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Investigating the adsorption of anisotropic diblock
copolymer worms onto planar silica and nanocellulose
surfaces using a quartz crystal microbalance

Dr Joakim Engstrém et al. have reported the adsorption

of oppositely charged anisotropic diblock copolymer
nanoparticles on silica, cellulose nanocrystal (CNC) and
cellulose nanofibril (CNF) surfaces, using a quartz crystal
microbalance. While electrostatic effects dominated the
adsorption on CNC surfaces, adsorption on CNF surfaces
gave unexpected results, suggesting the dominance of
secondary interactions, such as hydrogen bonding, van der
Waals forces, or possible covalent bond formation.
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Introduction

Investigating the adsorption of anisotropic diblock
copolymer worms onto planar silica and
nanocellulose surfaces using a quartz crystal
microbalancet

Joakim Engstrém, ( 12 Michael S. Reid, 9 Emma E. Brotherton,

Eva Malmstrom, €92 Steven P. Armes (2 € and Fiona L. Hatton @ *§©

Electrostatic adsorption of cationic polyelectrolytes onto anionic cellulosic substrates is an attractive
route for facile surface modification of biorenewable materials. Recently, attention has focused on
adsorbing cationic spherical diblock copolymer nanoparticles onto model cellulose and/or nanocellulosic
substrates. Herein, we investigate physical adsorption of highly anisotropic copolymer worms bearing
either anionic or cationic charge onto planar silica, cellulose nanocrystal (CNC) or cellulose nanofibril
(CNF) surfaces using quartz crystal microbalance with dissipation monitoring. Electrostatic interactions
dominate in the case of anionic silica and CNC surfaces because the adsorbed mass of cationic worms
was greater than that of anionic worms. However, either anionic or cationic worms could be adsorbed
onto in situ generated CNF substrates, suggesting that additional interactions were involved: hydrogen
bonding, van der Waals forces, and possibly covalent bond formation. Scanning electron and atomic
force microscopy studies of the dried planar substrates after adsorption experiments confirmed the pres-
ence of adsorbed copolymer wormes. Finally, composite worm/CNF films exhibited restricted swelling be-
havior when immersed in water compared to reference CNF films, suggesting that the worms reinforce
CNF films by acting as a physical crosslinker. This study is the first investigation of the physical adsorption
of highly anisotropic diblock copolymer worms onto cellulosic surfaces.

the development of cellulosic materials for value-added
applications,>*™® such as energy-related devices,” biomedical

Cellulose has become widely recognized as an important sus-
tainable biorenewable material owing to its abundance and
excellent mechanical properties.'™ The isolation of nanocellu-
loses, such as cellulose nanocrystals (CNCs), cellulose nano-
fibrils (CNFs) and bacterial nanocellulose (BNC) has enabled
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applications® and nanocomposites.”*® However, unmodified
cellulosic nanomaterials are hydrophilic in nature, undergo
aggregation on drying, and are poorly compatible with hydro-
phobic components and matrices. Thus, judicious surface
modification of nanocellulose using either small molecules or
macromolecules is often required to impart or enhance desir-
able properties (i.e. colloidal stability, surface wettability,
sufficiently hydrophobic character) for specific
applications."* ™

CNFs are attractive nanocellulosic materials for the con-
struction of free-standing films owing to their high aspect
ratio, with mean lengths of the order of microns and dia-
meters of around 5-20 nm, depending on the original source
and production method.>"® This anisotropy also leads to inter-
esting aqueous dispersion properties: physical gels can be
obtained at relatively low concentration (<2% w/w) under
mildly acidic conditions (pH < 3-4) and aggregation can be
tuned by adding salt."’">° Typically, CNFs are produced via
TEMPO-mediated oxidation®"** or carboxymethylation®® of
cellulose fibres, followed by mechanical extraction of nano-

This journal is © The Royal Society of Chemistry 2021


www.rsc.li/polymers
http://orcid.org/0000-0002-9572-6888
http://orcid.org/0000-0002-0999-6671
http://orcid.org/0000-0002-8348-2273
http://orcid.org/0000-0002-8289-6351
http://orcid.org/0000-0002-0105-7530
http://crossmark.crossref.org/dialog/?doi=10.1039/d1py00644d&domain=pdf&date_stamp=2021-10-28
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1py00644d
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY012042

Open Access Article. Published on 06 September 2021. Downloaded on 12/5/2025 12:17:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer Chemistry

fibrils from within the cell wall.>'®**** During TEMPO-
mediated oxidation, primary alcohols on the cellulose back-
bone (C6) are oxidized to form mainly anionic carboxylate
groups and also a few aldehyde groups, which leads to charge-
stabilized CNFs with sodium counter-ions.?>?® CNCs are also
anisotropic, rod-like nanoparticles, albeit with lower aspect
ratios. Typically, they exhibit mean lengths of around
100-200 nm and diameters of approximately 5-20 nm.® CNCs
have interesting optical properties and can form a liquid crys-
talline phase above a certain critical concentration, but do not
form gels as readily as CNFs.**” CNCs are most commonly pre-
pared by sulfuric acid degradation of the amorphous regions
of cellulose fibres to liberate the nanocrystals located within
the interior.>*® This results in the formation of sulfate half-
esters at the CNC surface leading to charge-stabilized anionic
particles.®>®

Typically, nanocellulose modification is achieved by either
physical adsorption of suitable ionic or non-ionic species, or
by covalent grafting."** The former approach is particularly
attractive owing to its simplicity, use of mild conditions and
cost-effectiveness. For example, block copolymers can be used
to confer hydrophobic character or stimulus-responsive behav-
ior.”® This is typically achieved using a diblock copolymer in
which one block is designed to interact with the cellulose
surface and the other block confers the desired property.
Amphiphilic block copolymers are well-known for their pro-
pensity to self-assemble in aqueous solution.?® For example,
cationic diblock copolymer micelles have been used to modify
anionic cellulosic nanoparticles.****

Recently, polymerization-induced self-assembly (PISA) has
gained widespread recognition as a robust and potentially scal-
able technique for the preparation of diblock copolymer nano-
particles at relatively high concentration (up to 50% w/w).**??
PISA involves chain extension of a soluble precursor block
using a monomer that forms an insoluble second block in the
reaction medium, thus driving in situ self-assembly to produce
sterically-stabilized nanoparticles.* PISA syntheses are most
commonly conducted via reversible addition-fragmentation
chain transfer (RAFT) polymerization.*®> This approach has
been utilized to prepare diblock copolymer nanoparticles for
the surface modification of cellulose via either ionic***7¢ or
non-ionic®” interactions. For example, Carlsson et al. reported
the preparation of cationic spherical nanoparticles (NPs) by
RAFT-mediated emulsion polymerization of methyl methacry-
late (MMA) for the modification of cellulose.>® The electro-
static adsorption of cationic NPs onto in situ prepared CNF
surfaces was monitored using a quartz crystal microbalance
(QCM). Subsequently, Engstrom et al. extended this study by
preparing cationic latex NPs comprising MMA, n-butyl meth-
acrylate (BMA) or n-butyl acrylate (BA) and also poly(MMA-co-
BA) NPs with an adjustable glass transition temperature
(Ty).*>°° Using a low T, hydrophobic core-forming block modi-
fied the adsorption behavior of such NPs, despite their
common cationic stabilizer block.?® They also used QCM-D to
confirm adsorption of the cationic latex particles to anionic
cellulose surfaces, namely with cellulose nanofibrils adsorbed
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in situ. QCM-D is a useful technique which relies on the fact
that quartz is piezoelectric and can oscillate at a certain fre-
quency when an alternating electric current is applied with a
frequency close to the resonant frequency.*®*° Adsorbed mass
to the crystal surface is then observed as a decrease in fre-
quency and the mass adsorbed can be calculated, as demon-
strated by Sauerbrey in 1959.%° Dissipation due to the adsorp-
tion of a viscoelastic film is also monitored by evaluating the
decay of the oscillation after rapid excitation.*®*!

PISA enables the rational design of various copolymer mor-
phologies, including worms, vesicles and framboidal vesi-
cles.*> Anisotropic copolymer particles (worms) are gaining
interest for use in applications such as drug delivery, rheology
modifiers, to form gels, and as thermal or electrically conduct-
ing nanowires.*> Whereby often anisotropic particles outcom-
pete their spherical counterparts, or simply cannot be com-
pared (e.g., for nanowires applications). Of particular relevance
to the present study, cationic diblock copolymer worms have
been evaluated by Penfold et al. as flocculants for micron-sized
silica particles.”* However, crosslinking of the worm cores was
found to be necessary to ensure the survival of the initial copo-
lymer morphology. Similarly, worm multilayers have been con-
structed at a planar silica surface via sequential adsorption of
cationic and anionic worms (i.e., using the so-called ‘layer-by-
layer’ approach).*® Although the rate of electrostatic adsorption
of cationic worms at an anionic planar silica surface was
demonstrated to be remarkably fast, high resolution kinetic
studies using a well-established technique such as QCM were
not undertaken. In the absence of added salt, the final surface
coverage was less than 20%, which is comparable to that
reported for other cationic nanoparticles.>>%4¢

There have been several reports of the adsorption of isotro-
pic spherical diblock copolymer nanoparticles onto cellulosic
surfaces.'® However, as far as we are aware, there have been no
prior studies of the adsorption of highly anisotropic worms
onto such substrates. The adsorption behaviour of anisotropic
particles at surfaces is of interest since multiple orientations
can be adopted, whereas isotropic particles offer only one
orientation. Interparticle interactions and particle-surface
interactions can influence how anisotropic particle organise
when adsorbed to a surface.”” Surface coverage has been
shown to be dependent on aspect ratio, for example high
aspect ratios can reduce surface coverage. Spherical particles
typically adsorbed irreversibly and do not adsorb on top of
each other, forming a monolayer, while anisotropic particles
with high aspect ratios are unlikely to form a monolayer,
especially when they are flexible. Anisotropic copolymer nano-
particles can also provide mechanical reinforcement, as
reported by Rieger and coworkers.*® Addition of 5-10 wt% of
reinforcing anisotropic copolymer nanoparticle fillers in poly
(n-butyl acrylate-co-acrylic acid) latex films improved mechani-
cal properties (increased stiffness and strength) of the films.*®
Therefore, the incorporation of anisotropic diblock copolymer
nanoparticles within cellulose-based composite materials can
offer significant enhancements over previously reported
spherical particles.

Polym. Chem., 2021, 12, 6088-6100 | 6089
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Herein, we use a highly convenient one-pot protocol*® to
prepare anionic PGMA,;-PGlyMA,5 diblock copolymer worms,
whose cores can then be crosslinked using ethylenediamine to
confer net cationic charge. Importantly, using the same copo-
lymer worms before and after modification allows for direct
comparison and avoids variation in copolymer worm pro-
perties that might be experienced if using different coronal
blocks. We use a quartz crystal microbalance with dissipation
(QCM-D) instrument to study the adsorption of either anionic
worms or cationic worms onto an anionic planar silica
surface, a spin-coated CNC surface and an in situ prepared
CNF surface. After these adsorption experiments, the dried
substrates were examined by either scanning electron
microscopy (SEM) or atomic force microscopy (AFM). Finally,
free-standing nanocomposite films comprising CNF and
diblock copolymer worms were also prepared to investigate
how the adsorbed worms influenced film swelling behavior.

Results and discussion

Synthesis of PGMA,;-PGlyMA,; and PGMA,;-P(GlyMA-EDA),;
copolymer worms

Epoxy-functional diblock copolymer worms were prepared
using a one-pot, three-step protocol as previously described
elsewhere.” Briefly, forced hydrolysis of glycidyl methacrylate
(GlyMA; 10% w/w aqueous emulsion) was performed for 9 h at
85 °C to afford an 11.2% w/w aqueous solution of glycerol
monomethacrylate (GMA),>® with "H NMR analysis indicating
more than 99% GlyMA conversion (see Fig. S1t). Subsequently,
a commercially available RAFT chain transfer agent (CTA),
4-((((2-carboxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic
acid (CECPA), and a low-temperature free radical initiator
(VA-044) were added to the aqueous GMA solution, which was

H,0, 5% w/w
20°C, 24 h

Fig. 1

View Article Online

Polymer Chemistry

degassed and heated to 50 °C to produce the PGMA stabilizer
block. After 3 h, an aliquot of this polymerizing solution was
removed for characterization by '"H NMR spectroscopy and
DMF GPC. High GMA conversion was achieved (99%) and the
resulting PGMA,5 stabilizer block had an apparent number-
average molecular weight, M,,, of 7700 ¢ mol™" and dispersity,
D, of 1.24 (relative to poly(methyl methacrylate) calibration
standards). This PGMA,; precursor was then chain-extended
via RAFT aqueous emulsion polymerization of GlyMA at 50 °C
for 2 h, targeting a PGMA,5-PGlyMA,s diblock copolymer at
15% w/w solids. Mildly acidic conditions (pH 2.5-3.0) were
chosen to avoid ionization of the carboxylic acid end-groups
conferred by the CECPA RAFT agent, which is known to
prevent the formation of diblock copolymer worms.*® More
than 99% GIyMA conversion was achieved and the resulting
PGMA,5-PGlyMA,5 diblock copolymer exhibited a relatively
narrow molecular weight distribution (M,, = 12900 g mol ™,
P = 1.33) when characterized by DMF GPC (Fig. S21). "H NMR
spectra recorded for the in situ prepared GMA monomer, the
water-soluble PGMA,; precursor and the final PGMA,s-
PGlyMA,s worms are provided in the ESI (Fig. S1, S3 and S4,f
respectively). A pure worm morphology was confirmed by TEM
analysis of the dried PGMA,5-PGlyMA,; diblock copolymer dis-
persion, see Fig. 1B.

The PGMA,5-PGlyMA,;5 diblock copolymer worms were sub-
sequently crosslinked using ethylenediamine (EDA) to ensure
preservation of their highly anisotropic morphology, Fig. 1.
The PGMA,5-PGlyMA,; diblock copolymer worms formed a
free-standing hydrogel when prepared at 15% w/w solids
owing to the formation of a 3D network structure.’™*> To
ensure efficient stirring, this gel was diluted to 5% w/w with
deionized water at 20 °C using a roller mill overnight to aid
mixing. Excess EDA (EDA/GlyMA molar ratio = 5.0) was then
added to the 5% w/w PGMA,5-PGlyMA,; diblock copolymer

PGMA,5-PGIyMA 5

PGMA,5-P(GlyMA-EDA) 5

A i

3800

3400 3000 2600 2200 1800

Wavenumber (cm™')

1400 1000 600

(A) Schematic representation of the epoxy-functional diblock copolymer worms used in this study and their covalent stabilization by reaction

with ethylenediamine (EDA). TEM images confirm a highly anisotropic morphology for (B) the initial anionic PGMA,5-PGlyMA 5 worms and (C) the
PGMA,5-P(GlyMA-EDA) 45 worms formed after reaction with EDA (the scale bar represents 200 nm in each case). (D) FTIR spectroscopy studies indi-
cate that the epoxy groups within the PGlyMA worm cores react with EDA, resulting in cationic crosslinked worms.
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dispersion, which was subsequently stirred at 20 °C for 24 h.
The resulting crosslinked PGMA,;-P(GlyMA-EDA),s worms
were purified by exhaustive dialysis against deionized water to
remove unreacted EDA and retention of the worm morphology
was confirmed by TEM (Fig. 1C). Freeze-dried crosslinked
PGMA,5-P(GlyMA-EDA),5 worms were analyzed by FTIR spec-
troscopy (Fig. 1D). This technique indicated loss of the charac-
teristic asymmetric vibrational modes for the epoxy ring (903
and 840 cm™"), and the appearance of a new absorption band
at 1578 cm™' that is characteristic of secondary amines.>
Elemental microanalyses of the freeze-dried PGMA,5-PGlyMA,;
and PGMA,;-P(GlyMA-EDA),; worms confirmed an increase in
nitrogen content from 0% to 2.85%, which indicates incorpor-
ation of the nitrogen-rich EDA reagent and implies successful
crosslinking of the worm cores. Moreover, electrophoretic
mobility measurements on 0.1% w/w aqueous dispersions of
the linear and EDA-crosslinked worms conducted at pH 7 indi-
cated zeta potentials of —30.7 mV and +18.8 mV, respectively.
The anionic character observed prior to crosslinking arises
from the ionized carboxylate groups located at the end of the
PGMA stabilizer chains (originating from the CECPA RAFT
agent).” After crosslinking, the secondary amine groups
within the worm cores become protonated; this leads to overall
cationic character, as previously reported for EDA-crosslinked
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PGMA,5-PGlyMA,,, spheres.’ This methodology allows for the
comparison of the same copolymer worm sample before
(anionic) and after (cationic) modification, removing any vari-
ables that might results from using different coronal blocks to
incorporate the charge.

Worm adsorption onto planar silica and nanocellulose
substrates using QCM-D

The attempted adsorption of these two types of worms onto
four different planar surfaces was evaluated by QCM-D (Fig. 2
and Fig. S5t). This technique can be used to analyze the kine-
tics and extent of adsorption with high resolution by relating
the observed reduction in frequency, Af, of an oscillating
quartz crystal to an increase in mass, see Table 1.>°7’
Furthermore, in situ monitoring of the associated dissipation,
D, provides additional information regarding the viscoelastic
properties of the adsorbed layer. The relationship between fre-
quency and dissipation (AD/Af;) can also provide information
regarding the degree of hydration of the adsorbed layer. Thus,
for example, a cationic polyelectrolyte (PEI) forms a relatively
stiff adsorbed layer that exhibits significantly lower dissipation
than relatively soft, swollen nanoparticles.****>” Here, we have
used the well-known Sauerbrey model,*® see eqn (1), to esti-
mate the mass adsorbed from the decrease in frequency.

250 1 oo ] !
-300 -
-350 : : ; :

100

120
Time (min)

Fig. 2 QCM-D analysis of the frequency shift (Af) observed for the third overtone from adsorption of 0.1 g dm~ aqueous dispersions of anionic
PGMA,5-PGlyMA 45 worms (solid red lines) and cationic crosslinked PGMA,5-P(GlyMA-EDA) 45 worms (dashed green lines) on the following substrates
at a flow rate of 0.15 mL min~: (A) silica, (B) CNCs, (C) CNFs and (D) PEI. Arrows indicate when each worm dispersion was introduced into the flow
chamber and an asterisk (*) indicates a washing step. For further details regarding the preparation of each substrate see the experimental section.

Representative curves are presented from experiments run in duplicate.
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Table 1 Summary of adsorbed masses and dissipation data observed for anionic and cationic diblock copolymer worms adsorbed onto silica, CNC,
in situ CNF and in situ PEl-coated surfaces during QCM-D experiments. Data were recorded after a rinsing step to ensure loosely bound species

were removed

Anionic PGMA,5-PGlyMA 5 worms

Cationic PGMA,5-P(GlyMA-EDA),5 worms

Adsorbed Adsorbed

Substrate type _Afplateau [HZ] mass® [mg m—Z] Dplateau [10_6] _AD/Af _Afplateau [HZ] mass* [mg m—Z] Dplateau [10_6] _AD/Af
Silica -2.3 — — — 133 7.8 40 0.30
Ex situ CNC 14.9 2.6 2.3 0.15 212 37.5 59 0.28
In situ CNF PEI 10.4 1.8 0.2 0.02 9.6 1.7 0.2 0.02
CNF  57.7 10.2 7.7 0.13 49.2 8.7 6.9 0.14
Final® 321 56.7 80.0 0.25 99.8 17.7 18.8 0.19
Worms  263° 46.5 72.34 0.27 50.6° 9.0 11.9¢ 0.24
In situ PEI PEI 8.6 1.5 0.2 0.02 8.7 1.5 0.2 0.02
Final® 253 44.9 56.6 0.22 350 62.0 81.3 0.23
Worms  244° 43.3 56.47 0.23 342° 60.5 81.1f 0.24

“Mass estimated from the Sauerbrey model using eqn (1). ® Final plateau value after rinsing step. ° Change in frequency calculated using Af =
Final Afplatccau — CNF Afplatcau- dDissipation calculated using D = Final Dpjaeau — CNF Dpjaeeau- © Change in frequency calculated using Af = Final
Afplateau — PEI Afplatean- ” Dissipation calculated using D = Final Dpjaccau — PEI Dpiageau-

However, it is worth noting that the Sauerbrey model is most
appropriate for rigid adsorbed films,*®*° while the adsorbed
material here show a large increase in dissipation and can be
described as viscoelastic. Hence, the Sauerbrey model is likely
to underestimate the actual mass adsorbed to these surfaces.
Thus, we discuss the decrease in frequency rather than mass
adsorbed, which has been calculated for completeness.
QCM-D crystals supplied by the manufacturer are coated
with silica (SiO,), leading to anionic surface charge in an
aqueous environment.*® CNC surfaces were prepared by spin-
coating an aqueous CNC dispersion onto QCM-D crystals, fol-
lowed by equilibration in water overnight.* In contrast, CNF
surfaces were prepared using an in situ method.*®>® Briefly,
cationic PEI was adsorbed onto the silica substrate to induce
charge reversal,”® prior to the electrostatic adsorption of
anionic CNFs followed by rinsing with ultrapure water. For
comparison, a PEI-coated crystal was also used as a cationic
substrate in these adsorption experiments. Before introducing
the aqueous worm dispersions (0.1 g dm™®) into the QCM-D
flow chamber, each substrate was equilibrated for at least
5 min using ultrapure Milli-Q water to produce a flat baseline.

Silica surfaces

As expected, there was negligible adsorption of the anionic
PGMA,;5-PGlyMA,5 diblock copolymer worms onto the anionic
planar silica surface (Fig. 2A) since the electrostatic inter-
actions are unfavorable in this case. In contrast, the cationic
crosslinked PGMA,5-P(GlyMA-EDA),s; worms exhibited a sig-
nificant reduction in frequency (>120 Hz), indicating adsorp-
tion onto the silica surface. Using the Sauerbrey model
(eqn (1)), the corresponding adsorbed mass was estimated to
be 7.8 mg m~> (see Table 1). No further adsorption occurred
after approximately 20 min, as indicated by a plateau in Af. In
this case, an —AD/Af ratio of 0.3 indicated a relatively swollen
layer of cationic crosslinked PGMA,5-P(GlyMA-EDA),5 copoly-
mer worms at the silica surface.

6092 | Polym. Chem., 2021, 12, 6088-6100

These data can be compared to that reported for the
adsorption of high T, cationic PMMA latex particles of 215 nm
diameter, which exhibited a —AD/Af of around 0.3 for a ~75
Hz reduction in frequency.*® Here, a significant increase in fre-
quency occurred during the rinsing step (* in Fig. 2A), indicat-
ing that loosely bound worms were removed from the surface.
This is consistent with the reduction in dissipation that occurs
at 35 min, see Fig. S5A.7 SEM analysis of the dried substrates
confirmed the absence of any adsorbed anionic PGMA,s-
PGIyMA,; diblock copolymer worms, whereas adsorption of
the cationic crosslinked PGMA,;-P(GlyMA-EDA),5 worms was
observed, albeit at submonolayer coverage (see Fig. 3).

Ex situ CNC surfaces

The spin-coated CNC surfaces are highly anionic with typical
charge densities of 0.08-0.350 mmol g~'.* The anionic
PGMA,;5-PGlyMA,; worms exhibited relatively weak adsorption
to such surfaces: the initial frequency reduction of only ~25
Hz was reduced to —10 Hz after rinsing (Fig. 2B). This latter
value corresponds to an effective adsorbed amount of just
2.6 mg m~> (Table 1). However, given the mutual repulsion
between the worms and the substrate, no adsorption at all had
been anticipated for this particular system. In contrast, there
were much more of the cationic crosslinked PGMA,;-P
(GlyMA-EDA),; worms adsorbed at the CNC surface: an initial
Af of =270 Hz prior to washing led to an equilibrium fre-
quency of —220 Hz, which corresponds to an estimated
adsorbed amount of 37.5 mg m™~>. This is more than an order
of magnitude higher than that observed for the anionic worms
on the same surface, which is understandable given the strong
electrostatic attractive forces involved. The —AD/Af ratios calcu-
lated for the adsorbed layers of anionic and cationic worms
were 0.15 and 0.27 respectively, which indicates that the
former layer is significantly less viscoelastic. Moreover, the dis-
sipation, D, is more than twenty times higher for the cationic

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1py00644d

Open Access Article. Published on 06 September 2021. Downloaded on 12/5/2025 12:17:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer Chemistry

Fig. 3 Field emission SEM images recorded for dried planar silica sub-
strates following QCM-D adsorption experiments using (A) anionic linear
PGMA,5-PGlyMA,s worms and (B) cationic crosslinked PGMA;5-P
(GlyMA-EDA) 45 worms.

worms (57.4 x 10~°%) compared to that for the anionic worms
(2.8 x 107°), see Fig. S5B.F

Atomic force microscopy (AFM) was used to image the
adsorbed worms on the CNC substrate, Fig. 4, due to difficul-
ties imaging the CNC surfaces using SEM. The underlying

Height 500.0 nm
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surface is both dense and smooth, with directional alignment
of the rod-like CNCs (Fig. 4A) and only a few anionic worms
discernible at the surface. In contrast, there is no evidence for
the underlying CNC substrate after adsorption of the cationic
crosslinked PGMA,;5-P(GlyMA-EDA),; worms, which form a
relatively densely packed adsorbed layer (Fig. 4B). These AFM
observations are consistent with the QCM-D data (Table 1),
with a significantly higher fractional surface coverage being
obtained for the cationic worms compared to that achieved for
the planar silica surface.

In situ CNF surfaces

When preparing the in situ CNF surface, the initial reduction
in frequency observed after 5 min corresponds to the introduc-
tion of cationic polyelectrolyte (PEI) into the QCM-D chamber.
This led to a plateau of around —10 Hz as full PEI coverage was
achieved, Fig. 2C. A further reduction in frequency was
observed after 17-18 min owing to the adsorption of anionic
CNFs onto the PEI-coated substrate. This produced a second
Af plateau at around —50 Hz. After a rinsing step to remove
extraneous CNF, diblock copolymer worms were then intro-
duced into the QCM-D flow chamber after approximately
55 min. Adsorption of the cationic crosslinked PGMA,;s-P
(GlyMA-EDA),5 worms occurred, as indicated by a reduction in
frequency to around —200 Hz. However, a rinsing step reduced
this Af to an equilibrium value of —-99.8 Hz, indicating
removal of loosely bound worms from the CNF surface. The
final adsorbed amount of cationic crosslinked PGMA,5-P
(GlyMA-EDA),5 worms adsorbed at the in situ CNF/PEI surface
was estimated to be 9.0 mg m~? (Af = 50.6 Hz), which is lower
than that previously reported for spherical cationic
nanoparticles.*>*® However, the cationic character of the cross-
linked PGMA,5-P(GlyMA-EDA),5 worms arises from protonated
amines located within the worm cores, which is reduced to
some extent by the non-ionic PGMA stabilizer block. This
interpretation is supported by observations made for EDA-
crosslinked PGMA-PGlyMA spheres, which were less cationic

Heigt 500. nm

Fig. 4 AFM height images recorded for dried substrates following QCM-D experiments monitoring the adsorption of (A) anionic linear PGMAs5-
PGlyMA 45 worms and (B) cationic crosslinked PGMA5-P(GlyMA-EDA) 45 worms onto ex situ prepared CNC.
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than the equivalent spherical nanoparticles crosslinked using
a longer diamine.”® Moreover, the adsorbed cationic worm
layer is expected to exhibit strong electrostatic interactions
with the anionic CNF, which may result in a denser adsorbed
layer, causing charge reversal and preventing further adsorp-
tion of cationic worms.

Unexpectedly, the anionic PGMA,5;-PGlyMA,s worms
adsorbed at the equivalent in situ CNF/PEI surface, with a
much greater decrease in frequency observed. Given that both
the CNFs and PGMA,5-PGlyMA,; worms are anionic, minimal
adsorption was anticipated owing to mutual electrostatic repul-
sion. However, the decrease in frequency observed for anionic
PGMA,;-PGlyMA,5 worms was 263 Hz, which is much greater
than that obtained for cationic worms on the same substrate
(50.6 Hz). The increase in dissipation (Fig. S5Ct) after worm
adsorption corresponds to a similar frequency shift (Fig. 2C)
and comparable —AD/Af ratios (see Table 1). In both cases,
SEM studies of dried substrates revealed the presence of
adsorbed worms (Fig. 5).

In principle, this counter-intuitive behavior could be related
to the underlying layer of PEI chains. Given the rather stiff
nature of the anisotropic CNF nanoparticles,*® it is perhaps
unlikely that they would fully cover the electrostatically-
adsorbed PEI chains. Thus, adsorption of each worm type to a

Fig. 5 Field emission SEM images recorded for dried substrates follow-
ing QCM-D adsorption experiments of (A) anionic PGMA,s5-PGlyMA 5
worms and (B) cationic PGMA,s-P(GlyMA-EDA),4s worms onto in situ
CNF surfaces.
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PEI-coated surface was also investigated (see Fig. 2D).
Surprisingly, the cationic crosslinked worms exhibited a larger
Af than the anionic linear worms, and the corresponding esti-
mated adsorbed amount was larger than for most of the other
surfaces studied (Table 1). A relatively high adsorbed amount
was expected for the anionic worms owing to strong electro-
static attractive forces, as previously observed for anionic silica
nanoparticles on PEL>® Thus, exposed regions of underlying
PEI chains might explain why anionic worms can adsorb onto
the anionic CNF surface.

However, the adsorption of cationic crosslinked worms
onto the cationic PEI layer was higher than expected,
suggesting that adsorption was governed by non-electrostatic
interactions in this case. For example, hydrogen bonding may
occur between the cis-diol groups present in the GMA repeat
units and the amines (primary, secondary and tertiary) in the
PEI chains, see Fig. 6. However, given that the two types of
worms each have the same PGMA stabilizer block, similar
degrees of hydrogen bonding might be expected. Another
likely adsorption mechanism is the formation of covalent
bonds between the PEI chains and the cationic crosslinked
worms (Fig. 6).

It is worth noting that the increase in frequency before and
after rinsing for cationic crosslinked worms on silica, ex situ
CNC and in situ CNF surfaces was significant (Af = 84, 59 and
103 Hz, respectively). In principle, counter-ion exchange could
account for part of this mass loss. Thus, we investigated the
effect of counter-ion exchange after adsorption of the cationic
crosslinked worms onto an in situ generated CNF surface, see
Fig. S6.1 After the rinsing step, a buffer solution was intro-
duced into the QCM-D chamber. This resulted in a Af of —18
Hz, which then returned to its previous value after a sub-
sequent rinsing step with deionized water. This suggests that
counter-ion exchange between the surface and the buffer solu-
tion was responsible for this observed reduction in frequency.
This Af is considerably lower than that observed after adsorp-
tion of the cationic worms, confirming that the mass loss after
rinsing is due to desorption of weakly-bound nano-objects
rather than counter-ion exchange alone.

Worm-surface interactions appear to be governed by both
electrostatic and non-ionic interactions, with differing behav-
ior observed for CNF and CNC surfaces. The latter interactions
include (i) hydrogen bonding owing to the cis-diol group in the
GMA repeat units of the steric stabilizer block, (ii) potential
covalent bond formation (see Fig. 6), and (iii) van der Waals
interactions. Most notably, the strongest adsorption is
observed for cationic crosslinked worms on the cationic PEI
layer, which would not be the case if worm-surface interactions
were dominated by electrostatic interactions.

Worm/CNF nanocomposite films

To further investigate worm/CNF interactions, vacuum fil-
tration was used to produce free-standing worm/CNF nano-
composite films that mainly swell in the thickness direction.®
In this case the worms comprised 25% by mass of the nano-
composite film, as previously reported for latex/CNF composite

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Schematic representation of the various ways by which cationic crosslinked PGMA,5-P(GlyMA-EDA)45 worms can interact with the four
types of planar surfaces investigated in this study (silica, CNC, CNF, and PEI). Including (i) electrostatic interactions, (ii) hydrogen bonding and (iii)

covalent bonding.

films.?** It is perhaps worth emphasizing that the hydrophilic
nature and associated substantial swelling of CNF films is con-
sidered to be a significant limitation for their use in wet
environments.

Depending on the drying technique, reference CNF films
can swell up to more than 1000% in thickness.®*®" Reduced
swelling indicates lower sensitivity to water and suggests
network formation within the film. This can be achieved by
introducing secondary interactions, such as Ca** counter-ions
or covalent bonds between the film components.®"*> With the
incorporation of anionic linear worms, the resulting films
swelled up to 600% in thickness after equilibration for 24 h in
water. In contrast, cationic crosslinked worms exhibited only a
200% increase in film thickness. Such restricted swelling
suggests that electrostatic attractive forces between anionic
CNF and the cationic worms result in a denser network.
While, in QCM-D experiments (see Table 1, Fig. 2) a larger
decrease in frequency was observed for anionic copolymer
worms than the cationic worms, the adsorbed cationic worms
are likely to form a denser adsorbed layer due to stronger
electrostatic interactions. Although there is no such electro-
static attraction between anionic worms and anionic CNFs, the
restricted swelling observed in this case is consistent with the
QCM-D data and implies additional attractive forces between
these two components, as discussed above (see Fig. 6).

On mixing the charged worms with the anionic CNFs, one
might expect to observe flocculation, coacervate formation or
retention of colloidal stability. In principle, the degree of dis-
persion can be assessed by evaluating the homogeneity of the
resulting nanocomposite films by cross-sectional analysis
using SEM, as reported previously for cationic latexes mixed
with anionic CNFs.>>®* Accordingly, cross-sectioned worm/
CNF films were examined by SEM. The anionic PGMA,;-
PGIyMA,s worms appear to be well-dispersed within such
nanocomposites, affording a homogeneous layered structure
(Fig. 7 and Fig. S7Aft). Moreover, FT-IR spectroscopy studies

This journal is © The Royal Society of Chemistry 2021

confirmed the presence of these worms, as indicated by the
characteristic ester carbonyl band at 1730 cm™", see Fig. S8.t
In contrast, the cationic PGMA,5-P(GlyMA-EDA),; worms
exhibited some variance in the thickness direction, suggesting

Fig. 7 Field emission SEM images recorded at (A) low and (B) high magnifi-
cation for a cross-sectional area of a hanocomposite film comprising 25%
w/w anionic PGMA,5-PGlyMA 45 copolymer worms and 75% w/w CNFs.
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their flocculation prior to film formation (Fig. S7B¥). Indeed,
such flocculation was indicated by the greater turbidity
observed after mixing. However, relatively weak flocculation
may not always be detectable by such measurements.
Furthermore, flocculation might also occur during the vacuum
filtration process used to create such nanocomposite films. In
principle, small angle X-ray scattering (SAXS) might enable the
degree of dispersion to be assessed during film formation, as
suggested by prior spray brush studies®®® and in situ PISA
syntheses.®® However, this is beyond the scope of the present
study. In summary, the restricted swelling behavior and high
degree of dispersion suggest that these worm-CNF nano-
composites could be interesting materials for drug delivery or
other hydrogel-type applications.

Conclusions

Epoxy-functional PGMA,5-PGlyMA,5 diblock copolymer worms
were crosslinked using epoxy-amine chemistry. The original
linear anionic PGMA,s-PGlyMA,s worms and crosslinked cat-
ionic PGMA,5-P(GlyMA-EDA),; worms were evaluated for their
adsorption onto planar silica and nanocellulose (CNC, CNF) sur-
faces using QCM-D. Worm adsorption onto silica and ex situ
CNC substrates was primarily governed by electrostatics: anionic
worms exhibited minimal adsorption on either surface, whereas
the adsorbed amounts of cationic worms were 7.8 and 37.5 mg
m~?, respectively. These observations suggest that the surface
roughness and/or the CNC surface functionality also influences
the adsorption behavior. The adsorption of copolymer worms
onto an in situ generated CNF surface (using cationic PEI chains
to achieve surface charge reversal of the silica substrate, hence
enabling subsequent CNF adsorption) revealed relatively strong
adsorption for both the anionic worms and the cationic worms,
which cannot be explained in terms of electrostatic interactions.
Indeed, QCM-D studies indicated that anionic and cationic
worms adsorbed onto PEI-coated surfaces at adsorbed amounts
of 43.3 and 60.5 mg m™>, respectively. This suggests that worm-
surface interactions are dominated by hydrogen bonding
(between the cis-diol unit in the GMA repeat units and amine
groups in the PEI chains), van der Waals forces, or perhaps
covalent bond formation via epoxy-amine chemistry, rather than
electrostatics. However, further studies are required to confirm
this hypothesis. Visual confirmation of worm adsorption onto
planar silica and nanocellulose surfaces was confirmed by SEM
and AFM studies. Finally, worm/CNF nanocomposites were pre-
pared via vacuum filtration. Incorporation of 25% w/w anionic or
cationic worms within the CNF films resulted in free-standing
films. The degrees of swelling observed for such nanocomposite
films were 600% and 200%, respectively. This is much lower
than that reported for CNF films alone (>1000%), indicating that
the incorporation of worms significantly reduces their swelling
capacity. As far as we are aware, this is the first study of the
adsorption of highly anisotropic diblock copolymer worms onto
nanocellulose-based substrates.
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Experimental section
Materials

4-(((2-(Carboxyethyl)thio)carbonothioyl)thio)-4-cyano-pentanoic
acid (CECPA; 95%) was kindly donated by Boron Molecular
(Melbourne, Australia). Glycidyl methacrylate (GlyMA; 97%),
ethylenediamine (EDA, >99%) and hydrochloric acid (HCI;
37%) were purchased from Sigma-Aldrich UK and used as
received. VA-044 (VA-044; >97%) was purchased from Wako
Chemicals GmBH. Dimethyl sulfoxide-ds and CD;OD were pur-
chased from Goss Scientific Instruments Ltd (Cheshire, UK). All
other solvents were purchased from Fisher Scientific
(Loughborough, UK) and used as received. Poly(ethylene imine)
(PEL, M,, = 60 000 g mol ") was purchased from Acros Organics.
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), sodium hypo-
chlorite (14% solution), sodium chlorite were obtained from
Sigma-Aldrich AB and sodium bromide (99+%) from Alfa Aesar.
Phosphate buffer at pH 6.8 was prepared from aqueous solu-
tions of sodium phosphate monobasic (NaH,PO,4, >99%) and
sodium phosphate dibasic (Na,HPO,, >99%) salts, both pur-
chased from Sigma-Aldrich. Deionized water was used for all
experiments. Biotech Cellulose Ester Dialysis Tubing was pur-
chased from Spectrum Laboratories Inc. (USA) with a molecular
weight cut-off (MWCO) of 50 kDa and flat width of 31 mm (& =
20 mm, vol = 3.1 mL cm™"). CNCs were prepared from cotton
Whatman ashless filter aid via sulfuric acid hydrolysis accord-
ing to Reid et al.® The pulp used for the preparation of cellulose
nanofibrils was a ‘never-dried’ dissolving pulp (60% Norwegian
spruce and 40% Scots Pine) kindly supplied by Doms;jé Aditya
Birla AB, Domsjo, Sweden. The preparation of cellulose nano-
fibrils was conducted via TEMPO-oxidation at pH 6.8 in phos-
phate buffer to liberate the fibrils from the fibres using the
method reported by Saito et al.,*"®” achieving a charge density
of ~600 peq g ' as measured by conductometric titration.®®
After TEMPO oxidation, the oxidized fibres were passed through
a high-pressure homogenizer (Microfluidizer M-110EH,
Microfluidics Corp, USA) by two passes through 400 pm and
200 pm chambers at 1000 bar and four passes through 200 pm
and 100 pm at 1650 bar, to produce a gel at 0.89% w/w dry
content, similar to the protocol reported by Cervin et al.®®

Characterization methods

"H NMR spectroscopy. '"H NMR spectra were recorded at
room temperature using a Bruker Avance III HD 400 MHz
spectrometer using either CD;0D or dg-DMSO.

Dynamic light scattering (DLS). A Malvern Zetasizer NanoZS
instrument was used to determine zeta potentials ({) of the
copolymer worms. All zeta potential ({) measurements were
made on 0.2% w/w copolymer dispersions prepared using
1 mM NacCl solution as a background electrolyte. All data were
averaged over three consecutive runs.

Gel permeation chromatography (GPC). Copolymer mole-
cular weight distributions were assessed using a GPC set-up
comprising two Agilent PL gel 5 pm Mixed-C columns and a
guard column connected in series to an Agilent 1260 Infinity
GPC system operating at 60 °C and equipped with a refractive
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index detector and a UV-visible detector (set at 4 = 309 nm).
The GPC eluent was HPLC-grade DMF containing 10 mM LiBr
at a flow rate of 1.0 mL min~". DMSO was used as a flow-rate
marker. Calibration was achieved using a series of ten near-
monodisperse poly(methyl methacrylate) standards (ranging in
M, from 625 to 618000 g mol~'). Chromatograms were ana-
lysed using Agilent GPC/SEC software.

Transmission electron microscopy (TEM). Copper/palladium
TEM grids (Agar Scientific, UK) were coated in-house to yield a
thin film of amorphous carbon. The grids were subjected to a
glow discharge for 30 s. Dilute aqueous copolymer dispersions
(10 pL, 0.1% w/w solids) were subsequently placed onto freshly
treated grids for 20 s and then carefully blotted with filter
paper to remove excess solution. To ensure sufficient electron
contrast, uranyl formate (10.0 pL of a 0.75% w/w solution) was
placed onto the sample-loaded grid for 20 s and then carefully
blotted to remove excess stain. Each grid was then dried using
a vacuum hose. Imaging was performed using a FEI Tecnai
Spirit 2 microscope operating at 80 kV and equipped with an
Orius SC1000B camera.

Field emission scanning electron microscopy (SEM). QCM-D
crystals were analyzed by SEM after worm adsorption followed
by drying at room temperature in a humid chamber. A field
emission Hitachi S-4800 microscope was used at an acceleration
voltage of either 1.0 kV or 3.0 kV and images were acquired at
various magnifications. QCM-D crystals were mounted onto
metal stubs using carbon tape and coated with a 5 nm layer of
Pt/Pd using a Cressington 208HR sputter coater.

Atomic force microscopy (AFM). AFM images were recorded
using a MultiMode 8 (Bruker, Santa Barbara, CA, USA) AFM
instrument in TappingMode with RTESP-150 cantilevers having
a reported spring constant of 5 N m™" and a resonant frequency
of 150 kHz. Images of dried, spin-coated cellulose nanocrystals
(CNCs) on QCM-D crystals were collected under ambient con-
ditions prior to and after adsorption of the worms.

FT-IR spectroscopy. Spectra were recorded for freeze-dried
copolymer worms at 20 °C (256 scans accumulated per spec-
trum) using a Thermo-Scientific Nicolet IS10 FT-IR spectro-
meter equipped with a Golden Gate Diamond ATR accessory.
Spectra were recorded using 256 scans with a 4.0 cm™" resolu-
tion, from 600 to 4000 cm™. Spectra were also recorded for an
aqueous dispersion of copolymer worms and for films compris-
ing worms and cellulose nanofibrils using a PerkinElmer
Spectrum 100 spectrometer equipped with a triglycine sulfate
(TGS) detector. The instrument was equipped with a single
reflection attenuated total reflection (ATR) Golden Gate acces-
sory (Graseby Specac Ltd, Kent, UK) equipped with a tempera-
ture control unit (Specac, Heated Golden Gate Controller). FT-IR
spectra were recorded from 600 to 4000 cm™" at a resolution of
4.0 cm™' and averaged over eight scans. Data were analyzed
using Spectrum software v. 10.5.1 provided by PerkinElmer.

Quartz crystal microbalance with dissipation monitoring
(QCM-D). A QCM-E4 instrument (Q-sense AB, Sweden) was
used at a flow rate of 0.15 mL min~'. This instrument
measures the change in resonant frequency of the crystal,
which can be related to a change in mass owing to adsorption
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(or desorption). To convert this change in frequency into the
corresponding change in adsorbed mass per area unit, the
Sauerbrey model*® can be used for strongly-anchored adsorbed
layers:

m=C(Af xn ) (1)

where C is a sensitivity constant, —0.177 ((mg m~>) x Hz '), Af
is the change in resonance frequency (Hz), and 7 is the over-
tone number. The calculated mass includes both the solid
adsorbed amount and any immobilized solvent within the
adsorbed layer.

The QCM-D also detects the energy dissipation in the
adsorbed layer, which is related to its viscoelastic properties. A
thin, rigid film results in a relatively small change in dissipa-
tion, while a solvent-rich, viscoelastic film results in a larger
change in dissipation. The dissipation factor, D, is defined as:

D= Edissipated/anstored (2)

where Egjssipatea 18 the energy dissipated during one oscillation
period and Egreq is the energy stored in the oscillating system.
Prior studies have shown that the Sauerbrey model is also
valid for layers with higher dissipations and comparable to
results obtained using more advanced models.”®

Synthesis

Synthesis of PGMA,;-PGlyMA,; diblock copolymer worms.
The PGMA,5-PGlyMA,s worms were prepared using a one-pot
protocol as described elsewhere.” Briefly, GlyMA (2.0 g,
14.1 mmol) and water (18.0 g, 1.0 mol, 10% w/w GlyMA
aqueous emulsion) were added to a round-bottomed flask
equipped with a magnetic flea and a condenser. The initial
aqueous emulsion was stirred for 9 h at 85 °C and eventually
became a homogeneous aqueous solution, with 98% GMA con-
version being achieved as judged by 'H NMR spectroscopy.
After the reaction mixture had cooled to 50 °C, CECPA (0.215 g,
0.70 mmol) was added directly to the reaction vessel and stirred
at 50 °C for 2-3 min until complete dissolution had occurred.
On cooling to 20 °C, VA-044 (57 mg, 0.17 mmol) was added to
this reaction mixture, which was then degassed via N, purge for
30 min. The degassed reaction mixture was then heated to
50 °C for 3 h, after which a small aliquot was extracted for ana-
lysis by "H NMR spectroscopy in CD;0D and DMF GPC studies.
Previously degassed acidified water (15.4 mL, pH 3) and GlyMA
(3.61 mL, 26.4 mmol) were added via syringe under N, to afford
a 15% w/w aqueous emulsion, which was heated at 50 °C for
1 h. The final PGMA,5-PGlyMA,5 diblock copolymer was ana-
lyzed by "H NMR spectroscopy (in ds-DMSO) and DMF GPC.
The PGMA,5-PGlyMA,s worms formed a physical gel at 15% w/w
solids, which required dilution to 5% w/w using deionized
water to produce a free-flowing aqueous dispersion.

Crosslinking of PGMA-PGIyMA diblock copolymer worms.
The PGMA,5-PGlyMA,s; worms were crosslinked directly in
aqueous media. First, the original worm dispersion (2.5 g,
15% w/w) was weighed into a glass jar and diluted with de-
ionized water (7.5 g) with magnetic stirring to afford a 5.0%
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w/w dispersion, which was then stirred for 48 h at 20 °C to
ensure a high degree of dispersion (no visible aggregates).
Subsequently, ethylenediamine (EDA) (0.835 mL, 12.5 mmol)
was added into a sample vial, to which the appropriate mass
of worms was also added (10.0 g of a 5.0% w/w dispersion,
2.5 mmol epoxy groups), to give a target EDA/epoxy molar ratio
of 5.0. This reaction mixture was magnetically stirred at 20 °C
for 24 h. The resulting aqueous dispersion was purified by
exhaustive dialysis against deionized water for three days. The
purified PGMA,5-P(GlyMA-EDA),s worms were characterized by
DLS and zeta potential measurements. The EDA-crosslinked
worms were isolated as a dry powder after freeze-drying from
water overnight and characterized by elemental microanalysis
and FTIR spectroscopy.

QCM-D adsorption experiments

Preparation of surfaces for QCM-D experiments. Silica-
coated quartz crystals (Q-sense AB, Sweden) were first rinsed
with deionized water, then ethanol and once more with de-
ionized water before drying under N,. The crystals were then
placed in an air plasma cleaner (Model PDC 002, Harrick
Scientific Corporation, NY, USA) under reduced air pressure
for 120 s at 30 W. The same protocol was used for all QCM-D
crystals, prior to adsorption experiments and formation of
CNC and CNF surfaces, as detailed below.

Ex situ CNC surfaces by spin-coating CNCs onto silica
quartz crystals. Cleaned QCM-D crystals were spin coated with
a layer CNCs without the addition of a polymer adhesion layer,
following a previously reported method.” In brief, QCM crys-
tals were covered with a 3 w/w% dispersion of CNCs and spun
at 3000 rpm for 30 s to dry (Model KW-4A), resulting in a
dense CNC layer on the silica surface, as examined AFM.
Before starting the adsorption experiments, the QCM-D crys-
tals coated with CNCs were equilibrated overnight in deionised
water to ensure a stable baseline and avoid drift due to swell-
ing before the adsorption experiments commenced.*

In situ CNF surfaces generated during QCM-D experiments.
The CNF surfaces were formed in situ by a two-step process. In
the first step, an anchoring layer of poly(ethylene imine) (PEI)
was adsorbed at 0.1 g dm™> in 10 mM NaCl at pH 10 (solution
pH was adjusted by addition of 10 mM NaOH) to produce sat-
uration coverage, followed by rinsing with deionized water. In
the second step, a CNF dispersion (0.1 g dm™*) was adsorbed
at pH 7, followed by rinsing with deionized water in accord-
ance with a previously published protocol.”®”°

Monitoring worm adsorption at planar surfaces by QCM-D.
Worm adsorption at various planar surfaces was conducted as
previously reported.”®”® A constant flow rate of 0.15 mL min ™"
was used for all experiments. Each surface was equilibrated for
at least 5 min with deionized water. For experiments involving
ex situ CNC surfaces, surfaces were equilibrated for 6 h. An
aqueous worm dispersion (0.1 g dm™ in 5 mM sodium/potass-
ium phosphate buffer; pH 6.8) was then introduced into the
flow chamber. After worm adsorption had reached equilibrium,
deionized water was introduced into the chamber until there
was no further change in frequency and dissipation. This
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rinsing step ensured removal of any residual salt that might
otherwise influence the adsorbed mass or surface topography
after drying. After such adsorption experiments, each QCM-D
crystal was removed from the chamber and allowed to dry
under in a Petri dish in the presence of wet tissue to maintain
relatively high (~70-80%) humidity during drying. This precau-
tion reduced the rate of water evaporation and thus prevented
unwanted ‘coffee ring’ surface effects. The effect of varying the
drying conditions had been previously explored for QCM-D
studies of nanoparticle adsorption.*® All adsorption experi-
ments were performed in duplicate and sometimes in triplicate.

Nanocomposite worm-CNF films

Formation of worm-CNF nanocomposite films. A 2% w/w
aqueous CNF gel was prepared using deionized water and dis-
persed (116 mL, 0.26% w/w) via high shear homogenization
using an Ultraturrax stirrer at 10000 rpm for 20 min in a
500 mL flask. The resulting CNF dispersion was degassed for
30 min under vacuum to remove any air bubbles. Following pre-
viously published protocols developed for cationic nano-
particles,* worm-CNF nanocomposite films were prepared by
adding an aqueous worm dispersions (~3 g dm™) dropwise to
target a 25% w/w worm loading in a final nanocomposite of
either 100 mg or 400 mg dry weight depending on size. The
CNF dispersion or worm-CNF dispersion was then mixed by
magnetic stirring for 30 min prior to vacuum filtration through
a glass filter funnel (7.2 cm in diameter) using a 0.65 pum PVDF
membrane (DVPP Millipore, USA) with a target film thickness
of 30-70 pm and grammage of 40-80 ¢ m™>.”"7? After filtration,
the films were allowed to dry for at least 24 h in a Petri dish
placed in a fumehood prior to either reswelling or being placed
in an air-conditioned room at 23 °C for 24 h maintained at 50%
relative humidity prior to further characterization.

Swelling experiments on worm-CNF nanocomposite films. A
piece of each nanocomposite film (~1 x 2 em™?) and reference
TEMPO-oxidized CNF film was dried at ambient temperature
and then immersed in MilliQ water (10 mL) to allow equili-
brium swelling to occur over 24 h.°>°" Then, excess water was
removed from the swollen film and its thickness was measured
in the wet state. This value was normalized with respect to the
initial dry film thickness to calculate the degree of swelling
(DS in %) using eqn (3). This dimensional change correlated
well with the mass increase for the swollen film compared to
the dry film. The reference TEMPO-oxidized CNF film exhibi-
ted a mean increase in film thickness of 1060 + 160% from
triplicate experiments, which is consistent with previous litera-
ture data of ~1000%.%°

thicknessye; — thicknessgyy
X

. 100
thicknessgyy

3)

Degree of swelling(% ) =
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