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Cellulose nanopaper with polymeric nanoparticle
additives — what is the role of nanoparticle surface
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Polymeric nanoparticles with tunable surface functionalities were synthesized via polymerization-induced
self-assembly (PISA) to study their interactions with TEMPO-oxidized cellulose nanofibrils (TO-CNFs) in
wet and dry states. The nanoparticles possessed a rigid core and shells featuring anionic, polyethylene
glycol (PEG)-like, and hydroxyl-rich functionalities, with different hydrogen bonding propensities, water
binding, and glass transition temperatures. Hydroxyl-functional nanoparticles exhibited enhanced and
irreversible adsorption onto CNFs compared to anionic and PEG-like functions, showing that shell func-
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tionality impacts the adsorption behavior in the wet state. In the dry state, shell functionality plays a minor
role in the bulk mechanical properties, which depend instead on the nanoparticle amount. This work
shows that additive interactions between colloidal components in water do not translate to interactions in
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Introduction

Cellulose nanofibrils (CNFs) are promising bio-based building
blocks for the development of advanced materials within the
fields of packaging, electronic substrates, membranes, and
separators.”” Produced from lignocellulosic biomass through
chemical and mechanical treatments, CNFs form aqueous dis-
persions of long, slender fibrils with diameters of a few nano-
meters and lengths up to a micrometer, often stabilized by
charged groups. Their high aspect ratio, surface area, and
surface charge density enable surface engineering and tunable
interactions. While CNF-based materials exhibit considerable
potential for material assemblies, further systematic investi-
gations of their structure-property relationships are essential
to further advance their use in nanostructured, sustainable
materials.
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One promising strategy for tailoring the properties of CNF-
rich materials is the incorporation of hydrophobic polymers
from aqueous dispersions.*”® This aqueous approach enables
the introduction of hydrophobic polymers without the need
for time-consuming solvent exchange and preserves the integ-
rity of the cellulose surface by avoiding covalent
modification.'®"" However, the dependencies on dispersion
features such as particle size and surface functionality have yet
to be fully elucidated.

Polymerization-induced self-assembly (PISA) offers an
attractive platform for addressing these challenges. Exploiting
controlled radical polymerization, PISA enables the one-step
synthesis ~ of  colloidally  stable  block  copolymer
nanoparticles.'>"? This technique provides access to mono-
disperse nanoparticles with tunable size, shape, and surface
characteristics, while eliminating the need for small-molecule
stabilizers such as surfactants, which may interfere with cell-
ulose interactions or migrate within dried materials. Such
nanoparticles are therefore well suited for investigating how
the surface and core functionality influence the performance
of CNF-based composites.

The incorporation of nanoparticles into CNF dispersions
typically involves combining preformed colloidal dispersions
of each component. Depending on the extent of adsorption
between nanoparticles and CNFs, different structures may
arise in dispersion: CNFs may wrap around nanoparticles,
cross-linking points may form, or phase-separated coacervates
may develop.'*'® In the absence of adsorption, homogeneous
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mixtures of the two components are expected.'® Adsorption in
these systems can typically be induced by increasing the ionic
strength, which screens electrostatic repulsion.’* Upon dewa-
tering, the final structure of the material is determined by
both the dispersion-state assemblies and their packing behav-
ior during drying. Previous studies have shown that strongly
adsorbing cationic nanoparticles of different sizes disrupt car-
boxyl-functional TEMPO-oxidized TO-CNF arrangements at
multiple length scales, with the resulting CNF packing directly
affecting bulk mechanical properties.’®

In a dry material, the mechanical properties of CNF-based
composites are governed by both the dispersion-induced struc-
tures and the inter-component interactions. Cationic poly-
meric nanoparticles have been reported to enhance ductility at
high nanoparticle loadings, likely due to the ability of the two
components to slide relative to one another and thereby dissi-
pate stress.'”” Consequently, the physicochemical character-
istics of nanoparticle surfaces are expected to play a key role in
determining the extent and nature of mechanical property
modifications in CNF-rich materials.

In the present work, we synthesize colloidal nanoparticles
with novel types of shell functionalities and investigate their
influence on the mechanical properties of TO-CNF films. The
nanoparticles are stabilized by shells of poly(methacrylic acid)
(PMAA), poly(oligoethylene glycol methacrylate) (POEGMA), and
poly(glycerol monomethacrylate) (PGMA), respectively. These
nanoparticle surfaces have different potentials for hydrogen
bonding, water binding, and glass transition temperatures.

Materials and methods

Materials

Methacrylic acid (MAA) (99%), oligo(ethylene glycol) methyl
ether methacrylate (OEGMA) with an M,, of 500, glycidyl meth-
acrylate (GlyMA) (97%), and methyl methacrylate (MMA) (99%)
were purchased from Sigma-Aldrich, and passed over basic
alumina to remove the radical inhibitor prior to polymeriz-
ation. Basic alumina (aluminium oxide 90 active basic
(0.063-0.200 mm) activity stage I) was purchased from Merck
Millipore. 1,4-Dioxane anhydrous (99%), diisopropyl ether (for
synthesis), and 4.4'-azobis(4-cyanovaleric acid) (ACVA) (98%)
were purchased from Sigma-Aldrich and used as received.
Never-dried sulfite pulp was kindly donated by Domsjo.

Synthesis of water-soluble oligomeric polymers (macroCTA)

The RAFT agent CTPPA was synthesized according to a pre-
viously published protocol.'® The water-soluble oligomer,
which formed the shell, synthesized by solution
polymerization.

Poly(methacrylic acid) (macroCTA_A) was synthesized in
distilled water. The monomer was not purified to avoid depro-
tonation. To a round bottom flask were added CTPPA (832 mg;
1 eq.), ACVA (84 mg; 0.1 eq.), and MAA (6.33 ml; 6.46 mg; 25
eq.) to yield a yellow solution. 23.7 ml of distilled water was
added, making a partly cloudy mixture with [MAA] = 2.5 M.

was
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The solution was cooled in an ice bath and bubbled with
argon for 15 min, and then reacted in a pre-heated oil bath at
70 °C for 4 h. The conversion was calculated from "H NMR
according to eqn (1), as 95%. The polymer was purified by
dialysis, with a 1 kDa cutoff, and freeze-dried.

Poly(oligo(ethylene glycol) methyl ether methacrylate)
(macroCTA_O) was synthesized in 1,4-dioxane. The monomer
was purified by passing over basic alumina. To a round-
bottom flask, CTPPA (111 mg; 1 eq.), ACVA (11 mg; 0.1 eq.),
OEGMA (4.74 ml; 5 g; 25 eq.), and 1,4-dioxane (15.2 ml) were
added to make [OEGMA] = 0.5 M. The solution was cooled in
an ice bath and bubbled with argon for 15 min, and then
reacted in a pre-heated oil bath at 70 °C for 24 h. The conver-
sion was calculated from "H NMR according to eqn (1) as 97%.
The polymer was precipitated from diisopropyl ether, redis-
solved in distilled water, and freeze-dried.

Poly(glycerol methacrylate) (macroCTA_G) was synthesized
from glycidyl methacrylate (GlyMA). A 20 vol% solution of
GlyMA in distilled water was heated to 80 °C for 20 hours
using a condenser. The conversion calculated from 'H NMR
was 84%. To a round-bottom flask were added CTPPA (334 mg;
1 eq.), ACVA (33.75 mg; 0.1 eq.), monomer solution (20 ml;
5.3 g; 25 eq.), and distilled water to make [GMA] = 1.3 M. The
solution was cooled in an ice bath and bubbled with argon for
15 min, and then reacted in a pre-heated oil bath at 70 °C for
4 h. The conversion was calculated from "H NMR according to
eqn (1) as 98%. The polymer was purified by dialysis, with a
1 kDa cutoff, and freeze-dried.

The conversion of methacrylate monomer was analyzed by
'H NMR by taking a crude aliquot of the reaction mixture and
diluting in D,O. The intensity of the monomer peak at
~6.1 ppm (1H) was compared to those of polymer methyl
signals at 1.2-0.7 ppm (3H).

Lz 07ppm
Conversion (%) = T 7Ppr: Toxopm x 100 (1)
3 1

Polymerization-induced self-assembly (PISA)

The macroCTAs were chain extended with MMA in emulsion
polymerization according to PISA principles. The dry content
(macroCTA, initiator ACVA and MMA) was set at 10 wt% and
the ratio I/CTA = 0.12. In a typical experiment, the macroCTA
was added to a round-bottom flask and dissolved in water.
ACVA was dissolved in water with 3.5 eq. of NaHCO; to make
[ACVA] = 10 mg ml ™. An appropriate amount of ACVA solution
was added to the macroCTA solution. At this point, the solu-
tion of anionic macroCTA_A was modified to pH 5.5 with 1 M
NaOH. The pH of the other macroCTAs was unmodified. The
MMA was passed over basic alumina to remove the inhibitor,
and then an appropriate amount of MMA was added to the
solution. This results in an emulsion as the majority of MMA
does not dissolve in the water phase. The solution was cooled
in an ice bath and bubbled with argon for 15 min, and then
reacted in a pre-heated oil bath at 70 °C.

This journal is © The Royal Society of Chemistry 2025
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The conversion of monomer in these chain-extension poly-
merizations was analyzed gravimetrically. Aliquots of 100 pl
were taken from the reaction mixture and dried at 125 °C for
1 hour. The measurements were performed in triplicate.

Preparation of cellulose nanofibrils (CNFs)

TEMPO-oxidized CNFs (TO-CNFs) were prepared according to
previously described procedures.'®*® Never-dried softwood
sulfite pulp (Doms;j6) was treated with TEMPO-mediated oxi-
dation at pH 6.8 in phosphate buffer (0.05 M) and fibrillated
in a high-pressure homogenizer (Microfluidizer M-110EH,
Microfluidics Corp, USA) by one pass through large chambers
(400 pm and 200 pm, 800 bar) and four passes through smaller
chambers (200 pm and 100 pm, 1600 bar) to produce a CNF
gel with a dry content of ~10 g L™". The total charge of CNFs
was determined by conductometric titration as 770 umol g~ ".
CNF dispersions (~2 g L") were prepared by Ultra Turrax hom-
ogenization, tip sonication, and centrifugation by dilution in
milliQ water. The final dry content was determined gravimetri-
cally by drying the dispersion overnight in an oven at 105 °C
and cooling down in a desiccator. The measurements were per-
formed in triplicate.

Preparation of cellulose nanopapers

Phosphate buffer was prepared with a 1:1 molar ratio of
K;PO, and K,HPO, in milliQ water. The polymeric nano-
particles were diluted to 0.2 wt% in 10 mM phosphate buffer.
The TO-CNF dispersion was diluted to 0.2 wt% (2 g L™") and
the nanoparticle dispersion was added dropwise. The hybrid
dispersion was stirred for 30 minutes, and then vacuum fil-
tered over a PVDF membrane (Durapore hydrophilic PVDF
Membrane, DVPP Millipore) in analogy to previous studies.*?
The wet cakes were dried for 2 days in holders to prevent buck-
ling in a room conditioned to 50% relative humidity.

Characterization

Nuclear magnetic resonance (NMR) was performed using a
Bruker Advance NMR at 400 MHz.

Size exclusion chromatography (SEC) was performed using
a SECurity 1260 (Polymer Standard Services, PSS, Mainz,
Germany) equipped with an Agilent RID G1362A refractive
index detector, an Agilent 1260 VWD VL G1314B UV detector
(280 nm) and three columns (PSS Gram 10 pm; Microguard,
100 A and 10 000 A; Analytical). DMSO with 0.5 wt% LiBr was
used as the mobile phase at a flow rate of 0.5 ml min™".
Calibration was performed using narrow PMMA standards
from PSS, ranging from 100 to 1 000 000 g mol ™.

Fourier-transform infrared (FTIR) spectroscopy was per-
formed using a PerkinElmer Spectrum 2000 FT-IR equipped
with a MKII Golden Gate single reflection AFR system (from
Specac Ltd, London, UK) with a MKII heated diamond 45° ATR
top plate.

Differential scanning calorimetry (DSC) was performed
using a Mettler Toledo DSC. The polymer was freeze-dried and
stored in a vacuum oven at 50 °C prior to analysis to avoid
excessive moisture in the sample. The polymers were analyzed
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at a heating and cooling rate of 10 °C min™" under a nitrogen
atmosphere. The first heating cycle heats to 150 °C and then
—50 °C. The second heating cycle was run from —50 to 200 °C
and this was used to evaluate the glass transition temperature
(T,). For the OEGMA-containing samples, the minimum temp-
erature was decreased to —80 °C.

Dynamic light scattering (DLS). The hydrodynamic diameter
(Dy), polydispersity index (PDI), and zeta potential ({) of the
polymeric nanoparticles were determined using a Malvern
Zetasizer NanoZS at 0.1 wt% in distilled water or phosphate
buffer at 25 °C. The standard for size correlation was poly-
styrene latex.

Preparation of ultrathin films on QCM-D sensors. An ultra-
thin film of TO-CNFs was prepared on a SiO,-coated QCM-D
sensor (Biolin Scientific, Gothenburg) by spin-coating a
0.1 wt% TO-CNF suspension. Prior to spin-coating, an anchor-
ing layer of polyethylenimine was applied to the sensor
surface. Following TO-CNF deposition, the sensors were heat-
treated at 80 °C for 10 minutes. Film uniformity was verified
by scanning three different areas using atomic force
microscopy (Bruker Multimode 8). The films were stored in a
desiccator until use.

Quartz crystal microbalance with dissipation (QCM-D)
studies were performed using a QCM-D instrument (E4,
Biolin Scientific, Gothenburg, Sweden) to assess the inter-
action of nanoparticles with TO-CNF surfaces. TO-CNF films
were equilibrated in 2.5 mM phosphate buffer, and a stable
baseline was established. Nanoparticle dispersions (2 g L™" in
2.5 mM phosphate buffer) were then introduced into the flow
cells at 25 °C at a flow rate of 100 pL min~". Following the
adsorption phase, the buffer solution was reintroduced to
evaluate the reversibility of the interactions. The films after
adsorption were imaged with AFM to characterize morpho-
logical changes.

Field-emission scanning electron microscopy (FE-SEM) was
performed using a Hitachi S-4800. The nanoparticles were
mounted on plasma-treated silicon wafer by casting of a
0.01 wt% dispersion. The samples were dried under ambient
conditions and coated with a thin layer of Pt/Pd before
imaging. The nanopapers were cut with a scalpel, or fractured
in the tensile rig before mounting with conducting tape on
SEM stubs. The samples were dried in a desiccator and coated
with a thin layer of Pt/Pd before imaging. Typical parameters
for imaging were 1 keV, 2-5 pA and a working distance of
1.5 mm. The sizes of nanoparticles were measured manually
using Image]J software.

Polymer shell thickness assessment

The thickness of the shell was assessed by taking the differ-
ence between Dy and Dggy according to eqn (2).

tshell = (Du — Dsgm) /2 (2)

Tensile testing was performed using an Instron 5944 with a
500 N load cell at 23 °C and 50% RH. Strips were cut with a
punch cutter tool to 6 mm in width, and stored under the
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same conditions for at least 48 h prior to testing. The gauge
length was set to 30 mm and the strain at 10% min™'. A
minimum of 5 specimens per sample were tested.

Results and discussion

Synthesis and characterization of well-defined colloidal
nanoparticles
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synthesize nanoparticles with different shell functionalities:
anionic, polyethylene glycol (PEG) (ether-rich), and glycerol
functional (hydroxyl-rich).

First, the water-soluble oligomeric segment stabilizing the
surface of the nanoparticles, also called the macromolecular
chain-transfer agent (macroCTA), was synthesized via revers-
ible addition-fragmentation chain-transfer (RAFT) radical
polymerization (Fig. 1ai). Then, the macroCTA was chain
extended with the

hydrophobic monomer MMA under
aqueous conditions (Fig. 1aii). At a certain chain length, this
amphiphilic block copolymer self-assembles into monomer-
swollen micellar structures (Fig. 1aiii). The subsequent conver-

Colloidally stable polymeric nanoparticles were synthesized
according to the principles of polymerization-induced self-
assembly (PISA) (Fig. 1a). The objective of this study was to
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Fig. 1 (a) Schematic of polymerization-induced self-assembly (PISA), where (i) a water-soluble macroCTA is synthesized, which is (ii) chain extended
under aqueous conditions with methyl methacrylate (MMA). (iii) The amphiphilic block copolymer self-assembles into a monomer-swollen micelle,
and then complete polymerization into (iv) a colloidally stable core—shell nanoparticle occurs. (v) The nanoparticles are dried for visualization in
field-emission scanning electron microscopy (SEM). (b) Anionic nanoparticles are synthesized with (bi) a macroCTA of poly(methacrylic acid) and (bii)
a chain extended to an amphiphilic block copolymer. (biii) Size-exclusion chromatography (SEC) chromatograms showing the polymer size and dis-
tribution of the macroCTA in the refractive index (RI) for concentration and UV detection showing the attachment of the Z group along the distri-
bution, as well as the block copolymer np_A. (biv) Schematic showing the nanoparticle np_A with Dy and Dsgm and (v) SEM micrograph of the dried
np_A. (c) Structure and characterization of PEG-functional macroCTA_O and np_O, and (d) macroCTA_G and np_G.
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sion of monomer occurs inside the micelles, and results in
spherical, colloidally stable, and core-shell nanoparticles with
a tailorable shell functionality (Fig. 1aiv). In an aqueous dis-
persion, these nanoparticles have a water-swelled shell con-
sisting of a hydrophilic polymer with associated water and
counter ions. The wet size was assessed through DLS, giving
the hydrodynamic diameter Dy, as visualized by blue spheres
(Fig. 1aiv). The dry size was determined through SEM imaging,
giving an evaluation of hydrophobic core size, as visualized by
gray spheres (Fig. 1av).

Synthesis and characterization of macroCTA - the stabilizing
block

All macroCTAs were synthesized in solution polymerization
using thermally initiated RAFT, with a target degree of
polymerization (DP) of 25. The RAFT agent 4-cyano-4-
[(thiothiopropyl)sulfanyl] pentanoic acid (CTPPA) proves
efficient for aqueous PISA and was employed along with an
azo-radical initiator. The anionic macroCTA (macroCTA_A)
(Fig. 1bi) was synthesized from methacrylic acid (MAA) in
water according to the literature procedure.”’ CTPPA has
poor water solubility, and was dissolved in the monomer
before addition to the aqueous phase. This formed a cloudy
heterogeneous monoglycerol methacrylate (GMA) solution.
The GMA solution was polymerized using CTPPA and
thermal RAFT. The polymer system became homogeneous as
the temperature increased. The PEG-functional macroCTA
(macroCTA_O) (Fig. 1ci) was synthesized from oligo(ethylene
glycol) methyl ether methacrylate (OEGMA), a monomer
known for its use in polymers with water solubility and
thermosensitivity.>®> Polymers containing OEGMA exhibit
aqueous lower- and upper critical solution temperatures
(LCST and UCST) and thus macroCTA_O was synthesized in
1,4-dioxane to avoid solubility issues. The glycerol-functional
macroCTA (macroCTA_G) (Fig. 1di) was synthesized from gly-
cidyl monomethacrylate according to the literature.”> The
commercial glycidyl methacrylate monomer was hydrolyzed
in water at 80 °C for 20 hours, producing a monoglycerol
methacrylate (GMA) solution. The GMA solution was poly-
merized using CTPPA and thermal RAFT. The macroCTAs’
structures were confirmed using 'H and "*C NMR (Fig. S2, S5
and S8).

Table 1 Characterization of macroCTA

Sample P (%) My meo (kDa) M, (kDa) D Tg (°C)
macroCTA_A 95 2.3 4.3 1.38 —_
macroCTA_O 97 12.4 15.3 1.17 —46
macroCTA_G 98 4.6 14.7 1.43 97
macroCTA_D® 99 4.2 2.86 135 —

Conversion (p) as calculated from 'H NMR, theoretical molecular
weight (M, teo) as calculated from 100% monomer conversion, mole-
cular weight (M,) and polydispersity (P) as calculated from DMSO-SEC
and glass transition temperature (T,) as calculated from DSC. The cat-
ionic macroCTA_D is published elsewhere, and the molecular weights
are obtained from SEC in DMF.’

This journal is © The Royal Society of Chemistry 2025
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Table 1 summarizes the characterization of macroCTAs pro-
duced in this study. The macroCTAs have reasonably low poly-
dispersities (P) and number average molecular weight (M)
values slightly larger than the theoretical values (Mp theo)-
MacroCTA_O has the lowest P value of 1.17 and the M, value
is close to the theoretical value, suggesting good RAFT control.
MacroCTA_A and macroCTA_G have higher p values and M,
values significantly larger than the theoretical values. This
may be due to the poor solubility of CTPPA, which results in a
lower true concentration of CTPPA than targeted and thus a
larger molecular weight. Table 1 also contains information on
a cationic macroCTA synthesized from N,N-dimethylamino
ethyl methacrylate (DMAEMA), also with a target DP of 25, for
reference.® The presence of the trithiocarbonate moiety, which
is necessary for chain extension, was confirmed over the full
polymer distribution for all macroCTAs using an SEC UV detec-
tor at 280 nm (Fig. 1b-diii), showing that all macroCTAs are
suitable for chain extension via PISA.

The glass transition temperatures (7y) found for these
macroCTAs by differential scanning calorimetry are similar to
those expected from the literature. For macroCTA_A, the
expected Ty is higher than the degradation temperature, extrapo-
lated to 230 °C,** and thus no T, was found in the range
—50-200 °C. The T, values of macroCTA_G and macroCTA_O
were 97 and —46 °C, similar to the data in the literature.*?
These results suggest that the lengths of the macroCTA blocks,
although short, are sufficiently close to the entanglement mole-
cular weight M, to produce glass transition temperatures similar
to those of high molecular weight polymers.

Synthesis and characterization of colloidal nanoparticles via
RAFT-PISA

The purified macroCTAs were dissolved in water and chain
extended with MMA in emulsion polymerization, producing
block copolymer structures (Fig. 1b-dii). The block copolymers
and resulting nanoparticles are termed np_A, np_O and np_G
for nanoparticles with surfaces consisting of anions, PEG, and
glycerol, respectively. The monomer conversions, evaluated
gravimetrically, were all above 80%. Table 2 shows the charac-
teristics of the block copolymers and nanoparticles, as well as
cationic nanoparticles produced with macroCTA_D (Table 1),
as published elsewhere.?

The successful chain extension with MMA was confirmed by
SEC (Fig. 1b-diii), showing the reasonable b and M, values of
all nanoparticles (Table 2). The high molecular weight shoulders
in np_O and np_G suggest termination events due to cross-coup-
ling, which is common at high monomer conversion. The dis-
persity of np_A is rather high, stemming from a significant low
molecular weight shoulder (Fig. 1biii). This shoulder likely
appears due to trithiocarbonate hydrolysis under these con-
ditions, as shown by Chaduc et al., which leads to generation of
dead chains and thus poor blocking efficiency.>®

The block copolymer monomer ratios were confirmed by
'H NMR as detailed in the SI (Fig. S9 and $10).

The polymers were formulated to yield nanoparticles with
similar hydrodynamic diameters (Dy) (Table 2). The anionic
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Table 2 Characterization of block copolymer nanoparticles

Sample M, theo (kDa) M, (kDa) b Ty (°C) Dy (nm) PDI ¢ (mv) Dggm (nm) tshenn (NM) Shell (wt%)
np_A 22.5 26.5 2.12 —; 127 70+ 0.3 0.02 —64 £ 0.2 46 +7 12 10

np_O 32.8 41.0 1.37 —45; 126 54+0.2 0.13 -35+£0.3 23+4 16 38

np_G 14.7 371 1.79 63; 120 70+ 0.8 0.20 —-50 £ 3.2 20+ 3 25 29

np_Dg 24.2 34.7 2.49 NA 40 + 0.1 0.08 54 +3.3 26+5 7 16

np_Dy, 54.2 392 1.82 NA 119+ 0.1 0.03 66 + 0.2 79 £13 20 7

Theoretical molecular weight (M, eo) assuming 100% monomer conversion, molecular weight (M,) and dispersity (P) obtained from
DMSO-SEC, glass transition temperature (T,) obtained from DSC, hydrodynamic diameter (Dy), size polydispersity (PDI) and zeta potential ({)
obtained from DLS, and core size (Dsgy) obtained from FE-SEM imaging. The shell thickness was calculated from the difference between Dy and
Dggpy, and assumes that the PMMA core does not swell. Np_A was methylated before SEC, and the molecular weights of Dy, and Dg were obtained

from SEC in DMF.?

macroCTA_A yielded nanoparticles with a very low PDI when
synthesized at pH 5.5, due to the charged nature of the
macroCTA. This is evidenced by a significantly increased PDI
value when PISA was performed at pH 3.5 where macroCTA_A
will be mostly non-charged (Fig. S12). MacroCTA_O and
macroCTA_G yielded nanoparticles (np_O and np_G) with a
somewhat wider size distribution (PDI < 0.2). These PDI values
are similar to what is found in the literature for these systems,
and the nanoparticles can still be considered quite monomo-
dal in size.”>”® All nanoparticles show negative zeta potentials
(£). For np_O and np_G, the negative { stems from the R-group
(Fig. 1), which means that every polymer chain has a terminal
carboxylic acid group protruding from the nanoparticle
surface. The use of CTAs bearing carboxylic-functional
R-groups has been shown to enhance the stability of PISA
nanoparticles formed with non-charged blocks.*”

SEM imaging shows the diameter of the dried nanoparticles
(Dsgm), which can be interpreted as the size of the rigid MMA
core as the water-soluble shell polymer collapses into a very
thin layer under high-vacuum conditions (Fig. 1a-dv). The
difference between the Dy and Dggy values thus gives an indi-
cation of the hydrated shell thickness (Table 2, ts,enn (nm))
(Fig. 1div). The anionic nanoparticles have a hydrated shell of
~12 nm, which is similar to those of charged cationic nano-
particles Dy and D (Table 2).?

The glycerol- and PEG-functional nanoparticles (np_G and
np_O, respectively) show much larger size differences in wet
and dry states. PEG is well known for binding water strongly,®
and a large amount of associated water on the nanoparticle
surface could lead to these results. Another hypothesis for the
observed results could be if the macroCTA_O block leads to
swelling of the outer part of the PMMA core through mixing of
the polymer blocks. The two T, values found for np_O are,
however, similar to the expected T, values of each block,
showing that the polymer blocks are immiscible when no
water is present.

The glycerol functional nanoparticles, np_G, show the largest
difference between the wet and dry sizes. It is possible that
macroCTA_G is actually longer than DP 25, as evidenced by the
high molecular weight (Table 1). Based on the assessed mole-
cular weight M, the macroCTA_G block could be up to 15 nm
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in length when fully extended, but the shell thickness of these
nanoparticles was estimated to be 25 nm. It is also possible that
the adjacent macroCTA_G block allows for water to penetrate
into the PMMA core, as hypothesized in np_O. The measured T,
values of np_G indicate a pure PMMA segment with high glass
transition and purity. The T, of macroCTA_G, however,
decreased when attached to the block copolymer MMA segment.
Usually, the opposite effect would be expected when there is sig-
nificant miscibility between polymer segments. It is possible
that macroCTA_G is not able to fully hydrogen bond with other
similar segments, due to the attached MMA segment or the
attachment to the surface of the nanoparticles.

The nanoparticles were later diluted in phosphate buffer to
produce cellulose nanopapers, and thus their Dy and ¢ values
were determined under these conditions. All three nano-
particles show a slight reduction in the Dy value at the
maximum total buffer (2.5 mM), and a reduction in the { value
(Fig. S13). This shows that the nanoparticles tend to contract
with the addition of buffer, but that they are still colloidally
stable at the ionic strengths utilized.

Fig. la-div show schematics of the synthesized nano-
particles, with Dy and Dggy indicated by blue and grey
spheres, respectively. This section details the synthesis of
monodisperse colloidally stable nanoparticles with a rigid
PMMA core and different water-soluble polymeric stabilizing
segments on their surface.

Interactions of the nanoparticles of different shell
functionalities with TO-CNFs

To investigate whether nanoparticles with different functional-
ities interact with or adsorb to TO-CNFs, quartz crystal microba-
lance with dissipation monitoring (QCM-D) was performed.
QCM-D has previously shown that cationic nanoparticles with
PDMAEMA-functional shells, such as np_Ds and np_D
(Table 2), interact strongly with anionic TO-CNFs and lead to
irreversible adsorption.>*® TO-CNFs were spin-coated onto
quartz crystals to produce films with good surface coverage and
low roughness (Fig. 2d). QCM-D was performed in 2.5 mM phos-
phate buffer to mimic the conditions in nanopaper fabrication.
Fig. 2a-c show representative QCM-D curves of the inter-
action of different nanoparticles with TO-CNF ultrathin films.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Quartz crystal microbalance with dissipation monitoring (QCM-D) of nanoparticles on the anionic TO-CNF model surfaces. (a) np_A and (b)
np_O show slight adsorption and reversibility, whereas (c) np_G shows more significant adsorption and a certain irreversibility. AFM images of (d)

the TO-CNF model surface used for adsorption experiments and surfaces

Upon injection of the nanoparticles, the frequency shifted to
negative values, indicating the interaction of nanoparticles
with TO-CNF surfaces. However, in the case of np_A and np_O,
the magnitude of the frequency shift was minimal, especially
considering the bulk contribution; it can be concluded that
there was no considerable interaction of these nanoparticles
with TO-CNF surfaces. Furthermore, when the system was
rinsed with buffer, the frequency values were reverted to the
original baseline. This indicates that any interactions that may
have occurred were likely weak and reversible. The reversibility
of these adsorptions was further confirmed by AFM, where no
nanoparticles can be observed after the rinsing step (Fig. 2e
and f).

Interestingly, in the case of np_G, the frequency shift was
much larger compared to those of np_A and np_O. Moreover,
upon rinsing, the frequency did not shift towards the baseline,
indicating the irreversibility of interaction of np_G particles
with TO-CNF surfaces. The adsorbed np_G nanoparticles and
their aggregates were visible in the AFM micrograph of
TO-CNF films after the washing step (Fig. 2g). The height
measurement in Fig. 2g shows that the nanoparticles are
~20 nm in size, similar to the sizes seen in the SEM (Fig. 1dv
and Table 2). In the xy-plane, nanoparticles of 50-60 nm size
formed into larger aggregates are seen. The increased size of
nanoparticles from this perspective may indicate that they lose
their spherical shape upon adsorption. What is clear, however,
is that np_G adsorbs and aggregates upon contact with
TO-CNF model surfaces, which is not the case for np_A or
np_O. This indicates the affinity between np_G and TO-CNFs
under aqueous conditions.

This journal is © The Royal Society of Chemistry 2025

after the QCM-D and washing step of (e) np_A, (f) np_O and (g) np_G.

Fabrication of hybrid cellulose nanopapers

Fig. 3 schematically shows the process of producing hybrid
cellulose nanopapers with PISA nanoparticles. A dispersion of
carboxylate-functional cellulose nanofibrils (TO-CNFs) was pro-
duced via TEMPO-mediated oxidation. The material was hom-
ogenized and sonicated to achieve high fibrillation and separ-
ation between nanoscopic fibrils. The dispersion at 0.2 wt%
(2 g L™ in milliQ water is free-flowing, but at this concen-
tration, there are still significant fibril overlaps and fibril-fibril
interactions (Fig. 3a).*° The colloidally stable polymeric nano-
particles were diluted to 0.2 wt% in 10 mM phosphate buffer
or in milliQ water, and were then added to the CNF dispersion
under vigorous stirring before vacuum filtering to transparent
films with a target thickness of 40 pm (Fig. 3b-d). The buffer
was added when hybridizing anionic TO-CNFs with oppositely
charged nanoparticles to avoid macroscopic aggregation.>® In
this work, we not only use the same buffer, but also investigate
the removal of the buffer completely from the system.

Nanoparticle additives act as retention aids in vacuum
filtration

The filtrate water was collected and freeze-dried. The filtrates
are termed filt_np_w, where np is the nanoparticle additive A,
O, or G and w is the nanoparticle amount in wt%. Gravimetric
analysis and FTIR showed that in the TO-CNF reference, a sig-
nificant amount (>30%) of cellulose was lost through the pores
of the filter (Fig. 4a and b). The addition of nanoparticles
reduced the material loss, both when buffer was added and
when it was not (Fig. 4a and b). This indicates that there is
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Fig. 4 (a) The filtrate mass lost during vacuum filtration and (b) percentage material loss show that the polymeric nanoparticles act as retention aids

for the CNFs. (c) The filtrate consists of CNFs and nanoparticles, but fewer nanoparticles than in the finished film, indicating that the CNFs are lost at
a higher rate than the nanoparticles, which are instead retained in the dried material.

some interaction between the TO-CNFs and the nanoparticles
already in the dispersion phase. Although the QCM-D results
showed slight adsorption, it was surprising that the effect was
so large. Even at 0.5 wt% addition, PISA nanoparticles acted as
retention aids where they led to reduced loss of TO-CNFs
through the filter.

FTIR analysis of the filtrate shows that both the TO-CNFs
and the nanoparticles passed through the filter (Fig. 4c and
Fig. S15). These components could be qualitatively assessed by
the signals at 1620 cm™* (C-O-C group of TO-CNFs) and
1730 cm™" (carbonyl group of nanoparticles). As compared to
the FTIR spectra of the nanopapers, the filtrate appeared to
contain fewer nanoparticles than TO-CNFs (Fig. 4c). Again,
this indicated that the nanoparticles act as retention aids in
the TO-CNF matrix. This means that the nanopapers may
contain a slightly higher weight percentage of nanoparticles
than what was added in the hybrid dispersion.

Nanoparticle additives are well dispersed in the CNF matrix

The cellulose-rich dry materials are termed CNF_np_w, where
np is the type of nanoparticle additive and w is the nano-
particle amount in wt%. The materials were imaged on the
surface and in the cross-section (Fig. 5). The surfaces showed
small amounts of nanoparticles at 0.5 wt% and a more exten-
sive surface coverage at 25 wt% as expected. In some regions,
it could also be seen that the cellulose matrix was distorted by
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a nanoparticle lying underneath the surface (CNF_A_0.5,
Fig. 5¢, arrow (i)). These effects were easiest to see with np_A
because it has the largest core size. In general, the surfaces of
all nanopapers were smooth, and no nanoparticle aggregates
were apparent.

The fracture surfaces showed that the nanoparticles were
distributed throughout the bulk of the material. In CNF_A_25,
spheres were observable throughout the cross-section (Fig. 5d,
arrow (ii)). With the other nanoparticles, observation of
spheres became more challenging because of their size and
the difficulties of imaging a rough surface at high magnifi-
cation. However, it could be concluded that the incorporation
of all nanoparticles at both 0.5 and 25 wt% induced changes
in material structure throughout the cross-section, as com-
pared to the TO-CNF reference (Fig. 5b). The nanoparticles
were thus present throughout the material, and not only at the
surface.

Mechanical properties of hybrid nanopapers

The nanopapers were cut into strips and tensile tested in a
standard tensile rig set-up. Each sample was tested with a
minimum of five specimens. The elastic, yielding, and plastic
behaviors of each material were reproducible, as apparent in
Fig. S16. However, the tensile strength was more variable due
to the brittle nature of fracture events. This resulted in signifi-
cant scatter in strain to failure and toughness (area under the

This journal is © The Royal Society of Chemistry 2025
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stress—strain curve) (Fig. S17). This is typical behavior for many
cellulose nanopaper films, since failure is often brittle.*!

The addition of 25 wt% polymeric nanoparticles led to a
reduction in the Young’s modulus (E) and slope in the plastic
region (n), but increased strain to failure (Fig. 6a, b and

D
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les in the cross-section. Scale bar: 500 nm.

Fig. S17). The nanoparticles improve ductility, but what is the
role of the shell properties in modification effects? The
extracted values for E and n showed weak dependency on the
nanoparticle surface. When looking closer at the data, there
was an effect on the yield strength (Fig. 6a). Np_A and np_G
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gave rise to very similar yield behavior, but np_O reduced the
yield strength. The yield behavior was reproducible, as appar-
ent in the data in Fig. S16.

The addition of very small amounts of nanoparticles
(0.5 wt%) has been previously shown to lead to subtle but
reproducible increases in E and n.> The work used cationic
polymeric nanoparticles Dy, and D, as detailed in Table 2,
and the hypothesis was that the cationic shell polymer dehy-
drates CNFs through electrostatic interactions, increasing the
density, the packing of CNFs and mechanical properties.
Although the effect was small, similar behavior was apparent
with np_O in its effect on n, whereas np_A and np_G did not
increase n. The stress-strain curves in Fig. 6a show that
CNF_O_0.5 deviates from the behavior of CNF_A 0.5 and
CNF_G_0.5.

Factors controlling mechanical properties in hybrid
nanopapers

In nanocomposites with TO-CNFs as the “continuous” binder
phase, an increased density of the TO-CNF phase is expected
to have an effect on the mechanical properties by reducing
the nanoporosity and improving the CNF-CNF interfibril
bonding.**** We have previously shown that cationic addi-
tives can increase or decrease the sheet density, where E and
n are positively dependent on density® (Fig. 6d, e, CNF_Dy,
and CNF_Dg). This is surprising, as nanoparticles have lower
density than TO-CNFs and their incorporation would be
assumed to decrease the composite density. For the present
data, there is also an effect from increased density (Fig. 6d
and e) as in previous studies. Small amounts (0.5 wt%) of the
nanoparticles in this study increased the density very slightly,
with an associated subtle increase in n. Higher amounts
(25 wt%) led to decreased density, as the nanoparticles have
lower density than TO-CNFs. The reduced yield stress and
increased strain-to-failure with 25 wt% nanoparticles are
likely to be a consequence of reduced CNF interfibril
bonding due to the nanoparticles. These nanoparticles can
thus be wused to modify the mechanical response of
nanopapers.

This study hypothesized that the nanoparticle-CNF inter-
face governs mechanical properties through a slipping mecha-
nism. The results acquired in this work show that the effect of
nanoparticle surface functionality is subtle. Previous work has
shown that the surface of spherical particles impacts inter-
actions and bulk material behavior when nanocellulose is the
minority component. Mattos et al. showed that the surface
hydrophobicity of silica particles impacts the mechanical
response in nanocellulose hybrids.** Similarly, Leiner et al.
showed that the introduction of hydroxy-functional moieties
onto the shell of polymeric core-shell particles improves
adhesion with cellulose nanowhiskers, and subsequently
impacts the mechanical and optical properties of such
hybrids.*® Such effects are not observed in the present work,
and this might be due to the relatively low amounts of nano-
particles vs. CNFs in the materials fabricated. This is associ-
ated with the large surface area of TO-CNFs, which means that
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at 25 wt% nanoparticles, a maximum of 10% of the CNF area
is covered by the nanoparticles (Fig. S18, CNF_G_25). The
materials fabricated in this work are thus dominated by strong
fibril-fibril bonds in the dry state, and not by the fibril-nano-
particle interface.

Conclusions

In this study, polymeric nanoparticles with a rigid core and
different shell functionalities were successfully synthesized via
RAFT-PISA. The shells of the nanoparticles were synthesized
with anionic, PEG-like, or hydroxyl-rich functionalities to study
the influence on cellulose interactions and effects on the
mechanical behavior of cellulose nanopapers. The nature of
the nanoparticle shell governs the adsorption behavior to
TO-CNFs, with the hydroxyl-functional nanoparticles showing
stronger affinity than the anionic and PEG-functional nano-
particles. All the nanoparticles studied act as retention aid
additives in the production of cellulose nanopapers, with little
effect of the surface functionality.

Mechanical testing revealed that low amounts of nano-
particles (0.5 wt%) have a small influence on mechanical be-
havior. The presence of 25 wt% nanoparticles modifies defor-
mation mechanisms in the TO-CNF phase, so that yielding
takes place at lower global stress and strain-to-failure is
increased. This can be used to tailor the stress-strain response
of the composites. One may note that modification of thin
TO-CNF films using glassy polymer particles requires nano-
scale particle size. An advantage of using glassy polymer nano-
particles is that the sacrifice in Young’s modulus is relatively
minor, compared to modification with rubbery particles. The
present work also shows that the effect of particle surface func-
tionality on mechanical behavior is minor. This is an impor-
tant insight for designing nanocomposites from CNFs and
polymeric particles.

Overall, this work offers mechanistic insights into how
nanoparticle surface design affects hybrid, CNF-rich materials,
supporting the development of tunable, water-processed nano-
structures for sustainable applications.
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