CNF suspensions, 15 mL
HEPES buffer was added without any HEWL. Samples were allowed to
equilibrate for 1 week under ambient conditions before further
characterization.

2.4. Characterization

Attenuated Total Reflection-Fourier Transform Infra-Red (ATR-
FTIR) measurements were performed on a Tensor 27 spectrometer
(Bruker Switzerland AG) over the wavenumber range from 500 to 4000
cm L. Circular Dichroism (CD) testing was performed on a JASCO J-815
CD spectrometer, using a 1 mm cuvette. Here, the selected mixtures
were diluted by a factor of 3 prior to CD measurements. Morphology of
TO-CNF and HEWL biohybrid complexes were characterized by high-
resolution transmission electron microscopy (HRTEM, JEOL, JEM
2200fS), atomic force microscopy (AFM, Bruker ICON3) and field-
emission scanning electron microscopy (FESEM, Fei Nova Nanosem
230). For AFM measured in tapping mode, note that all samples contain
the same concentration of TO-CNF and were deposited onto a freshly
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cleaved mica substrate, modified with 0.05 % APTES prior to imaging
(note that due to their positive charge, pure HEWL samples were
deposited onto an unmodified substrate). TEM images were obtained
after the complexes (0.001 wt%) were deposited, stained by 1 wt%
uranyl acetate and dried on copper grids coated with carbon. Zeta-
potential measurements were performed at 25 °C using a suspension
concentration of 0.005 wt% (Malvern, zetasizer nano series). pH values
were measured at room temperature (METTLER TOLEDO, SevenEasy).
Rheological testing was performed with an Anton Paar MCR302
rheometer using a double gap cylinder geometry (STANDARD
MEASURING SYSTEM DG26.7/T200/SS) at 25 °C for both oscillatory
and rotational measurements. For the double gap cylinder, the internal
and external diameter are 23.830 mm and 27.593 mm, respectively.
Turbidity measurements were acquired from the Transmittance at 600
nm by using a Cary UV-vis spectrophotometer. Optical microscopy
images were obtained from a Leica DFC420 Microscope.

3. Results and discussion

TO-CNF and HEWL biohybrid colloids were formed on the basis of
electrostatic complexation between negatively charged TO-CNF and
positively charged HEWL. This is analogous to previous studies where
negatively charged nanocellulose-based matrices have been shown to
act as an efficient adsorbent for positively charged proteins such as
lysozyme (Anirudhan & Rejeena, 2012; Dutta, Samanta, & Dhara,
2016). In Fig. 1(a), the electrostatic interaction process is illustrated for
increasing concentrations of HEWL. With no added HEWL, a stable and
homogenous TO-CNF suspension is formed, due to the existence of
repulsive forces between the negatively charged carboxylate groups
arising from the TEMPO-mediated oxidation. The addition of positively
charged HEWL leads to adsorption directly to the negatively charged
TO-CNF surfaces via electrostatic complexation, thus reducing the CNF
colloidal stability via charge screening. However, at relatively low
HEWL concentrations (up to ca. 10:4 of CNF to HEWL mass ratio) the
degree of complexation is not yet sufficient to form a stable gel-like
network. After the addition of a sufficiently high concentration of
HEWL (above ca. 10:5 mass ratio), enhanced charge screening leads to
the aggregation of TO-CNF into clusters in the size range of a few hun-
dreds of microns (Fig. 1(d)). Herein, we focus on understanding the
fundamentals of the interactions between TO-CNF and HEWL, while
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simultaneously investigating the effects of the ratio between positively
charged HEWL and negatively charged TO-CNF on the characteristics of
the resulting biohybrid colloids.

Scanning electron microscopy (SEM) (Fig. 1(b and c)) and optical
microscopy (Fig. 1(d)) were used to visualize the association between
TO-CNF and HEWL. Note that in the case of pure TO-CNF suspensions, a
relatively uniform fibrillar network is apparent, whereby upon the
addition of HEWL, this network largely collapses. However, due to the
relatively small hydrodynamic radius of HEWL (ca. 2.0 nm) (Gull, Ish-
tikhar, Alam, Sabah Andrabi, & Khan, 2017), it is challenging to visu-
alize its distribution within the final complexes via SEM. The complexes
obtained at mass ratio values higher than 10:5 are on the order of
hundreds of micrometers, and relatively irregular in shape.

As surface charge chemistry and density are largely responsible for
the formation of stable colloidal systems (Zhu et al., 2020), the zeta
potential of the TO-CNF/HEWL complexes was measured (Fig. 2).
HEWL, with an isoelectric point of 10.7, is positively charged under
physiological pH (zeta potential of +13.9 mV), while TO-CNF is nega-
tively charged (zeta potential of -57.0 mV), demonstrating a strong
potential for electrostatic complexation. At lower concentrations of
HEWL (10:0 to 10:3), there is little change in the overall zeta potential
due to the strongly negative nature of TO-CNF and limited charge
screening (Fig. 2). As the concentration of HEWL is further increased
(from 10:3 to 10:10), the zeta potential begins to increase accordingly,
indicative of increased charge screening. Correspondingly, an increase
in suspension turbidity and aggregation becomes apparent from a
TO-CNF:HEWL ratio of 10:4, whereby with further increasing HEWL
concentration, the aggregation becomes more pronounced. By compar-
ison, pure TO-CNF and HEWL suspensions with the same concentration
(1 mg/mL) are transparent (Fig. S1), implying that any observed tur-
bidity/aggregation arises solely due to electrostatic complexation be-
tween the two oppositely charged biomolecules. Notably, the
interaction between various positively charged biomolecules and
negatively charged TO-CNF has shown a strong dependency on the ionic
strength and pH value of the suspension mixture (Anirudhan & Rejeena,
2012; Pei et al., 2019; Weishaupt et al., 2015; Wu, Zeng, Siqueira, & De
France, 2020). Since the pH of the solution remained relatively constant
across all ratios of TO-CNF:HEWL (Fig. 2b), we can conclude that the
electrostatic interactions between TO-CNF and HEWL are the cause of
the appearance of these aggregates/flocs, without the requirement of

<---» Repulsive force

>« Attractive force

Fig. 1. (a) Schematic illustration of the interaction mechanism between TO-CNF and HEWL upon increasing the HEWL loading; (b and ¢) SEM images of pure TO-
CNF and TO-CNF and HEWL colloidal complexes (10:7 relative mass ratio); (d) Optical microscope image of TO-CNF and HEWL colloids (10:7 relative mass ratio).



T. Wu et al.

>

=104
-20 4
=304
40 4
-50 - T

2
_I__I_—I—""_I_

Zeta potential (mV)

-60 4

70

(c)

100 10:110:210:310:4 10:510:610:710:8 10:910:10 ¢:10
TO-CNF : HEWL

Carbohydrate Polymers 251 (2021) 117021

pH value

6.5 -
10:0 10:1 10:240:310:440: 5\0 61027 10:810:9 10:19 (.10
TO-CNF : HEWL

10:1 102 10:3 107!108 109101

= =

= N =

’a’&p \31: -

i

Fig. 2. (a) Zeta-potential, (b) pH value and (c) photographs of TO-CNF and HEWL colloidal complexes with different ratios between TO-CNF and HEWL (10:0

to 0:10).

any chemical or heat treatments. Further turbidity analysis is shown in
Fig. S2, demonstrating that turbidity increases as HEWL loading is also
increased (the same trend seen in the photographs).

FTIR spectroscopy is a conventional method to investigate the
conformational changes in secondary structure of proteins (Mallamace,
Fazio, Mallamace, & Corsaro, 2018; Sudhakar, Santhosh, & Mani, 2017).
The binding of HEWL to negatively charged lipid vesicles leads to
conformational changes and subsequent aggregation of the protein (Al
Kayal et al., 2012). Herein, the effect of TO-CNF on the secondary
structure of HEWL was investigated by means of ATR-FTIR. Pure HEWL
shows two strong peaks, one at 1650 cm™ Y, attributed to a-helices, and
one at 1534 cm ™}, due to NH— bending of the peptide chains (Fig. 3). In
pure TO-CNF, the peak at 1600 cm ™! is attributed to the COONa group
on the TO-CNF surface after TEMPO oxidization. For 10:5 and 10:10
formulations, the two peaks at ~ 1650 and 1534 cm ™" are still apparent,

a-helix, 1650 cm™’
\ COONa, 1600 cm™

=
& | pure HEWL / \/\—-
5] .
=
2 |pure TO-CNF /’W
s NN
z A
< : 20U

10:;5 /0 Sy

10:10 N
1900 1800 1700 1600 1500 1400

Wavenumber (cm™)

Fig. 3. ATR-FTIR spectra of TO-CNF and HEWL casted films with
different ratios.

and with a little shift, indicating the successful incorporation of HEWL
into TO-CNF and that the secondary structure of HEWL is stable and not
significantly affected by the interaction with TO-CNF. In addition, CD
measurements (Fig. S3) supported the presence of a-helices in the
TO-CNF and HEWL colloidal systems. Of note, the signal of a-helices
from HEWL in the colloidal systems is significantly decreased upon gel
formation, indicating the presence of less ’free’ HEWL in the suspen-
sions, especially for 10:7 and 10:10 ratios.

TEM was performed to confirm the microstructure of the TO-CNF/
HEWL colloids at various HEWL loadings (Figs. 4 and S4). Generally,
the TEM images are in good agreement with the results seen via AFM.
For pure TO-CNF suspensions, the individual cellulose nanofibers show
uniform diameters of 3—4 nm with a length on the order of hundreds of
nm. Upon the addition of HEWL (starting from a ratio of 10:3), no
obvious differences between pure TO-CNF (10:0) are noticed. Increasing
the HEWL concentration further, starting from 10:5, the TO-CNF tends
to aggregate into nanofiber clusters, with similar structures also
observed at 10:7.

AFM images were acquired at selected TO-CNF:HEWL ratios (10:0,
10:3, 10:5, 10:7 and 10:10), in order to gain an understanding of the
evolution of the microstructure within these biohybrid colloids with
increasing HEWL concentration (Figs. 5, S5 and S6). Individual nano-
fibers are readily observed in the pure TO-CNF (10:0) sample, as ex-
pected (Fig. S5). Individual filaments are also evident at low HEWL
concentrations (10:3), again suggesting that the extent of charge
screening caused by TO-CNF/HEWL electrostatic interaction is not
enough to form colloids below a certain threshold concentration (Fig. 5).
However, as the HEWL concentration is further increased, starting from
10:5, the TO-CNF start to entangle and aggregate together, indicative of
significant charge screening (link to figure). At even higher HEWL
loadings (10:7), the size of TO-CNF clusters begins to increase drastically
(link). We hypothesize that at these high loadings, the biohybrid
colloidal complexes become so big that most of the material precipitates
out of suspension (Fig. 2(c)), and is thus not observable via AFM.

It is well known that the morphological properties of CNF suspen-
sions affect their rheological behavior (Albornoz-Palma, Betancourt,
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~ 10:7

Fig. 4. TEM images of TO-CNF and HEWL colloidal complexes with different relative mass ratios (10:3, 10:5 and 10:7).

10:3

10:5

10:7

4.0 nm

-1.0 nm

Fig. 5. AFM images of TO-CNF and HEWL colloidal complexes with different relative mass ratios (10:3, 10:5 and 10:7).

Mendonca, Chinga-Carrasco, & Pereira, 2020). Therefore, the rheolog-
ical properties of the prepared biohybrid colloidal dispersions were
studied in detail to gain an understanding of the stability of these col-
loids as well as their possibility to undergo a sol-gel transition. As with
previous experiments, here we focus on the effects of HEWL loading on
the rheological properties of the formed complexes at a fixed concen-
tration of TO-CNF (0.1 wt%). Generally, during strain sweep measure-
ments the crossover point of G’ and G” can be defined as the apparent
yield point, where G’ represents the storage modulus and G” represents
the loss modulus, which give a measure of the elasticity and viscosity of
a material, respectively (Alves et al., 2020; Mendoza et al., 2018). All
strain sweep measurements were performed from a strain of 0.01%-100
% at a constant angular frequency of 10 rad/s (Fig. 6(a)). For biohybrid
colloidal dispersions with high HEWL loadings (starting from 10:5),
there is a crossover of the G’ and G” curves, indicating that with
increasing the concentration of positively charged HEWL, the electro-
static interactions are enhanced, promoting the formation of a gelled
network. Further increasing the HEWL concentration results in an in-
crease in G’ and in complex viscosity (Fig. 6(b)), suggesting the for-
mation of a stronger viscoelastic network and gel-like structure due to
enhanced electrostatic interaction throughout the system. Note that for
all formulations, a linear viscoelastic region exists up to ~ 10 % strain,
after which further increasing the strain results in a significant decrease
of both G’ and G”, until an eventual crossover point is reached, indi-
cating the destruction/yield of the gel networks and a gel-sol transition.
Note that for complexes from 10:1 to 10:4, pure TO-CNF and HEWL, no
gelation point is observed via rheology (Supporting Information, Figs.
S7 and S8).

Frequency sweep tests are widely used to obtain information about
the stability of 3D entangled networks in gel and colloidal systems
(Zhang, Sun et al., 2015). Herein, frequency sweeps were performed
from 0.01-100 rad/s under a constant strain of 1 % (within the linear
viscoelastic region identified via strain sweep, Fig. 6(c)). Above TO-CNF:
HEWL ratios of 10:5, all formulations show a single plateau region in the
dynamic modulus (G’ and G”), with G’ dominating over G”, indicative of
a gelled/solid-like behavior. For the 10:5 complex, in the low frequency
range the rheological behavior is similar to that of the other formula-
tions, however at increased frequencies G’ suddenly drops dramatically,
representing liquid-like behavior and partial destruction of the entan-
gled networks.

Additionally, cyclic rotation tests were performed to investigate the
stability of these colloidal gels under cyclic shear force (Fig. 6(d)).
Notably, the apparent viscosity decreases with increasing shear rate,
depicting shear-thinning behavior, which is typical for CNF systems
(Alves et al., 2020). Within the first cycle, there is already a large
decrease in apparent viscosity, indicating partial destruction of the
TO-CNF/HEWL gel networks (data shown for 10:7). The apparent vis-
cosity appears to be relatively stable for up to 3 cycles however. Similar
trends were observed for 10:10 (Fig. S9). Notably, for pure TO-CNF
suspensions, this significant decrease in viscosity is not evident (Fig.
$10), which is expected due to the lack of any gelled colloidal network.
Importantly, the apparent viscosity for both 10:7 and 10:10 is still far
higher than the apparent viscosity of pure TO-CNF after cyclic shearing,
indicating only a partial (and not full) destruction of the gelled net-
works. Shear viscosity prior to cyclic testing for 10:10, 10:7, and 10:0
can be seen in Fig. 6(f).
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legend, the reader is referred to the web version of this article).

Previous work has shown that proteins like HEWL are sensitive to
heat treatments and generally show a heat-induced gelation behavior (Li
et al.,, 2018). Therefore, the thermo-stability of the colloids was
inspected by cyclic heating and cooling from 25 to 90 °C at a heating rate
of 3 °C/min (Fig. 6(e)), where the G’ and G” were recorded under fixed
frequency (10 rad/s) and strain (1 %). Notably, upon increasing the
temperature to 90 °C, both G’ and G” decrease dramatically; conversely
upon decreasing the temperature from 90 to 25 °C, both G’ and G”

increase dramatically. However, during the whole cycle, the G’ values
are always higher than the G” values, implying that the networks still
exist in a gel-like state during the imposed heat treatment. The
thermal-stability of pure HEWL was also characterized (Fig. S11) and the
measured G’ was always lower than G”, suggesting a more liquid-like
behavior. Furthermore, only a minor change in both G’ and G” is
observed as a result of thermal cycling, which is different from the
change occurring in the complex systems, likely indicating that the
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changes observed within the TO-CNF/HEWL complexes are primarily
due to varied electrostatic interactions attributed to the increased
mobility of TO-CNF and HEWL with increased temperature and not due
to protein denaturation.

Moreover, the time-dependency of gel complexation was investi-
gated visually and by rheological characterization for 10:7 (Fig. S12).
Immediately after mixing, the gel complexes appear more homoge-
neous, and then after 1 week bigger flocs are readily observed, indi-
cating increased aggregation/charge screening. In this state, the
colloidal gels are then relatively stable, after which no significant visual
changes are observed. In addition, although 10:7 demonstrates a gel-like
behavior (with G* > G”) both instantaneously and after 1 week in sus-
pension, the modulus does increase over time, supporting the formation
of a stronger/more prominent gel network with increased aggregation.

Previous studies have demonstrated that the electrostatic complexation
between charged colloids depends on the pH of the solution (Alves et al.,
2020; Kim, Late, Banga, Ludovice, & Prausnitz, 2008; Mendoza et al.,
2018). Therefore, we analyzed the effects of changing the pH of the
TO-CNF:HEWL mixtures at a fixed mass ratio of 10:7. The strain sweep
curves measured at pH 12 (above the isoelectric point of HEWL) indicate
that the complex shows a predominantly liquid-like behavior, due lack of
binding between negatively charged HEWL and equally charged TO-CNF
(Fig. 7(a)). Lowering the pH to 7.5 results in a significant increase in G’,
attributed to renewed complexation between oppositely charged TO-CNF
and HEWL. Further lowering the pH to 3 results in an even higher increase
in G’, due to higher density of positive charges on HEWL, and increased
TO-CNF aggregation due to protonation of carboxylic groups; similar ob-
servations have been seen in other systems with TO-CNF and polyacrylic
acid derivatives (Alves et al., 2020, 2015).
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The photographs in Fig. 7(b) demonstrate that as the pH is decreased
from 12 to 3, the turbidity of the TO-CNF and HEWL complexes in-
creases, indicative of increased aggregation. Moreover, this phenome-
non is completely reversible, as demonstrated in Fig. 7(c), whereby
turbidity is decreased upon sequential increase in pH to 12. We envision
that these pH-switchable complexes could be useful for several potential
applications, such as in cosmetic gels, and rheological modifiers for the
food industry, where the colloidal properties can be easily controlled by
adjusting the overall pH of the system. In particular, the ability to
readily control suspension aggregation and rheological properties gives
a level of flexibility which would be beneficial for matching targeted
material properties.

4. Conclusion

In conclusion, a series of TO-CNF and HEWL colloids with different
ratios were fabricated via simple electrostatic complexation between
positively charged HEWL and negatively charged TO-CNF. Increasing
the overall HEWL concentration within the colloidal complexes resulted
in an increase in zeta potential (absolute value closer to 0) due to
enhanced charge screening. Above HEWL concentrations of 10:5, TO-
CNF and HEWL were prone to aggregation, attributed to the electro-
static attraction between opposite charges, evidenced via AFM and TEM.
This aggregation resulted in noticeable differences in rheological prop-
erties, whereby complexes above HEWL loadings of 10:5 demonstrated
gel-like properties, with G’ values greater than G” values. The obtained
colloids show a shear-thinning behavior and are relatively stable upon
heating up to 90 °C. Importantly, this electrostatic complexation be-
tween HEWL and TO-CNF is pH-dependent; at a pH above the isoelectric

(b)

pH 3 'pH 7.5| pH 12

Fig. 7. Rheological properties of TO-CNF and HEWL colloids (TO-CNF:HEWL = 10:7) at 25 °C with different pH 3, 7.5 and 12 (a) storage modulus G’ (solid) and loss
modulus G" (open) on strain sweep at 10 rad/s; (b) photographs of the colloidal systems at different pH; (c) the colloidal complexes with changed pH, first from 12 to

3, then from 3 back to 12.
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point of HEWL whereby HEWL is not positively charged, there is no
interaction and therefore no colloidal formation. Decreasing the pH to
below the isoelectric point of HEWL triggers complexation between the
positively charged HEWL and negatively charged TO-CNF, resulting in
flocculation and gelation. Importantly, the pH of the solution can be
used to drive reversible formation and the dissolution of the colloids as
in stimulus responsive gel systems. Overall, this work provides insights
for understanding and utilizing the charge interactions between TO-CNF
and HEWL and their responsiveness to changes in environmental con-
ditions such as pH for a variety of potential applications ranging from
drug delivery, 3D printing, packaging films to wound dressing.
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