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ABSTRACT: In recent years, shape-memory polymers (SMPs) have gained a key position in the realm of actuating
applications from daily life products to biomedical and aeronautic devices. Most of these SMPs rely mainly on shape changes
upon direct heat exposure or after stimulus conversion (e.g., magnetic field and light) to heat, but this concept remains
significantly limited when both remote control and fine actuation are demanded. In the present study, we propose to design
plasmonic silver nanoparticles (AgNPs) grafted onto cellulose nanocrystals (CNCs) as an efficient plasmonic system for fast
and remote actuation. Such CNC-g-AgNPs “nanorod-like” structures thereby allowed for a long-distance and strong coupling
plasmonic effect between the AgNPs along the CNC axis, thus ensuring a fast photothermal shape-recovery effect upon IR light
illumination. To demonstrate the fast and remote actuation promoted by these structures, we incorporated them at low loading
(1 wt %) into poly(ε-caprolactone) (PCL)-based networks with shape-memory properties. These polymer matrix networks
were practically designed from biocompatible PCL oligomers end-functionalized with maleimide and furan moieties in the melt
on the basis of thermoreversible Diels−Alder reactions. The as-produced materials could find application in the realm of soft
robotics for remote object transportation or as smart biomaterials such as self-tightening knots with antibacterial properties
related to the presence of the AgNPs.
KEYWORDS: poly(ε-caprolactone), shape-memory polymers, IR light, cellulose nanocrystals, silver nanoparticles, plasmonic effect

■ INTRODUCTION
Shape-memory polymers (SMPs) are quickly gaining their
place as a new class of polymers, offering the possibility to
custom-design devices with unique functionalities such as self-
deployable structures, (bio)sensors, actuators, self-expanding
stents, intelligent sutures, active catheters, and others.1 Because
of the presence of a permanent network, SMPs are described as
being capable of memorizing a temporary shape after
deformation and recovering back to their original shape
upon exposure to an appropriate stimulus. Historically, the
activation of the SMP was mainly related to the polymer
thermal transitions, glass temperature (Tg) or melting
temperature (Tm). Over the years, this concept was extended

from thermal to light (UV−visible (UV−vis) and IR),
electromagnetic, electrical, and other indirect heat activations,
mainly via the incorporation of functional nanofillers such as
plasmonic nanoparticles (NPs), magnetic nanostructures, and
carbon nanotubes, respectively.2

Nowadays, special attention is paid to the light-triggered
SMPs due to the possibility of activating them in a remote way
with both high spatial and temporal resolutions using a large
spectrum of light (from UV−vis to IR). In the current
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literature, a plethora of original studies have been published on
light-triggered SMP systems. Some of the most prominent
focus on the development of polymer devices with visible and
near-IR imaging modalities for soft tissue optical visualization,3

Diels−Alder dynamic cross-linked polyurethane (PUR)
structures containing polydopamine particles with conferred
self-healing properties,4 polymer systems containing photo-
thermal fillers for improved spatiotemporal shape control
under the exposure of different light illumination sequences,5

as well as polymer composites loaded with carbon nanotubes
or graphene nanoplatelets6 for good electrical and self-driven
ability. Different SMPs were described using small photo-
reactive molecular reversible switches such as cinnamic acid
and its analogues (cinnamylidene acetic acid or N,N-bis-2-
(hydroxyethyl)cinnamide or nitro-cinnamate) in PUR multi-
blocks7−10 and azobenzene.11 However, the most frequent
difficulties, affecting the performances and the reproducibility
in these systems, are related to the multistep synthetic
approaches for active agent incorporation along the polymer
backbone, the precise working wavelengths, the spatioselective
geometrical position of the molecule fragments to form the
cycloadditive dimers, and the required soft material properties
ensuring the chain mobility. In this aspect, deserved interest
was paid to the exploitation of plasmonic nanostructures
derived from noble metals (silver (Ag) and gold (Au)
nanoparticles (NPs), nanorods, nanowhiskers or nanowires,
and others).12,13 Characterized with large specific surface area
and strong surface plasmonic resonance properties, they are
readily able to absorb wavelengths in the broad spectrum range
from deep UV to near IR light and to convert it into heat
energy via a photothermal effect.14,15 Depending on the
interparticle distance, a new phenomenon known as “plasmon
coupling” can occur, accompanied by significant change in the
optical properties compared to the individual NPs.16 Another
great advantage could be their high efficiency while being used
in low amounts offering the possibility to convert the light
energy in a thermal one with various choices of polymer
materials and manufacturing techniques.17

The final SMP nanocomposite properties are often related
by the degree of nanofiller compatibility with the polymer
matrix and the quality of their distribution and dispersion. In
this aspect, noble metal NPs are the subject of a plethora of
studies due to their tendency to form clusters and aggregates
during the polymer processing, thus restricting the practical
application of the final devices. Some of the approaches imply
the surface modification of the NPs can actually affect their
plasmonic properties and prevent the possibility of interacting
with the adjacent nanostructures. Another problem could be
the NPs detachment when incorporated in a noncovalent way
within the polymer matrix (detrimental in the case of
coatings). One promising approach to overcome these
limitations is the combination of several nanofillers with the
goal of creating new value-added structures. Cellulose
nanocrystals (CNCs) were used as carrier agents for the
successful nucleation and immobilization of plasmonic NPs.
Naturally, they have a hydrophilic surface due to the presence
of multiple hydroxyl groups that tend to stabilize metal (Ag)
ions on the nanocrystal surface through complexation based on
an ion−dipole interaction or passivation of the metallic
surface.18 In this way, the spontaneous NP aggregation will
decrease, while reaching a higher degree of nanofiller
dispersion for fast photoresponsiveness to the materials.
Extracted from abundant cellulose resources, CNCs are also

remarkable due to their renewability, biodegradability, low
density, outstanding mechanical properties, and high surface
area.19 Another advantage to using CNCs affords the
possibility to get a long-distance plasmonic effect whether
plasmonic NPs are well-assembled along the CNC axis that can
be achieved with existing plasmonic nanorods.20

Meanwhile, Ag-based plasmonic structures for the fabrica-
tion of SMP nanocomposites are still barely explored. Devices
with antibacterial and enhanced mechanical properties were
obtained from Ag-coordination polymer networks of iso-
nicotinate-functionalized polyester with pyrazinamide
groups.21 Ag nanowiskers can be used in combination with a
cross-linked polyacrylate layer for highly flexible transparent
SMP bilayer electrodes for light-emitting diodes.22,23 New
developments in the incorporation of nanofillers are focused
on the design of bi- and multilayers, resulting in flexible and
fast electroresponsive PUR with shape recovery through the
Joule effect.24,25 Epoxy-based thermoset resins with improved
electrothermal properties and fast electroactivated shape-
recovery performance were produced by incorporating
AgNPs−decorated graphene oxide assembly grafted onto
carbon fibers26 or by generating a synergistic effect of
AgNPs−decorated graphene oxide structures for materials
with improved electrical conductivity.27 Other studies on the
development of IR-responsive SMP composites through the
incorporation of photothermal nanofillers were based on either
poly(ethylene glycol)-based Au nanorods for materials with
induced healable properties28 or for self-cleaning surfaces and
polarized light sensitive poly(vinyl alcohol)-based films.29 In
terms of smart material fabrication, black phosphorus in
piperazine-based PUR,30 carbon nanotubes,31 and graphene
oxide32 were also explored for the conversion of the optical
energy into heat, necessary for the shape-recovery process.
In the present work, light-responsive nanocomposites based

on biocompatible poly(ε-caprolactone) (PCLSMP)-containing
complex nanofillers such as biosourced CNCs decorated with
AgNPs were designed. The permanent domains in the SMP
materials laid on the networks of cross-linked PCLSMP
oligomers able to undergo thermoreversible Diels−Alder
reactions, that is, via maleimide and furan moieties, while the
switching domains result from the semicrystalline nature of the
polyester. To confer high light sensitivity to the materials,
CNCs were used as effective carrier agents for the NPs
dispersion within the polymer matrix. Two types of complex
nanofillers were designed either by simple adsorption of the
AgNPs (CNC-ad-AgNPs) or by their grafting (CNC-g-
AgNPs) onto the surface of the CNCs. Special attention was
paid to the synthesized nanofiller optical properties as well as
to their impact on the thermal, thermomechanical, and shape-
memory characteristics of the resulting nanocomposite
materials. The photothermal effect generated upon IR
illumination (transfer of the light energy to a thermal one
through the NPs plasmonic properties) made it possible to
tune the material contraction or bending movement in a
remote and smooth way. From an application point of view,
the PCLSMP/CNC-AgNPs films were studied as devices for soft
robotics (for object transportation) and as biomaterials, such
as a self-tightening knot for suture enclosure and antibacterial
properties.

■ RESULTS AND DISCUSSION
It is commonly admitted that the interactions between the
CNCs glucosic units and the metal NPs are relatively weak and
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reversible, which leads to a separation of the metallic/organic
particles with time.33 This reversibility could be of interest in
some cases, but generally, greater efforts are paid to avoid the
particle aggregation generating additional interparticle inter-
action by introducing surface-active nucleophile species.34 The
theory of Person et al. suggested that noble metals including
Ag, characterized by a large ionic radius and a high
electronegativity, can be considered as soft acids. It follows
that, in the presence of soft bases, such as thiol-containing
compounds (low electronegativity and small radius), the
metallic particles tend to have a strong affinity and create
covalent bonds. In this optic, thiol-functionalized CNCs
(CNCs-SH) can be suitable candidates to stabilize efficiently
the particles in a long-term time scale. In the present study,
two strategies were applied for the AgNPs generation and
immobilization: (i) AgNPs adsorption on the CNCs surface
(CNC-ad-AgNPs) by direct reduction of Ag ions in the
presence of NaBH4 and (ii) AgNPs grafted on the CNCs
surface (CNC-g-AgNPs) by CNCs surface modification with
thiol groups and subsequent reduction of Ag ions in the
presence of the reducing agent. In the first procedure, the
generated nanospheres were electrostatically immobilized, and
in the second, they were covalently bonded on the CNCs-SH
surface (an esterification reaction between the hydroxyl group
of the CNCs and 3-mercaptopriopionic acid). The morpho-
logical analyses of the modified CNCs revealed interesting
structural characteristics. First, the CNCs as a reference were

described with a thickness of 15 ± 3 nm and a length of 157 ±
35 nm (Figure 1A).
It was found that the applied method led to the production

of AgNPs with a narrow size distribution as evidenced by the
histogram presented in Figure 1B. In the case of the CNC-ad-
AgNPs, because of the uncontrolled adsorption of the NPs, the
deposition of the particles was irregular: NPs with various sizes
(between 10 and 25 nm) and aggregate formation (nano-
structures with a diameter above 30 nm) were observed along
the surface of the packed CNCs (Figure 1C). In contrast, the
stabilized structures of CNC-g-AgNPs tend to mimic “Ag
nanorod-like” architectures with regular deposition of NPs and
a uniform diameter distribution of 11−12 nm (Figure 1D and
Figure S1: CNC-g-AgNPs width of 25 nm and length ranging
from 100 to 250 nm).
As a next step and with the aim to develop fast-IR actuated

nanocomposites, it was of importance to find if the
nanoarchitecture differences between the modified CNCs
have an impact on the polymer material optical properties.
From the literature survey, it is established that isolated noble
metal NPs have only one plasmonic resonance due to their
symmetry, but depending on the supramolecular assembly,
they can form new resonances.35 Their plasmonic character-
istics also depend on their size, shape, dielectric environment,
and level of electromagnetic interaction with other particles in
close proximity.36 More complex structures with anisotropic
geometry (cylinders, nanorods, nanoprisms) present two

Figure 1. TEM micrographs of (A) CNCs, (B) AgNPs, (C) CNC-ad-AgNPs, and (D) CNC-g-AgNPs. Micrograph magnification: 0.5 μm and 200
nm for the inset micrograph (A) and 200 nm for (B−D). Histogram data based on at least 200 independent measurements.
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plasmon absorptions: longitudinal and transverse ones situated
at higher wavelengths.37 To correlate the transmission electron
microscopy (TEM) findings with the material optical features,
UV−vis and IR spectrophotometry studies were performed.

For the CNC-ad-AgNPs, a single absorption band (centered at
400 nm) was registered, as a signature of adsorbed spherical
nanostructures (Figure 2A). Grafting AgNPs on the nano-
crystal surface resulted in a red shift of the band, plasmon

Figure 2. UV−vis and IR spectra of (A) CNC-ad-AgNPs, (B) CNC-g-AgNPs, and (C) CNCs suspensions (0.25 mg/mL) in distilled water.

Figure 3. (A) TGA first-derivative curves performed under nitrogen and (B) XRD diffractograms of neat CNCs (black line), CNC-ad-AgNPs (red
line), and CNC-g-AgNPs (blue line) samples.
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excitation along the nanofiller longer axis (415 nm) and the
appearance of a second absorption broad band with low
intensity at 930 nm (Figure 2B). This spectral footprint was
additional evidence for the presence of a “nanorod-like”
structure, where the adjacent NPs (along the nanocrystal
surface) were situated at a distance sufficient enough to
interact and generate a coupling plasmonic effect. Within these
features, we demonstrated that it was possible to increase the
nanofiller absorption window by simply modifying the type of
NPs immobilization on the nanocrystal surface. Suspension of
CNCs did not present an absorption maximum (Figure 2C).
Having this in mind, the idea to produce a SMP with fast light
responsiveness and good shape recovery was subsequently
investigated.
The complex nanofillers were further characterized by

Fourier transform (FT)-IR spectroscopy, and the spectra of
the CNCs before and after their modification with 3-
mercaptopropionic acid are presented in Figure S2. In the
case of the neat nanocrystals, the characteristic band for OH
stretching was noticed at 3400 cm−1, and the one for C−O
stretching was found between 900 and 1100 cm−1. Thiol-
modified CNCs presented the same characteristic bands, as
well as a stretching band for the ester carbonyl group (1730
cm−1). Energy-dispersive X-ray spectroscopy (EDX) analyses
performed on the functionalized CNCs showed an atomic
percentage of 0.8% sulfur (1.7 wt %), confirming that
approximately one hydroxyl group per three anhydrous glucose
units was the subject of chemical modification. In addition, C1s
X-ray photoelectron spectroscopy (XPS) analyses confirmed
that the ester (−COO−) bond contribution increases after SH
functionalization of CNCs through an esterification reaction
(Figure S3 and Table S1). Evidence for the covalent bonding
of AgNPs on the surface of the CNCs-SH was obtained from
the S2p XPS spectra: the characteristic maximum for the S−
metal bond was registered at 162.5 eV (free SH groups were
observed at 163.6 eV in the case of CNCs-SH; Figure S4). The
presence of sulfate in the CNC samples was registered at 169.2
eV, and a less intensive peak for sulfide was measured at 164.5
eV. CNC-ad-AgNPs presented XPS spectra maxima at the
same binding energy as in the case of the CNCs. These results
were in agreement with the existing scientific literature.38,39

The thermogravimetric analysis (TGA) thermograms under
nitrogen atmosphere were performed for CNCs, CNC-ad-
AgNPs, and CNC-g-AgNPs (Figure 3; raw data presented in
Figure S5). Two degradation temperatures were mainly
observed between 200 and 300 °C, related to the
depolymerization, dehydration, and decomposition of the
glycosyl units bearing the sulfate groups. On the basis of the
EDX analyses, it was estimated that the values of the Ag wt %
in the CNC-ad-Ag and CNC-g-AgNPs were 20 and 26 wt %,
respectively. Information about the crystalline structure of the

nanofillers was extracted from X-ray diffraction (XRD)
diffractograms, where 2θ angles were varied from 10° to 50°
(Figure 3). The specific patterns indicate highly crystalline
structures with three characteristic peaks for CNCs at 2θ of
22.9° (002), 15.0° (101), and 16.7° (101). By applying the
amorphous subtraction method, it was possible to calculate the
degree of crystallinity, which decreased slightly for the
decorated CNCs (87% for neat CNCs vs 75% for both
modified CNCs). The presence of Ag was evidenced by the
presence of a high intensive diffraction peak at 38.0° affirming
the formation of the cubic crystal system (111) and a peak at
44.1° corresponding to the (200) plane.
In this study, the PCLSMP nanocomposite was obtained by

the solvent-casting technique, and both CNC-ad-AgNPs and
CNC-g-AgNPs were added in a way that the total amount of
AgNPs represented 1 wt % of the polymer matrix. Because the
CNCs are known for their mechanical reinforcement effect
when incorporated into polymer materials,40 we investigated
their impact on the films thermomechanical properties by
performing dynamic mechanical thermal analysis (DMTA).
The values of the storage modulus (E’) for both nanocrystals
containing materials were higher compared to the PCLSMP film
for temperatures above room temperature (Figure S6 and
Table S2). Two plateau transitions were observed: one
characteristic transition for the rubberlike plateau (from −40
to 30 °C) and a second one revealing the formation of the
network with increased values of tan δ (above the Tm of 50
°C). In addition to this, it was found that the presence of the
nanofillers does not affect significantly the material thermal
properties and leads to a slight decrease in the degree of
crystallinity, from 45% for the PCLSMP film to 37% and 39% for
PCLSMP/CNC-ad-AgNPs and PCLSMP/CNC-g-AgNPs, respec-
tively (Figure S7 and Table S3).
Afterward, the light responsiveness of the composite films

was studied after fixing the film in a spiral-like temporary
shape. The noninvasive IR illumination (simple IR lamp) was
in the range from 780 to 1400 nm with a source power of 150
W. To ensure that the shape recovery of the samples resulted
only from the conversion of the light energy into heat, the
distance between the source and the samples (35 cm) was
chosen in a way that the temperature at the sample surface did
not exceeded more than 37 °C (Tm of the PCLSMP systems at
around 50 °C). The PCLSMP as a reference did not present any
actuation event despite a light exposure of 10 min (Figure 4A).
For the PCLSMP/CNC-ad-AgNPs nanocomposite, a certain
shape-memory effect is obtained, but the recovery process
remained incomplete even after 5 min of illumination (Figure
4B), and for the PCLSMP/CNC-g-AgNPs film, a fast and full-
size recovery was reached in less than 1 min (Figure 4C). The
obtained data revealed a greater heating efficiency for remote
activation under IR-light illumination for the nanocomposites

Figure 4. Digital images of the nanocomposite films corresponding to their spiral-like temporary shape and the shape-recovery process upon IR
illumination: (A) PCLSMP film, (B) PCLSMP/CNC-ad-AgNPs film, and (C) PCLSMP/CNC-g-AgNP film.
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containing the grafted AgNPs. An interpretation for the faster
shape recovery of PCLSMP/CNC-g-AgNPs was the occurring
coupling plasmonic effect within the adjacent AgNPs. There-
fore, the light-to-heat energy conversion allowed the materials
to reach their initial shape by melting the crystalline phase
within the polymer network, which in turn released the stress
stored within the temporary shapes of the films. The lower
degree of the PCLSMP/CNC-ad-AgNPs actuation could be
explained with the lower specific surface area of the adsorbed
NPs (scattered size distribution and a tendency for the
formation of aggregates) resulting in lower thermal con-

ductivity. This light-to-heat conversion phenomena has been
described by Lu et al.41 More information about the film one-
way shape-memory DMTA spectra can be found in Figure S8
and Table S4.
Regarding the material application, we performed further

tests for object transportation (Figure 5A). For this purpose,
the film made of PCLSMP/CNC-g-AgNPs was stretched (strain
of 100%), and the temporary shape was fixed upon cooling.
The IR-light activation of the system was fast and contactless.
Combined with the good mechanical properties of the
materials, it was possible to develop forces sufficient enough

Figure 5. (A) Digital images of PCLSMP-based films actuated upon IR illumination for remote object transportation and (B) spacial control of the
bending direction upon local activation.
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to execute mechanical work by lifting up a weight 500 times
higher than the film mass for less than 90 s. This procedure
was reversible and reproducible upon several stimuli exposure
cycles with a good Rr value of ∼90%. The mechanical
properties of the described PCLSMP system were comparable to
other light-activated materials such as the thermosensitive
SMP of cross-linked branched oligo(ε-caprolactone) loaded
with AuNPs (up to 1 wt %) and lifting 350 times its weight42

or to laser-activated cross-linked poly(ethylene oxide)
containing 0.5 wt % AuNPs elevating a weight of 5 g and a
bending angle of 30°.43 As expected, the reference film of
PCLSMP did not present an actuation, and the observed
efficiency of the PCLSMP/CNC-ad-AgNPs one was lower (Rr =
82%). Even more interesting was the possibility of generating
controlled bending or contraction of the films upon local
surface illumination by using of a mask and a standard IR-light
source (Figure 5B). This multistep shape recovery demon-
strates the film sensors behavior for specific light detection,
where short time exposure (e.g., 3 s) can be related to a given
bending angle (150°) or contraction movement. The complex
geometrical shaping was explained with the temperature
gradient created upon the local illumination (light-to-heat
transformation through the NPs plasmonic properties),
generating light-controlled release of the stored strain energy
and anisotropic polymer chain relaxation.43 In this way, the
potential applications of the PCLSMP systems as remotely
controlled complex structures such as actuators for the soft-
robotic field or for the fabrication of three-dimensional-printed
objects applying the fused deposition method were outlined.
Another advantage of this study is the use of a commercially
available light source without aiming any precise wavelength or
intensity of the illumination (as in the case of lasers).
To go further in to the material application, we investigated

their possible use as biomaterials with self-tightening and
antibacterial properties. Promising elements in this direction
were the biocompatible nature and medical use of PCL and
AgNPs and the excellent tissue penetration ability of the
noninvasive near-IR light.44 For this purpose, samples of
PCLSMP filled with CNC-g-AgNPs with a rectangle shape were

heated at a temperature close to the polymer Tm, stretched at
100% of the deformation, and fixed in a knotlike-shaped
structure upon cooling (Figure 6A). Both extremities were
fixed immobile, and IR illumination was applied for fast shape
recovery accompanied by self-tightening suture behavior for
wound enclosure, while the light source thermal heating did
not exceed 37 °C. This simple noninvasive one-step procedure
presented an advantage compared to the previously reported
data on self-tightening the thermoplastic SMP fiber, where
gradual increasing of the temperature (from 20 to 40 °C) was
needed.45 Known for their antibacterial effect, AgNPs are one
of the most promising antimicrobial agents.46 Here, we
determined the nanofiller minimal inhibitory concentration
(MIC) to be 16 μg/mL against Gram-positive bacteria such as
Bacillus subtilis. The antibacterial effect was evidenced by the
appearance of a zone of inhibition (20.3 ± 0.3 mm) around the
cellulose disks (Figure S9). As positive controls, different
antibiotics were used (tylosin: 20.3 mm; sulfamidine: 18.2
mm; oxytetracycline: 21.5 mm; and streptomycin: 16.3 mm).

■ CONCLUSION
In this work, fast-actuated and photosensitive PCL shape-
memory materials loaded with AgNPs-decorated CNCs were
designed. The polymer matrix permanent domain was based
on functionalized polyester oligomers able to undergo thermo-
reversible Diels−Alder reactions. The complex nanofillers were
obtained after applying two types of architectural approaches:
(i) adsorption of the AgNPs on the CNC surface or (ii)
controlled grafting of the AgNPs on thiol-functionalized
CNCs. The CNC-g-AgNPs “nanorod-like” morphological
characteristics allowed the generation of a plasmonic coupling
effect between the individual NPs resulting in relevant optical
properties for this nanofiller. The incorporation of the
nanofillers enhanced the material thermomechanical proper-
ties, as well as their light responsiveness, while keeping
unchanged the polymer network thermal transitions (Tg and
Tm). In terms of applications, the PCLSMP-based systems were
studied as actuators in the field of soft robotics for object

Figure 6. Self-tightening properties of the CNC-g-AgNPs-loaded PCLSMP materials upon IR illumination.
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catching and transportation and as biomaterials such as
antibacterial self-tightening knots.

■ METHODS
Materials. For the production of the films, α,ω-dihydroxyl poly(ε-

caprolactone) (PCL-diol; CAPA2402, Mn = 4000 g mol−1) and
α,α’,ω,ω’-tetrahydroxyl poly(ε-caprolactone) (PCL-tetraol;
CAPA4801, Mn = 8000 g mol−1) were used. The PCL oligomer
chain end-functionalization was realized using 1-(3-hydroxylpropyl)-
1H-pyrrole-2,5-dione (MAL(OH), prepared from 3-aminopropan-1-
ol (Acros), exo-3,6-epoxy-1,2,3,6-tetrahydrophtalic anhydride (Sigma-
Aldrich), and ethanol 96% vol (VWR)) and furfuryl isocyanate
(Sigma-Aldrich). Dimethylformamide (DMF, Sigma-Aldrich, 99.8%),
sulfuric acid (H2SO4, VWR, 65%), NaBH4 (VWR), and AgNO3
(Merck) were used as received. Pure ramie fibers were obtained from
Stucken Melchers GmbH & Co.
Preparation of CNCs and CNCs-SH. For this study, 60 g of

purified ramie fibers were cut into small pieces and treated with 1000
mL of a 4% NaOH solution at 80 °C for 2 h to remove any residual
contaminants. The fibers were then submitted to acid hydrolysis with
800 mL of sulfuric acid solution (65%) at 55 °C for 30 min under
continuous mechanical stirring. The obtained suspension was filtered
off through a sintered glass no. 1 to remove any macroscopic
fragments from the unhydrolyzed fibers. The suspension was
thoroughly washed with water by centrifugation and dialyzed against
deionized water until neutrality. The suspension was concentrated to
4 wt %, and this constituted the stock suspension. Thiol-modified
CNCs were prepared by mixing 10.16 g of 3-mercaptopropanoic acid
with 8 mL of acetic anhydride, 1.92 mL of glacial acetic acid, and 0.04
mL of concentrated sulfuric acid in a round-bottom flask (50 mL)
cooled to room temperature. Next, 0.5 g of dried CNCs was added to
the mixture under stirring, and the temperature of the reaction was
increased to 40 °C. After 3 days of reaction, the precipitated thiol-
modified CNCs (mercaptopropanoyl CNCs or CNCs-SH) were
washed with methanol and then with distilled water through several
centrifugation cycles (10 min at 10 °C and 10 000 rpm). Again, the
suspension was concentrated to 4 wt % as stock suspensions. The size
of the CNCs was measured from the TEM micrographs via ImageJ
software.
Synthesis of CNC-ad-AgNPs and CNC-g-AgNPs. The

previously obtained CNCs or CNCs-SH aqueous suspensions were
subject to several solvent-exchange procedures from water to DMF: 5
g of DMF was added to 5 g of the aqueous suspension of the CNCs or
CNCs-SH. After this step, the mixture was transferred to a 100 mL
flask, and the water was evaporated using a rotavapor. The obtained
suspensions were ultrasonicated for 5 min in order to redisperse both
the CNCs and CNCs-SH. Afterward, for 1 g of the CNCs or CNCs-
SH, 30 mL of AgNO3 solution (10−2 mol L−1) was added under
stirring for 1 h. Then, 3 mL of NaBH4 solution (10−2 mol L−1) was
poured in, and the solution was mixed for 1 h. The produced CNC-
ad-AgNPs and CNC-g-AgNPs nanofillers were washed with distilled
water through several centrifugation cycles (10 min at 10 °C and
10 000 rpm), and as a final step, the nanofillers were subjected to a
freeze-drying procedure. The size of the adsorbed or the grafted
AgNPs (at least 200 individual NPs) was measured from the TEM
micrographs using ImageJ software.
Synthesis of Chain End-Functionalized PCL. The synthesis of

the chain end-functionalized PCL and the production of the
thermoreversible PCL-based networks were performed according to
a previously reported procedure.47 In brief, PCL-tetraol oligomers
were end-functionalized with furfuryl moieties (PCL(FUR)4) in bulk
overnight in the presence of an excess of furfuryl isocyanate (1.5
equiv) at 110 °C in a 250 mL preconditioned flask under an inert
atmosphere. Afterward, the oligomers were dissolved in CH2Cl2 and
poured in to an excess of cold methanol in order to remove the excess
of the nonreacted furfuryl isocyanate. For the synthesis of maleimide-
functionalized PCL (PCL(MAL)2), PCL-diol, 1-(3-hydroxylpropyl)-
1H-pyrrole-2,5-dione, and methylene diphenyl diisocyanate were
introduced into a 15 cm3 twin-screw DSM microcompounder at 55

°C with a twin-screw rotation speed of 30 rpm under nitrogen flow.
The reaction was completed in 40 min with a constant temperature of
140 °C and a rotation speed of 70 rpm. The residual protected
maleimide chain ends were deprotected, and furan was removed by
placing the polymer matrix in an oven under vacuum at 110 °C
overnight.

Processing of CNC-AgNPs-Containing Films. Films were
processed using the casting/evaporation method involving DMF as
the solvent. A 1 g amount of the PCL-based matrix (0.62 g of
PCL(Mal)2 and 0.38 g of PCL(Fur)4) was dissolved in 10 mL of
DMF, and then, the desired amounts of CNC-ad-AgNPs (43.3 mg) or
CNC-g-AgNPs (81.5 mg) were added to achieve AgNPs of 1 wt %
with respect to the total material weight. Then, the solutions were
poured into Teflon plates before being casted in an air-circulating
oven at 60 °C overnight. Finally, the films with thicknesses of 0.8 mm
were prepared by compression molding (manual Carver hydraulic
press) using circular molds with a diameter of 100 mm and a
thickness of 0.8 mm. After a compressing step (80 °C for 5 min), the
films were kept for 3 min at 10 bar and under 1 bar during the
overnight cooling step (progressive cooling to ambient temperature to
reform Diels−Alder cross links).

Characterizations of the Nanofillers and the Nanocompo-
site Films. Morphological studies of the synthesized nanofillers and
the obtained SMP nanocomposites were performed by TEM (Philips
CM200) with an acceleration voltage of 20 kV. The UV−vis and the
IR spectra of the nanofiller aqueous suspensions (CNCs, CNC-ad-
AgNPs, and CNC-g-AgNPs; 0.25 mg/mL concentration) were
obtained on a Thermo Genesys 10S apparatus in the range from
300 to 1100 nm. FT-IR spectra were recorded on a ATR-mode
Bruker Tensor 17 spectrometer from 4000 to 600 cm−1 with a
resolution of 4 cm−1 and an accumulation of 32 scans. TGA
measurements were taken on a TGA Q5000 apparatus (TA
Instruments) with an ∼10 mg sample heated from room temperature
up to 800 °C at 10 °C min−1 under a nitrogen or oxygen flow.
Differential scanning calorimetry (DSC) measurements were
performed under nitrogen flow by using a DSC Q2000 differential
scanning calorimeter (TA Instruments). The thermal characteristics
of the films were studied from −80 to 200 °C at a heating rate of 10
°C min−1. XPS measurements were performed on a Versaprobe PHI
5000 hemispherical analyzer from Physical Electronics with a base
pressure of 10−7 torr. During the analysis, the XPS spectra were
collected at an angle of 45° with respect to the electron energy
analyzer mode (23.50 eV). All the spectra were recorded using
monochromatic Al Kα radiation (beam size of 100 mm and energy
resolution of 0.6 eV), while calibrating the binding energy scale with
respect to the C1s peak (285 eV) of the samples. To avoid the sample
surface charging, a built-in electron gun and an argon ion neutralizer
were used. XRD analyses were performed on a powder diffractometer
Siemens D 5000 using Cu Kα radiation at room temperature in the
range of 2θ = 10−50° at a scanning rate of 2° min−1.

The light responsiveness of the materials was studied after
programming rectangle samples (15 × 5 × 0.8 mm3) in a spiral-like
temporary shape and illuminating them with an IR-lamp source
(Lamp Petra IR 11, 780−1400 nm; 150 W). During this procedure,
the distance between the samples and the light source was kept of 35
cm corresponding to 37 °C of heat illumination. The thermomechan-
ical properties of the films were determined using a Q800 DMTA
apparatus (TA Instrument) in multistrain mode in order to evaluate
the storage and loss modulus as well as the tan δ. Each specimen was
cut in a rectangular shape (30 × 5 × 0.8 mm3) and analyzed under
ambient atmosphere in the temperature range from −80 to 65 °C.

The object transportation tests were performed using a rectangle-
shaped films (40 × 10 × 0.8 mm3; 20 mg) and stretching it to 100%
of the strain deformation. Afterward, a weight of 10 g was attached to
the film in its temporary shape, and IR illumination was applied. The
fixity and recovery ratio were calculated using Equations S2 and S3
(Supporting Information). By using a specially designed mask, it was
possible to locally illuminate the sample and generate controlled
bending or contraction movement. The bend angle and the length of
the sample at different shape-recovery steps were calculated using the
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software program ImageJ. In the case of the self-tightening knot test,
the sample was stretched at 100% of the strain deformation and put in
a knotlike shape, both of the sample extremities were fixed immobile,
and then, IR illumination was applied.
The antimicrobial activity of the nanofillers (32.5 μg/mL) and their

MIC was tested at different dilutions against the pathogenic Gram-
positive microorganism B. subtilis. The zones of inhibition were
determined by in vitro studies using a standard solid medium
(DIFCO Laboratories). Then, the surface of the solid agar was
inoculated with the bacterial suspension (target concentration of 1 ×
107 spores mL−1), and discs with a diameter of 10 mm were deposited
carrying the nanofillers or the positive control of antibiotics (tylosin,
sulfamidine, oxytetracycline, and streptomycin). The Petri dishes were
incubated for 24 h at 37 °C, and the average diameters of the zones of
inhibition around the discs were measured using the software program
ImageJ.
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