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ABSTRACT: The conventional fabrication of photothermally
active materials involves expensive, time-consuming, or environ-
mentally hazardous processes. A scalable and environmentally
benign fabrication of free-standing photothermal materials through ;
2D printing is obtained using cellulose nanocrystal (CNC) :
aqueous shear-thinning inks containing plasmonic nanoparticles. on | o | on | o ) BT 20°¢
Polyvinylpyrrolidone was used to stabilize 14.7 & 1.1 nm spherical cooc
plasmonic AuNPs for enhanced compatibility with CNCs. The 3

resulting inks, containing 1 wt % AuNPs to CNCs, were shaped =

into ~100 pm-thick lines, where CNC colloidal stability ensured

homogeneous AuNP distribution within the printed materials. The @®

suitability of printed materials for photothermal applications is adationtime @ 5 20 B 0 — 0oc
demonstrated by a temperature increase of 12 °C after exposure to

A = 520—525 nm light over areas of S X § cm® Importantly, nondegradable synthetic petroleum-based polymers or multicomponent
nanomaterials with serious environmental burdens are avoided. Printed materials show remarkable durability as evidenced by stable
photothermia after 16 h of irradiation and no AuNP loss after immersion in stirring water for a week. Besides, given the nontoxicity
of prepared materials, they may be disposed of at the end of their service life with negligible environmental impact. Therefore, this
work provides cues to develop environmentally friendly photothermal microdevices that balance performance, material renewability,
ease of processing, and degradability.

[l Metrics & More | @ Supporting Information

Cellulose
nanocrystals

KEYWORDS: cellulose nanocrystal, Au nanoparticles, 2D printing, aqueous inks, shear thinning, photothermia

Bl INTRODUCTION

The 21st-century society is witnessing unprecedented global
challenges originating from the accumulation of nonbiode-
gradable waste in ocean and land environments, the depletion
of finite nonrenewable/nonrecyclable resources, and the
climate crisis. The current use of nonrenewable materials
generates serious environmental burdens, including but not
limited to large CO, emissions, air contamination, drinking
water pollution, biodiversity loss, ocean acidification, and
eutrophication.’ As such, enormous efforts are being devoted
to reach the climate-neutral goals set by the Paris Agreement
and achieve a true circular economy by 2050.” Transitioning
from the current linear fossil-based economy into a circular
biobased economy that uses abundant, nontoxic, and renew-
able/biodegradable materials is a plausible solution to these
challenges.”

Cellulose, the most common biobased polymer on earth,

highly versatile materials in terms of chiral self-assembly
behavior,® optical properties,” mechanical response,” rheo-
logical behavior,® low cytotoxicity,” or energy storage.' These
anisotropic biocolloids show diameters that range from 5 to 10
nm and lengths expanding from 100 to 1000 nm, and when
isolated by sulfuric-acid-induced hydrolysis, their surface is
decorated with hydroxyl (—OH) and anionic sulfate half-ester
groups (—OSO;7). This negatively charged surface provides
good dispersion stability in water via repulsive electrostatic
interactions.'' Besides, aqueous CNC dispersions offer a
strong shear-thinning behavior,'> where the viscosities
exponentially decrease with the shear rate. As a result, CNCs
can tailor the rheological properties of the aqueous suspensions
and confer a shear-thinning thixotropic behavior, allowing
additive 2D and 3D manufacturing of multifunctional
materials.

and its derivatives are receiving increasing importance as
biosourced feedstock for multifunctional materials given their
renewable nature, inherent biodegradability, ease of processing,
and physicochemical properties. In particular, cellulose nano-
crystals (CNCs), colloids that are isolated from native cellulose
through a controlled cleavage of its amorphous regions,” are
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For example, CNCs have been recently used to develop
shear-thinning inks for sustainable supercapacitor applica-
tions."> However, other technologically relevant fields such as
photothermal applications remain open to exploration. In
photothermia, heat is generated by active materials upon
exposure to an external light source. Gold nanoparticles
(AuNPs) are considered a prominent example of a material
with photothermal properties given their localized surface
plasmon resonance (LSPR).'* So far, CNC/AuNP composites
have been used as supports for enzyme immobilization in
biocatalysis'> or as an enzymatic glucose biosensor in human
saliva.'® An important property of AuNPs is their tunability on
the absorbance wavelength through size and shape control.'”
The optical properties of AuNPs have been also exploited for
the colorimetric detection of pathogenic DNA when capped
onto CNCs'® or in chiral plasmonic uses."” Besides, spherical
AuNPs show a high photothermal conversion efficiency of 55—
75%.2° As such, AuNPs have been implemented into
photothermal devices aimed at cancer therapy,” bacteria
killing,”* or biosensing platforms.”* In spite of the increased
environmental sustainability of AuNPs when compared with
other LSPR-based photothermal materials such as palladium™*
or copper chalcogenide (Cu,Ss) nanocrystals,” scarce reports
exist on the use of CNC/Au composite materials for
photothermia. Besides, Au has been recently identified as a
noncritical raw material by the “Study on the Critical Raw
Materials for the EU 2023” given its low supply risk and a
relatively high end-of-life recycling input rate of nearly 30%.>°

Citrate-stabilized AuNPs can be obtained through aqueous-
based environmentally friendly wet chemical synthesis.
Unfortunately, the high surface energy and low interaction of
citrate—Au often result in aggregated nanoparticles when
manipulated,27 lowering the plasmonic absorbance and
therefore, their efficiency in photothermal uses. Biocolloids
such as CNCs, as well as other polymer and surfactant
molecules, can tackle AuNP aggregation thanks to their
charged surface and colloidal stability.”® Besides, when
AuNPs are combined with shear-thinning CNC-based aqueous
inks, the resulting multifunctional solution material can
potentially be processed by high-throughput fabrication routes.
This solves the cost, scalability, and time-consuming issues of
conventional fabrication routes of sensors or actuators by layer-
by-layer,”” solvent-casting,® or photolithography/sacrificial
layer removal.”'

Thereby, this work demonstrates that CNCs enable aqueous
shear-thinning inks with embedded plasmonic AuNPs. In
particular, CNCs at concentrations from 2 to 4 wt % can be
used as a renewable and biodegradable viscosity modifier to
enable environmentally benign water-based inks for additive
manufacturing. The inks, containing 1 wt % plasmonic AuNPs
with respect to CNCs, are processed into predesigned shapes
onto mechanically flexible cellulosic substrates by screen
printing, a time-effective and potentially scalable 2D printing
technology. Microscopy observations reveal a lateral resolution
below the millimeter where AuNPs remain well-distributed
within the printed regions. The suitability of printed materials
for photothermal applications is demonstrated by a temper-
ature increase of 12 °C after exposure to 4 = 520—525 nm light
for 20 s. Overall, these results represent a step forward in the
development of environmentally friendlier photothermal
devices that rely on renewable and easily recyclable materials.
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B EXPERIMENTAL SECTION

Materials. CNCs at 8 wt % in an aqueous gel were provided by
Blue Goose Biorefineries Inc. under the name BGB Ultra CNC
(Saskatoon, SK, Canada). Polyvinylpyrrolidone (PVP) with a weight-
average molecular weight (M,,) of 10,000 g:mol™! (powder form) and
HAuCl,-3H,0 (>99.9% trace metals basis) were purchased from
Sigma-Aldrich. The cellulose acetate film having a thickness of 25 ym
was obtained from Goodfellow Cambridge Limited (Huntingdon,
UK).

Synthesis of AuNPs. AuNPs were synthesized through an
adapted Turkevich method.** Basically, an aqueous solution of
HAuCl,-3H,0, 95 mL at 0.5 mM, was brought to a boil. S mL of
sodium citrate at 1 wt % was quickly added under magnetic stirring
and left to react for 15 min. The solution was left to cool down to
room temperature and stored in a fridge until further use. For the
ligand exchange of the NPs, a solution of PVP at a concentration of
approximately 1 mg-mL™" was added dropwise to the NP solution at
room temperature and left stirring for at least 1 h. The amount of
added PVP was calculated to be 60 molecules per nm” of the
nanoparticle surface based on the transmission electron microscopy
(TEM) diameter and the approximate NP concentration measured by
UV—vis (0.5 mM corresponds to 1.2 absorbance units at 400 nm).
The NP solution was then centrifuged at 14,000 rpm and the
supernatant was removed. The NPs were redispersed in ultrapure
water and centrifuged once more. Finally, ultrapure water was added
to obtain a concentrated solution of around 30 mM.

Ink Preparation and Its Processing. First, aqueous CNC inks
comprising different CNC concentrations were prepared. A given
amount of CNCs was weighted for the initial 8 wt % aqueous gel, and
DI water was added to obtain concentrations of 2, 3, and 4 wt %. The
solution is dispersed using a mechanical stirrer for 1 h followed by an
ultrasound bath for 1 h. Photothermal inks were prepared upon the
incorporation of AuNPs into the 2, 3, and 4 wt % CNC inks. The
concentration of AuNPs within the ink was set at 1 wt % as it provides
enough photothermal response with no marked changes in ink
viscosity.

For 2D printing, the inks were forced through a screen mesh (77
line-cm™; thread diameter of 48 um) toward a cellulose acetate
substrate upon the application of pressure using a semiautomatic DX-
3050P vertical electronic drive screen printing instrument from
Shenzhen Dstar Machine Co. The cellulosic substrate was set at 10
mm, while the squeegee angle with respect to the screen was set at
30°. For all the samples, the printing speed was optimized at 13.6 cm-
s™". Printed features were dried at room temperature for 2 h.

Characterization. TEM images were acquired in a JEOL 1400
Plus operating at 100 kV. AuNP solution (~4 yL at 0.1 mM) was
deposited on a carbon-coated TEM grid and left to dry. The NP
morphological features were analyzed with the Image] software
package. Field-emission scanning electron microscopy (FE-SEM)
analyses were carried out using a Hitachi S-4800 at an acceleration
voltage of 5 kV. Before imaging, samples were sputtered with a 10 nm-
thin gold—palladium layer. SEM coupled with energy-dispersive X-ray
spectroscopy (EDX) analyses were performed on a DSM 982 Gemini
instrument (Zeiss).

AuNP absorbance in diluted aqueous dispersions was obtained in a
Cary 60 (Agilent) over the 300—1100 nm range in a standard plastic
macro-cuvette. UV—vis diffuse reflectance spectroscopy (DRS) was
performed in a fiber optic spectrometer (AvaSpec-ULS2048CL,
Avantes) equipped with an AvaLight-DHc light source and a 7-fiber
reflection probe positioned at 45° of the sample. Barium sulfate was
used as a blank reference, assuming a 100% reflectance. Finally, the
reflectance of the substrate was subtracted from that of the printed
lines. Thermogravimetric analysis was conducted in a TGA
METTLER TOLEDO 822e instrument using alumina pans with a
nitrogen flux of S0 mL-min~' for a sample of 9 mg.

The rheological properties of the printing inks were evaluated in a
Brookfield DV2T Touch Screen viscometer with cone—plate
geometry (CPA-52Z cone, 3° cone angle, 1.2cm cone radius).
Measurements were performed in the 2-to-100 s™' shear rate range.
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Figure 1. Schematic of the fabrication of the photothermal printable microdevice through screen printing showing the main steps as (1) CNC and

Au colloid synthesis from biomass and the Au salt; (2) aqueous ink preparation; (3) screen printing steps at a squeegee speed of 13.6 cm-s~

I and

(4) schematic of the printed patterns obtained after 2 h of drying at room temperature, where the morphology of the printed material (CNC/

AuNPs) onto the substrate is shown.

Powder X-ray diffraction (XRD) patterns were obtained with a D8
DISCOVER diffractometer in reflection mode by using Cu Ka
radiation (45 kV, 40 mA). Fourier transform infrared (FTIR)
spectroscopy analyses in attenuated total reflection (ATR) mode were
performed by using a Jasco FT/IR-6100 spectrometer (diamond
ATR). The spectra were collected after 32 scans in the range of
3800—800 cm™" with a resolution of 2 ecm™.

The mechanical behavior of screen-printed films was studied by
uniaxial tensile tests using a universal testing machine (Trapezium
Shimadzu AGS-X) equipped with a 100 N load cell at a deformation
rate of 1 mm'min~". 50 mm long and 10 mm width specimens with a
thickness of ~25 pm were used. Mean average value and standard
deviation Young’s modulus (E) (from 0.5 to 1% strain region) and
stress and strain at break (o}, and &, respectively) were determined
from five measurements.

For photothermia, the screen-printed materials were supported on
a flat glass positioned around 1 cm above the LED lamp. The LED
lamp, which illuminated from below the sample, consisted of a green
light LED panel (Chanzon, 100 W, and A = 520—525 nm) placed on a
heat sink and covered with a 60° collimating lens and a dc power
source. The light power at the sample position was measured using a
power sensor (S425, Thorlabs) and controlled through the LED
current to obtain a final irradiance of 0.2 W-cm™ The temperature
was measured from the top using a thermal camera (FLIR E4) and
evaluated with the FLIR tools + software package.

B RESULTS AND DISCUSSION

As summarized in Figure 1, the aim of this work was the
fabrication of printable photothermal materials with prede-
signed shapes by a quick yet effective approach. The obtained
materials were irradiated with LED light. A A of 520—525 nm
was chosen to fit the wavelength of maximum absorbance of
the nanoparticles, which also corresponds to the maximum of
received sunlight, expanding its possible applicability. The
temperature increase of the printed substrate at different
locations and times was monitored. Colloidal gold was used for
photothermal energy conversion given its high photothermal
conversion efficiency around their LSPR.** For the spherical
AuNPs, the wavelength of absorbance takes place at around
500—600 nm depending on the NP size.”* This wavelength can
be further red-shifted by modifying its shape (nanorods,

1470

nanostars, bipyramids, etc.); however, those nanoparticles tend
to reshape toward spherical morphologies under the photo-
thermal stimulus.” In this work, spherical AuNPs were used
given their increased stability when increasing the temperature
(vs. nanostars, for instance) and their characteristic wavelength
of maximum absorbance at ~520 nm, making them useful for
applications where sunlight is the power source as it
corresponds to the region of sunlight’s maximum emission.
Spherical citrate-coated AuNPs were synthesized by the
Turkevich method. The low citrate affinity to Au made the
NPs easily aggregate when manipulated, both in purification
and in mixing with CNCs. To solve it, the NPs were coated
with PVP, which provided high colloidal stability in water.
Next, AuNPs were incorporated into shear-thinning inks
enabled by CNCs. The concentration of CNCs in the ink
was tuned from 2 to 4 wt %. The inks were processed by
screen-printing onto 30 um-thick free-standing cellulose
acetate films, which were irradiated by a green LED to
investigate temperature changes with the help of a thermal
camera. Thanks to the renewability and biodegradability of the
cellulose acetate substrate and the CNC viscosity modifier,*®
together with the noncytotoxic/biocompatibility of Au
colloids,>” the fabricated photothermal materials could be
potentially applied into transient/degradable devices, under-
going controlled biodegradation processes to leave nontoxic
products after a period of stable operation.’® As such, these
materials could be disposed of at the end of their service life,
enabling their implementation into sustainable agricultural
sensing, smart packaging, or biomedical actuator applications.
AuNP Synthesis. First, citrate-coated AuNPs were
synthesized in aqueous media by using citrate as a stabilizing
and reduction agent. As shown in Figure 2a, the formed NPs
were observed by TEM (Figure S1 for a lower magnification
image), revealing a spherical shape with an average diameter of
14.7 = 1.1 nm (particle size distribution histogram in Figure
S2). Water-dispersed citrate-coated AuNPs presented a
maximum absorption peak at 519 nm (Figure 2b) correspond-
ing to the nanoparticle LSPR dipolar mode. After the ligand
exchange of citrate by PVP, the AuNP solution plasmonic peak
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Ostwald—de Waele model.

underwent a red shift of 3 nm (to 522 nm), as a consequence
of the refractive index change around the Au core.”” Given the
improved water stability of the PVP-coated AuNPs, after
modification, these nanoparticles could be easily mixed in
aqueous solutions without any further change. Thermogravi-
metric analysis in Figure S3 reveals a PVP concentration of 5.1
wt % in the AuNPs, where a thermodegradation event
originating from PVP is seen in the 240—550 °C range.

Ink Formulation. The viscosity of the aqueous CNC inks
was evaluated at shear stresses (2 to 100 s™) characteristic of
the screen-printing process. Figure 3a shows the viscosity as a
function of the applied shear rate for 2, 3, and 4 wt % bare
CNC aqueous inks. The formulations presented viscosity
values ranging from 3000—15,000 to 150—1000 mPa-s when
the shear rate increased from 2 to 100 s™'. A positive
correlation between CNC concentration and viscosity was
observed for the whole shear-rate range studied given the
physical gelling abilities of nanocelluloses including micro-
fibrillated cellulose and cellulose nanofibrils and the hydrogen
bonding occurring between adjacent CNCs. This result
originates from the formation of an intricate network of
physically entangled CNCs at higher concentrations, which
offer a higher resistance to flow. Thereby, for a given shear rate,
the 4 wt % CNC ink shows a nearly 3-fold increase in viscosity
when compared with the 2 wt % CNC ink, which presents
viscosity values of 3000 and 160 mPa-s when the shear rate
increases from 2 to 100 s™, respectively.

Importantly, the linear negative relationship between the
viscosity and shear rate (on a log—log plot) indicates a shear-

1471

thinning behavior of the inks. This shear-thinning behavior is
the preferred behavior for 2D and 3D additive manufacturing
technologies as it avoids the undesired flow of the inks when
no shear forces are applied but enables its processing when
external forces are applied presenting lower viscosity upon the
application of external forces.”'*** Then, after screen printing,
no shear forces are applied so that the transferred wet layer of
material can keep its shape with no uncontrolled spreading
(high viscosities). The curves in Figure 3b for the hybrid
CNC/AuNP inks presented reduced viscosities when
compared with bare CNC inks, suggesting that even a low
concentration of AuNPs (1 wt % vs. CNC content) is able to
disrupt intermolecular hydrogen-bonding interactions between
neighboring CNCs.

Considering the viscosity curves in Figure 3a,b, hybrid Au
inks containing 3 or 4 wt % CNCs (over the CNC/AuNP 2 wt
%) are particularly interesting for printed applications as they
offer viscosities within the recommended window for screen
printing.*" Besides, the 4 wt % ink has a yield shear stress (the
minimum shear stress required to disrupt the CNC physical
percolating network and initiate flow) of ~49 Pa, a typically
required value for screen printing with high printing
resolution.”” These results highlight the suitability of CNCs
to act as ink modifiers at relatively low concentrations, over
water-soluble cellulose derivatives (methylcellulose, hydrox-
ypropyl cellulose, and sodium carboxymethyl cellulose), which
showed reduced viscosities at 10 s~ shear rate.*> The linear
relationship between shear rate and viscosity observed
indicates that the inks are within the power law region (at
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Figure 4. Optical photographs showing a magnified macroscopic appearance of printed patterns using CNC 3 wt %/AuNP and CNC 4 wt
%/AuNP inks for three different print patterns. Screen-printing mesh counts (threads per cm) are included.

low rates, the shear is too low to be impeded by entanglements
and the viscosity takes a constant value, while at high shear
rates, the CNCs will remain entirely disentangled so the
viscosity value plateaus). Accordingly, the Ostwald—de Waele
relationship, often used to analyze the fluid behavior of non-
Newtonian fluids,** has been applied to further evaluate the
shear-stress/shear-rate curves as

(1)

where 7 accounts for the viscosity, D is the shear rate or the
velocity gradient, and ¢ and p represent the flow coeflicient and
the power-law index (unitless) obtained from the linear fit of
power-law approximation to the experimental data, respec-
tively. It is to be noted that fitting to this power-law model is
appropriate when the obtained data (for a shear-rate region)
remain within the shear-thinning regime. As summarized in
Figure 3c, ¢ values decrease from 22.7 to 4.3 Pa-s when CNC
concentration is lowered from 4 to 2 wt %, respectively.
Besides, AuNP incorporation reduces the ¢ value, in agreement
with the viscosity decrease observation arising from hydrogen-
bonding disruption. The observed ¢ values are notably above
the 0.9—4.1 Pa-s showed by water-soluble cellulose derivatives,
suggesting an improved printability enabled by CNCs.*
Besides, as high ¢ values are correlated with increased
pseudoplasticity (shear-thinning behavior), the Ostwald—de
Waele relationship suggests that hybrid inks having CNC
concentrations of 3 and 4 wt % are better suited for 2D
printing.

Screen Printing. The CNC/AuNP inks were screen-
printed onto a 30 ym-thick cellulose acetate film by using a
thread diameter of 48 pum. Cellulose acetate fulfills the

T =c¢DF
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mechanical and optical requisites for 2D printing substrates
while also offering a renewable material as opposed to
conventionally used petroleum-derived materials such as
polyethylene terephthalate.” Patterns with different line
spacings and line widths were applied to prove the suitability
of the CNC/AuNP inks for 2D printing. A visual inspection of
the optical photographs of printed materials using meshes with
three different line widths in Figure 4 for the CNC 3 wt
%/AuNP ink shows a good screen-printing fidelity with
appropriate line uniformity and good parallelism between the
lines, in accordance with the results shown by Kokol et al. for
microfibrillated cellulose inks.*® However, areas not completely
covered by CNC/AuNPs appear during the printing process
for the ink containing a CNC concentration of 4 wt %. This
can be explained by a larger viscosity of the ink blocking the
printing mesh (especially for the mesh having 20 thread-cm™).
Besides, surface tension differences at larger CNC concen-
trations reduce its affinity with the CA substrate and result in
agglomeration of the printed droplets, especially noticeable
when larger amounts of material are printed (low thread
densities, Figure 4, bottom right). In spite of these difficulties,
it is noteworthy that CNC inks facilitate the controlled
deposition of photothermally active AuNPs with no need for
petroleum-based surfactants or solvents.

The width of the printed patterns was measured and
contrasted with the line width of the printing mesh, and the
results are summarized in Figure S (further details are given in
Table S1). Overall, printed lines are thinner than the original
mesh size in the screen pattern for all the compositions,
indicating a volume shrinkage (driven by the capillary forces
induced by CNCs) of the material once the ink diffuses
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Figure 5. Bar diagrams showing line width average and standard deviation values for the three screen or mesh patterns used: (a) thin layers; (b)
medium layers; and (c) thick layers. The CNC 3 wt %/AuNP and CNC 4 wt %/AuNP inks have been used and the statistics are based on 100
measurements using Image]J. * = subject to uncertainty given the poor print quality. The ANOVA test showed a significant difference among the

groups (*p value < 0.05).

throughout the screen. The analysis of variance (ANOVA) was
applied to determine whether or not statistical differences exist
among the data. With p < 0.05, statistical differences among
the data are found. Besides, Tukey’s honestly significant
difference (HSD) test indicates that all the printing meshes
yield line widths that are statistically different. For both the
thin and medium mesh lines, the volume shrinkage is more
pronounced (thinner lines) for the diluted ink (CNC 3 wt
%/AuNPs) as larger CNC concentrations enable an increased
spreading of the ink breadthways onto the cellulose acetate
substrate. However, the opposite trend is observed when the
mesh having thicker lines is used, which could probably
originate from a loss in print fidelity due to excess material
deposited (as observed in Figure 4, bottom-right image).

As seen in Figure 6, the morphology of the printed material
using the mesh with the thinnest lines was further analyzed by
FE-SEM. The FE-SEM surface image shows line widths down
to 93 um, very close to the ones measured by optical
microscopy, with good shape fidelity thanks to the shear-

s

e

Cellulose acetatesubstrate

;Cellﬁlose acetate substrate

50 um

Figure 6. Representative FE-SEM micrographs showing the surface
(left) and cross-section (right) morphology of the prints using the
CNC 3 wt %/AuNP ink. The double-headed blue arrow represents
the height of the printed CNC 3 wt %/AuNP material. The area of
the printed region (represented at the top) is 4 X 8 cm?
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thinning behavior enabled by CNCs (offering an easy pass
through the mesh upon shear application by the squeegee) and
a rapid elastic recovery of the zero shear viscosity (printed
patterns do now flow onto the cellulose acetate substrate once
printed).”” The cross section shows an 11 gm-thick profile of
the CNC 3 wt %/AuNP material with no delamination or
detachment between the printed phase and the cellulose
acetate substrate (note that the cross-section image represents
the end of the printed layer as shown in Figure 4, left).
Likewise, a good interfacial compatibility between the substrate
and the ink is obtained as proven by the detailed SEM
micrograph in Figure S4 (no voids between CA and the
deposited inks are observed at a magnification of 25k). This
result originates from the similarities in their chemical
composition; the cellulose acetate substrate and the CNC-
based ink remain tightly bound via hydrogen-bonding
interactions at the interface (OH groups in the ink and OH/
acetate groups on the substrate).”” As depicted in Figure S5,
the CNC/AuNP inks screen-printed onto conventional filter
paper having micrometer-sized pores (Whatman grade 4) offer
a good shape fidelity, reflecting the adaptability of the materials
developed.

High-magnification FE-SEM images in Figure S6 reveal a
nanoporous morphology on top of the printed patterns. These
nanopores offer an interesting platform for sensing applications
as the available surface area to interact with potential analytes
is enlarged. The pore diameter ranges from 21.1 + 11.2 nm to
17.3 + 6.9 nm for the CNC 3 wt %/AuNP and CNC 4 wt
%/AuNP samples, respectively, while the surface coverage of
the pores decreases from 14.7 to 11.1% (Table S2, statistics
obtained using ImageJ). Such pores may have been formed
upon water evaporation from the inks, where increased CNC
fractions (and thus a lower water fraction) yield smaller and
less-abundant pores.

The elemental mapping in Figure S7 shows the spatial
distribution of AuNPs within the CNC ink matrix after
printing. No sign of aggregated AuNPs along the printed lines
could be observed even at high magnifications. This
homogeneous AuNP distribution is ascribed to the following
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Figure 7. (a) XRD; (b) ATR-FTIR; and (c) UV—vis diffuse reflectance spectra of the CNC 3 wt %/AuNP printed material; and (d) tensile stress—
strain curves for the printed materials (note that the most representative curve from the five measurements performed at each composition is
shown). The inset shows tensile testing samples obtained from the printed patterns.

reasons. The dispersions of CNCs present highly negatively
charged groups at the CNC (deprotonated sulfate half-ester; ¢-
potential of —40 mV approximately) and AuNP (due to PVP;
{-potential of —10 mV approximately) surfaces. As a result,
electrostatic repulsion forces between the colloids are
achieved,'" which in combination with the steric repulsion of
the AuNPs provided by the PVP coating provide a good
colloidal stability in the inks. Besides, the abundant hydroxyl
and sulfate ester functional groups onto CNCs can also
stabilize AuNPs in the dried patterns obtained upon screen
printing due to the coordinate bonding of AuNPs with the
hydroxyl oxygen of CNCs.*””" Besides, the stability of the
printed ink onto the cellulose acetate substrate was tested by
maintaining the material immersed in stirring distilled water for
7 days. After this period, the supernatant was analyzed by UV—
vis (Figure S8), and no traces of AuNPs were detected in the
medium, indicating that the CNC matrix holds the material
together and avoids undesired AuNP loss into the environ-
ment. As such, results demonstrate the advantages of CNC
inks over water-soluble cellulose derivative inks such as
methylcellulose or hydroxypropyl cellulose, which require
extensive preparation times for dissolution and removing
lumps and persistent bubbles (CNC inks can be rapidly
prepared by simply applying an ultrasonic bath for S min) and
yield reduced shape fidelity characteristics.*’

Optical and Mechanical Properties. Printed materials
are semicrystalline as indicated by the XRD pattern in Figure
7a, where broad diffraction peaks originating from the
semicrystalline character of cellulose acetate and CNCs coexist
with a broad amorphous halo (no traces of AuNPs are seen
given its low concentration). The ATR-FTIR spectra in Figure
7b show the characteristic peaks of cellulose acetate with no
sign of CNCs or AuNPs because of their low concentration in
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the whole sample (a ratio of 95:5 for substrate/ink is estimated
according to the analysis area; ATR crystal having a 1.8 mm
diameter; <2 um penetration depth). Besides, the chemical
similarities between CNCs and cellulose acetate also make ink
identification difficult. In any case, the observed bands for all
the samples correspond to the C—H bending and C-O
stretching vibrations of acetyl groups (1370 and 1220 cm™,
respectively), the symmetric C—O—C stretching of cellulose
(1035 cm™), and the acetate methyl groups at 904 cm™".>"

The optical properties of printed materials are relevant for
practical applications. Thereby, UV—vis DRS in the 400—900
nm range was conducted for the CNC 3 wt %/AuNP printed
material, and the results are shown in Figure 7c. Due to the
small line size and thickness of the printed lines, only a small
reflectance variation was observed. Equally, in absorbance
spectroscopy, more than 98% of the light was transmitted. As a
result, materials with optical transparencies above 98% at the
visible-light region (4 = 540—560 nm, ASTM D1746-03) are
achieved (Figure S9). On the other hand, a clear plasmonic
peak was observed with a maximum in the 530—540 nm
region, provided by the AuNPs and very similar to the AuNP
solution. The small red shift with respect to the solution,
probably due to the change in refractive index, is indicative of
the good dispersion of the AuNP in the CNC matrix. These
results confirm that the nanoscale character of the viscosity
modifier (CNCs), together with the low concentration of
AuNPs used, enables materials potentially suitable for
photothermal applications with a relatively high degree of
transparency such as antifogging.”

Besides, low CNC concentrations yield materials that
maintain or even improve the mechanical properties of neat
cellulose acetate substrates as proven by the uniaxial stress—
strain curves in Figure 7d. In particular, the elongation at break
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Figure 8. (a) Conceptual illustration or the evaluation of the photothermal effect in the printed materials. Photothermal effect of the printed
materials upon irradiation for 16 h or 57,600 s: (b) CNC 3 wt %/AuNP inks and (c) CNC 4 wt %/AuNP inks. The corresponding photograph
from the thermal camera is provided, which shows the specific location for the colored curves on the left.

increases from 7.8 & 3.9% of cellulose acetate to a maximum of
20.9 + 12.5% for the printed material using the CNC 3 wt
%/AuNP ink (see Table S3 for additional details). An
additional increase in the CNC concentration notably stiffens
the material and reduces the elongation at break to 4.7 + 1.8%,
while Young’s modulus increased by 77% (from 774.7 + 178.2
MPa of cellulose acetate to 1375 + 162.5 MPa), indicating a
mechanical reinforcing impaired by the CNCs.'' The results
show that the CNC 3 wt %/AuNP ink is the most appropriate
formulation to keep a good balance of mechanical flexibility
and strength.>

Photothermal Response. The light-to-heat conversion of
plasmonic nanoparticles can be exploited to develop free-
standing photothermal materials with many technological
applications.”* As shown in Figure 8a, a homemade system
was designed to perform photothermal tests of printed
materials. The printed cellulose acetate substrate was irradiated
with LED light at 4 = 520—525 nm and a relatively low
irradiance power of 0.2 W cm” for different periods of time and
the temperature distribution at different locations was
monitored using a thermographic camera as seen in Video
S1 for the CNC 4 wt %/AuNP ink. A minimal interference
with the direct illumination of light is observed, given the high
optical transparency of the substrate in the region of interest.

The dynamic response of the local temperature difference
(AT), defined as the difference between the measured
temperature and the initial temperature, at different film
locations is shown in Figure 8b,c. A steep temperature increase
on the prints (location A) that quickly turns into a plateau is
observed upon irradiation, while the temperature rapidly
decays once the light illumination is stopped. The rapid light-
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to-heat conversion demonstrated by a AT value of 12 °C solely
after 20 s of irradiation is due to the LSPR of AuNPs
originating from the collective oscillation of conduction
electrons in response to incident light. This plasmon resonance
causes the NPs to strongly absorb and scatter light at the
resonance wavelengths, where the absorbed light generates
heat through the damping of the plasmons.”* On the contrary,
in the absence of CNC/AuNP printed regions (location D,
control), a notably lower AT of ~2 °C is observed, which may
probably originate from the heat absorption of the substrate
under the sample. Finally, for the regions between lines B and
C, a concomitant increase in temperature was also observed
due to the heat transmission through the cellulosic substrate,
which is highly attenuated as we move farther from the
photothermal lines (AT, > ATy > AT > ATp).

A secondary temperature increase of nearly 2 °C that
stabilizes in the form of an inverse exponential after ~1.5 min
is achieved (a baseline stabilization is seen due to a saturation
effect)® given the fact that the material cannot be fully cool
down during the 20 s in the Off mode. However, as such a
temperature increase is well below the glass transition or
thermodegradation temperatures of both cellulose acetate and
CNCs (~200 and ~250 °C, respectively),’®”” we do not
expect detrimental effects that would reduce the operating
lifespan of the material. In fact, a consistency upon 6 successive
cycles of irradiation (illumination for 20 s followed by 20 s
dark) with no photobleaching is observed, indicating an
extended durability of the printed materials. Importantly, the
obtained temperature increases are suitable for hyperthermia
applications, where temperatures of 41—47 °C are required for
tumor destruction.”® Besides, these materials may be also
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adequate for optically transparent coatings with anti-icing
properties due to a heating effect’”” or for coatings with
antif0§ging and defogging abilities upon exposure to visible
light.”

To gain a better picture of these findings, we turned to the
literature (Table S4 provides further details on state-of-the-art
examples). As a matter of fact, a AT value of 18.1 °C has been
reported after a one-sun irradiation of polgltetraﬂuoroethylene/
TiyC,T, MXene membranes during 60 s5,°” while a AT of ~38
°C has been seen in AuNR@graphene oxide nanohybrids
dispersed in water irradiated during 300 s at 1 = 808 nm (300
mW),’" and a AT of ~30 °C has been achieved at a 4 = 800
nm irradiation of gold nanostars (irradiance of 14 W-cm?)
during 100 & However, it should be considered that these
reported works present several drawbacks regarding their
implementation information on environmentally sustainable
devices:

e First, synthetic petroleum-based polymers are used for
nanoparticle immobilization, representing a possible
nondegradable source once the end of life has been
reached.®®

Second, multicomponent nanomaterials such as titanium
carbide MXenes are applied, with serious environmental
burdens upon fabrication, toxicity associated with
surface chemistry, and secondary contamination result-
ing from their degradation.”*

Third, photothermia is obtained upon dispersion of NPs
in water solutions, contaminating the media with nano-
sized objects whose removal is challenging.65

The photothermally active inks developed here could be
potentially used in 3D printing applications such as direct ink
writing. To that end, the zero shear viscosity of the inks should
be enhanced so that undesired flow events after printing are
avoided (ensuring adequate shape fidelity).'>°*®” Accordingly,
we estimate that the CNC concentration should be increased
up to 10—40 wt % to develop suitable inks for 3D-printed
photothermia uses. Overall, the developed photothermal
materials have great fabrication versatility and could be
exploited in security printing for anticounterfeiting uses
based on IR light,68 smart labels, photodynamic—photothermal
antibacterial therapy,” or photothermal catalysis among
others.”® With these merits, our free-standing cellulose-based
hybrid films offer a comparable photothermal activity but with
the additional big advantage of material renewability, ease of
fabrication/processing, and no loss of active AuNPs into the
environment as they remain anchored to the cellulose acetate
film by the CNC matrix. As such, these results provide a proof
of concept for the applicability of CNC/AuNP inks onto
biodegradable materials for photothermal devices.

B CONCLUSIONS

This work addresses the conventional nonscalable, time-
consuming, and environmentally hazardous fabrication of
photothermally active materials upon the preparation of
water-based CNC inks with incorporated plasmonic AuNPs.
Photothermally active predesigned 2D patterns were prepared
onto mechanically flexible cellulosic substrates using screen
printing. 14.7 + 1.1 nm plasmonic spherical AuNPs
synthesized by a wet chemical method were surface-coated
with PVP to improve their compatibility with aqueous solvents.
Inks having 2, 3, and 4 wt % CNCs presented a decrease in the
viscosity from 3000—15,000 to 150—1000 mPa-s when the
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shear rate increased from 2 to 100 s™'. The spindle shape of
CNCs, together with their negatively charged surface
decorated by anionic sulfate half-ester groups (—0SO;7),
enables a shear-thinning behavior of the inks that translates
into a homogeneous AuNP dispersion upon printing, even for
line widths of ~100 ym. When using the 3 wt % ink containing
1 wt %AuNPs, the materials present a plasmonic absorption at
around 530 nm while enabling the transmission of >98% light
throughout the film (resulting in nearly transparent materials)
and are mechanically resistant (strain at break of 20.9 + 12.5%
and Young’s modulus of 927.0 + 84.9 MPa), particularly
interesting for areas such as flexible electronics. Besides, the
developed materials show a temperature increase of 12 °C after
exposure to 4 = 520—525 nm light for 20 s.

Remarkably, the photothermal effect is obtained over surface
areas extending up to S X S cm’ with no need for
nondegradable synthetic petroleum-based polymers or multi-
component nanomaterials with serious environmental burdens
upon fabrication. As a result and benefiting from the renewable
and biodegradable viscosity-modifier role of colloidal CNCs,
the aqueous shear-thinning photothermally active materials
developed here have great potential for advanced sensing,
actuators, or biomedical fields. Printed materials are durable
for over 16 h of irradiation and highly resistant to water. As a
result, this work provides cues for the development of
photothermal devices that maintain a good balance between
ease of processing, performance, material renewability, and
potential biodegradability, enabling their implementation into
sustainable applications.
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