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ABSTRACT: We report mechanically adaptive bionanocom-
posites based on poly(vinyl alcohol) (PVOH) and cellulose
nanocrystals (CNCs), whose mechanical properties change
significantly upon exposure to simulated physiological
conditions. These nanocomposites were made using CNCs
derived from tunicates (t-CNCs) and cotton (c-CNCs) to
explore how aspect ratio, surface charge density, and filler
content influence the mechanical properties. Dynamic
mechanical analysis data reveal a significant enhancement of
the tensile storage modulus (E′) upon introduction of CNCs,
which scaled with the CNC type and content. For example, in the dry, glassy state at 25 °C, E′ increased up to 23% (for c-CNCs)
and 88% (for t-CNCs) compared to the neat polymer. Exposing the materials to simulated physiological conditions caused a
drastic softening of the materials, from 9.0 GPa to 1 MPa for c-CNCs and from 13.7 GPa to 160 MPa for t-CNCs. The data show
that the swelling characteristics of the nanocomposites and the extent of mechanical switching could be influenced via the
amount and type of CNCs and also the processing conditions. The high stiffness in the dry state and the ability to tailor the
mechanical contrast via composition and processing makes the new materials particularly useful as basis for adaptive biomedical
implants.
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■ INTRODUCTION

Materials that selectively respond to external stimuli are often
referred to as “smart”, “intelligent”, or “adaptive” because of
their intrinsic ability to change their physical or chemical
properties on command.1,2 Among many other uses, they have
garnered significant attention due to their potential applications
in biomedical and biotechnological fields,3−5 including their use
as transient implants,6,7 drug delivery carriers,8,9 tissue-
engineering scaffolds,10,11 thermoresponsive hydrogels,12 self-
healing materials,13,14 cell cultures,15 bioseparation mem-
branes,16 sensors, and actuators.17,18 One intriguing feature
exhibited by some of these materials is their ability to change
mechanical properties “on command”.19 One recently demon-
strated approach for the design of such materials relies on the
preparation of polymer-based nanocomposites, which are
composed of a polymeric matrix and reinforcing nanofibers,
whose interactions are stimuli-responsive and regulate the
mechanical properties of the bulk material.19,20 In a recent
study, Korley et al. extended this concept to polymer
composites based on electrospun nanofibers as the filler,
where mechanical morphing is achieved by changing the
properties of the filler and not filler−filler or filler−matrix
interactions.21

Among many potential nanofillers, crystalline cellulose
nanofibers, referred to as “nanowhiskers”, have been widely
investigated.22−25 Cellulose nanocrystals (CNCs) can be

isolated from a variety of sources, including plants (e.g.,
wood, cotton, or wheat straw), marine animals (tunicates), as
well as bacterial sources, such as algae, fungi, and amoeba
(protozoa).22 Using CNCs isolated from tunicates, Favier et al.
reported the first CNC-reinforced polymer nanocomposites in
1995. These materials displayed substantially enhanced
mechanical properties, which were explained with the
formation of a percolating, hydrogen-bonded network of
CNCs within the polymer matrix.26,27 This initial work was
followed by a large number of studies that explored the
reinforcement of a plethora of polymer matrices with CNC
from a broad range of sources.19,20,22,25 The widespread interest
in CNC-based nanocomposites is explained by the low cost,
outstanding mechanical properties, availability, sustainability,
biodegradability, and low density of CNCs.
In a series of contributions, we demonstrated that the

stiffness of CNC-based nanocomposites can be reversibly
changed by controlling the degree of interactions between the
rigid filler.20,28−33 The CNCs form a percolating network
within the matrix that is, among several contributing
intermolecular forces, primarily held together by hydrogen-
bonds among the surface hydroxyl groups, although CNC-
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polymer interactions may also play an important role.34−36 This
causes a significant reinforcement of the polymer matrix. Upon
exposure to chemicals that can competitively hydrogen-bond to
the CNCs or interfere with intermolecular van der Waals
forces, for example, water, the interactions between individual
CNCs are reduced and the nanocomposite softens consid-
erably, as predicted by mechanical models. Our first generation
of such mechanically adaptive nanocomposites was based on a
rubbery ethylene oxide-epichlorohydrin copolymer (EO-EPI)
and t-CNCs.28,37 Incorporation of 19% v/v t-CNCs into EO-
EPI results in an increase of the storage modulus, E′, from 3.7
MPa (neat EO-EPI) to 800 MPa (EO-EPI/t-CNC nano-
composite) at 25 °C. These materials undergo a pronounced
and reversible modulus reduction from 800 to 20 MPa upon
exposure to water. Plasticization of the polymer matrix upon
aqueous swelling has been shown to reinforce the effect, for
example in nanocomposites based on poly(vinyl acetate)
(PVAc) and t-CNCs or c-CNCs.29,30 The PVAc/t-CNC
nanocomposites showed an increase of the E′ from 1.8 GPa
(neat PVAc) to 5.2 GPa for a nanocomposite containing 16.5%
v/v t-CNCs. Because of the glassy nature of the PVAc matrix,
these materials exhibit a much higher initial stiffness than the
EO-EPI-based systems, but soften greatly (5.2 GPa to 12 MPa)
upon exposure to water due to matrix plasticization and t-
CNCs decoupling.
We have shown that such biologically inspired mechanically

adaptive materials are potentially useful as substrates for
medical devices, for example intracortical microelectrodes.38,39

Such neural prosthetic devices, which connect the brain with
the outside world, promise to be useful for many clinical
applications, but it has proven difficult to achieve long-term
connectivity, presumably on account of the mechanical-
mismatch between current electrode materials and the cortical
tissue.40 Initial in vivo experiments with PVAc/t-CNC
nanocomposites suggest that mechanically adaptive intracortical
neural prosthetics can more rapidly stabilize neural cell
populations at the interface than rigid systems, which bodes
well for improving the functionality of intracortical devices.39,41

The realization of such intracortical electrodes,38 and other
medical devices would benefit significantly, if mechanically
adaptive materials with a higher than currently available
stiffness (E′ = 5.2 GPa)30 could be made available. Thus, we
have explored mechanically adaptive stimuli-responsive nano-
composites based on PVOH as the matrix and CNCs derived
from tunicates (t-CNCs) and cotton (c-CNCs) as the filler.
This design was based on the hypothesis that the use of a polar
glassy polymer that promotes significant matrix-CNC inter-
actions would result in stiffer nanocomposites than previously
employed matrices. With this perspective, PVOH was chosen
for this purpose because it can be water-soluble (depending on
the degree of hydrolysis and heat treatment)42 and has many
hydroxyl groups that can interact with the surface hydroxyls of
CNCs. Moreover, PVOH is biocompatible, nontoxic, and
already used in a wide variety of biomedical applications, such
as contact lenses43−45 and FDA-approved nerve grafts.46

Several studies have reported PVOH-based nanocomposites
with t-CNCs47 and c-CNCs,48−50 as well as microfibrillated
cellulose.51 While previous work has shown dynamic
mechanical properties of such nanocomposites by exposing
them to humid atmosphere, we herein investigate the dynamic
mechanical properties by complete submersion into a simulated
physiological fluid to explore the properties under more
relevant conditions for use in biomedical applications. We

demonstrate that by particular processing conditions, it is
possible to control the aqueous swelling of the material and the
degree of softening it experiences.

■ EXPERIMENTAL SECTION
Materials. Poly(vinyl alcohol) (PVOH) 99% hydrolyzed (Mw =

85 000−124 000 g/mol; δ = 1.26 g/mL) and all reagents were
purchased from Sigma-Aldrich and used without further purification.
Artificial cerebrospinal fluid (ACSF) was prepared by dissolving the
following materials in 1 L of deionized water: NaCl = 7.25 g, KCl =
0.22 g, NaHCO3 = 2.18 g, CaCl2·2H2O = 0.29 g, KH2PO4 = 0.17 g,
MgSO4·7H2O = 0.25 g, and D-glucose =1.80 g.52 A literature value of
1.46 g/mL was used for the density of the CNCs.53

Isolation of Cellulose Nanocrystals from Tunicates. t-CNCs
were isolated from tunicates (Styela clava) collected from floating
docks in Point View Marina (Narragansett, RI). The t-CNCs were
prepared by sulfuric acid hydrolysis of the cellulose pulp. The protocol
was based on the method described by Favier et al.,26 utilized
modifications reported by Shanmuganathan et al.,30 and relied on
minor changes that are detailed in the Supporting Information.

Isolation of Cellulose Nanocrystals from Cotton. c-CNCs
were isolated from Whatman filter paper with minor modifications to a
previously published procedure.54 After sulfuric acid hydrolysis and
dialysis treatment, the resulting dispersion was sonicated for 3 h and
left to settle at room temperature for 18 h. The supernatant was then
decanted off and the c-CNC dispersion was spray-dried using a Büchi
Mini Spray Dryer (Model B-191) to yield dried c-CNCs as a white
powder. The drying parameters were an inlet temperature of 110 °C, a
flow rate of 4 mL/min, a nozzle airflow of 700 mL/min, an aspiration
rate of 70%, and an outlet temperature of 60 °C.

Preparation of PVOH/CNC Nanocomposites. Lyophilized t-
CNCs or spray-dried c-CNCs were dispersed in deionized water at a
concentration of 5 mg/mL by sonicating for 10 and 7 h, respectively.
PVOH was dissolved in deionized water at a concentration of 50 mg/
mL by stirring for 2 h at 90 °C. Nanocomposites comprising 4−16%
v/v CNCs were prepared by combining the appropriate amounts of
the CNC dispersion and PVOH solution to cast a film weighing 1 g.
This mixture was stirred at room temperature for 30 min, followed by
sonication for 30 min, and the resulting homogeneous mixtures were
cast into Teflon Petri dishes of a diameter of 100 mm. The dishes were
placed into an oven at 35 °C for 5 days to evaporate the water, and the
resulting films were then further dried in the oven at 70 °C for 24 h.
The films were compression-molded between spacers in a Carver
laboratory press (1000 psi for 2 min, followed by an increase of
pressure to 2000 psi for 15 min). Unless otherwise stated, PVOH/t-
CNC films were compression-molded at 150 °C, and PVOH/c-CNC
films were compression molded at 120 °C. Both types of films were
allowed to cool to ∼70 °C over the course of ∼90 min under the
applied pressure to yield 70−100 μm thin nanocomposite films. The
thickness of the films was measured using an electronic digital caliper
(Fowler) and micrometer (Millimess Inductive Digital Comparator
Extramess 200, Mahr). For reference purposes, neat PVOH films were
prepared in a similar manner by solution-casting and subsequent
compression-molding at 120 and 150 °C.

Atomic Force Microscopy (AFM). Atomic force microscopy was
carried out on a NanoWizard II (JPK Instruments) microscope. Ten
microliters of dilute aqueous CNC dispersions (0.1 mg/mL) were
deposited onto freshly cleaved mica (SPI Supplies Division of
Structure Probe, Inc.) and allowed to dry at 70 °C for 2 h. The
scans were performed in tapping mode in air using silicon cantilevers
(NANO WORLD, TESPA-50) with a scan rate of 1 line/sec.

Transmission Electron Microscopy (TEM). The dimensions of
the CNCs were examined by transmission electron microscopy
(TEM) using a Hitachi H-1700 microscope operating at an
accelerating voltage of 75 kV. To assess the CNCs dimensions,
lyophilized CNCs were dispersed in deionized water at a
concentration of 0.1 mg/mL by sonication. Subsequently, 3 μL of
the aqueous CNC dispersions were deposited on carbon-coated grids
(Electron Microscopy Sciences) and allowed to dry at 70 °C for 2 h.
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CNC dimensions were determined by analyzing 10 TEM images of
CNCs with a total of more than 100 individual CNCs of which length
and width were measured. The dimensions thus determined are
reported as average values ± standard error.
Conductometric Titration. Conductometric titrations were

performed to quantify the surface charges of CNCs. 50 mg of the
CNCs were suspended into 10−15 mL of aqueous 0.01 M
hydrochloric acid. After 5 min of stirring and 30 min of sonication,
the suspensions were titrated with 0.01 M NaOH. The titration curves
were evaluated by considering the following three regions: the titration
of the excess of HCl, a weak acid corresponding to the sulfate-ester
surface groups, and finally the excess NaOH present after titration of
all of the acid (see Figure S1 in the Supporting Information). The
three regions were separately fit to lines, and the volume of NaOH
used to titrate the sulfate-ester groups was determined by the volume
comprised within the points at which the linear fits intersect one
another (shown graphically in Supporting Information Figure S1). To
assess the accuracy of this titration volume with regard to other weakly
acidic species being in solution, such as dissolved CO2, a blank
titration was performed without CNCs present in solution. This
volume was calculated to be 0.08 mL of NaOH and was subtracted
from the volumes determined for titrations containing CNCs to
further calculate the sulfate charge density. The concentration of
sulfate groups was calculated by

=
×

×
− C V

W
mmol of SO
kg of cellulose

104 NaOH NaOH

CNC

6

(1)

where CNaOH is the concentration of the base (0.01 M), VNaOH is the
volume (L) of NaOH used to titrate the weak acid, and WCNC is the
weight of S-CNCs employed for the measurement (g).
Swelling Behavior. The swelling behavior of the PVOH/CNC

nanocomposites was investigated by immersing the materials in
artificial cerebrospinal fluid (ACSF) at human body temperature (37
°C) over the course of 2 months. The degree of swelling was
determined by measuring the weight of the samples pre- and
postswelling:

=
−

×

degree of swelling (%)
mass of wet sample mass of dry sample

mass of dry sample
100

(2)

To minimize the error in measuring the degree of swelling, once the
wet samples were taken out of the ACSF, they were placed on paper
tissue to wick any excess ACSF from the surface; the samples were
then immediately weighed.

Dynamic Mechanical Analysis (DMA). The mechanical proper-
ties of the PVOH/CNC nanocomposites were characterized by
dynamic mechanical analysis (DMA) using a TA Instruments Model
Q800. Tests were conducted in tensile mode using a temperature
sweep method (0−140 °C) at a fixed frequency of 1 Hz, a strain
amplitude of 30 μm, a heating rate of 5 °C/min and a gap distance
between the jaws of ∼10 mm. The samples were prepared by cutting
strips from the films with a width of ∼6 mm. To determine the
mechanical properties of the films in the wet state, the samples were
swelled in ACSF at 37 °C for periods of 1 week and 1 month. DMA
experiments were conducted in tensile mode with a submersion clamp,
which allowed measurements while the samples were immersed in
ACSF. In this case, the temperature sweeps were done in the range of
23−75 °C with a heating rate of 1 °C/min, a constant frequency of 1
Hz, a strain amplitude of 30 μm and a fixed gap distance between jaws
of 15 mm.

Stress−Strain Measurements. Stress−strain measurements of
PVOH/CNCs nanocomposites were performed using a TA Instru-
ments Model Q800 dynamic mechanical analyzer. Tests were carried
out at 25 °C with a strain rate of 0.5%/min, a preload force of 0.01 N,
a gap distance between the jaws of ∼10 mm, and using dog-bone
shaped films having a width of 2.1 mm. Tensile moduli were calculated
from the slopes of the linear region between 0 and 0.3% strain.

Differential Scanning Calorimetry (DSC). Differential scanning
calorimetry experiments were carried out with a Mettler Toledo STAR
instrument under N2 atmosphere. The typical procedure included
heating and cooling cycles of approximately 10 mg sample in a DSC
pan from −50 to 250 °C using a heating rate of 10 °C/min. The glass
transition temperature (Tg) was determined from the midpoint of the
specific heat increment at the glass−rubber transition, while the
melting temperature (Tm) was taken by the highest temperature point
of the melting endotherm.

■ RESULTS AND DISCUSSION

Isolation and Physical Properties of Cellulose Nano-
crystals. The CNCs used in this study were isolated from
tunicates (t-CNCs) and cotton (c-CNCs) by sulfuric acid
hydrolysis, using protocols that represent modified versions of
well-established methods. In the case of c-CNCs, spray-drying
was used to isolate the dry CNCs (see Experimental Section).
Polymer nanocomposites with t-CNCs have consistently been
shown to exhibit superior mechanical properties than those
with c-CNCs, a fact that is mainly credited to their higher
aspect ratio (∼70 vs ∼10),23,24 and on-axis stiffness (tensile

Figure 1. AFM amplitude images for (a) lyophilized t-CNCs and (b) spray-dried c-CNCs deposited from aqueous dispersions (0.1 mg/mL) onto
freshly cleaved mica surfaces.
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modulus ∼143 vs ∼105 GPa).55,56 c-CNCs, on the other hand,
are more viable for commercial exploitation, because they are
isolated from an abundant and sustainable biosource. Due to
their high density of strongly interacting surface hydroxyl
groups, CNCs have a strong tendency for self-associa-
tion.37,54,57 Transmission electron microscopy (TEM) and
atomic force microscopy (AFM) images of the CNCs confirm
that redispersion of the dried materials in water is readily
possible (Figure 1, and Supporting Information Figures S2−
S4). The dimensions of the t-CNCs, determined from TEM
micrographs, were an average length and width of 2500 ± 1000
nm and 30 ± 5 nm, respectively. The average aspect ratio (A,
defined as length to width ratio, l/w) of the t-CNCs is therefore
83. The charge density of negatively charged sulfate esters on
the CNC surface that are introduced during hydrolysis has been
suggested to modulate CNC−CNC interactions and to affect
their dispersibility. By conductometric titration, the density of
sulfate groups of the present t-CNCs was determined to be
∼75 mmol/kg (Figure S1a in the Supporting Information).
The c-CNCs used here were measured to have an average

length and width of 220 ± 70 and 22 ± 6 nm, respectively,
resulting in an aspect ratio of 10. In addition to exhibiting a
lower aspect ratio than the t-CNCs, the charge density on the
surface of c-CNCs (∼25 mmol/kg, Figures S1b and S1c in the
Supporting Information), is significantly lower than that of t-
CNCs. While t-CNCs were dried and isolated by lyophilization,
spray-drying was used for c-CNCs. To assess any influence of
the drying process on the physical properties of the c-CNCs,
one batch of as-prepared c-CNCs was, after dialysis and
sonication, split into two portions, which were dried by
lyophilization and spray drying, respectively. TEM and
conductometric titration data suggest that the drying method
has no influence on the physical dimensions of the c-CNCs or
on their surface charge density and morphology (Supporting
Information Figures S1−S3).
Nanocomposite Processing. PVOH solutions and CNC

dispersions were combined, and after solution-casting and
evaporation of solvent, the resulting films were reshaped by
compression-molding to result films of the nanocomposite with
4−16% v/v CNCs and a thickness of 70−100 μm. Because of
the limited thermal stability of the nanocomposites above the
melting temperature (Tm) of PVOH (∼220 °C), the films were
compressed at a temperature much below Tm. PVOH/t-CNC
nanocomposites were compression-molded at 150 °C without
any visible color changes, while PVOH/c-CNC nanocompo-
sites yellowed, when processed at this temperature (Figure S5
in the Supporting Information). As a consequence, PVOH/c-
CNC nanocomposites were processed at 120 °C, unless
otherwise noted. Several explanations have been proposed in
the literature regarding the degradation of CNCs,58−60 and we
speculate the differences in thermal degradation arise from
differences related to the source of CNCs.
Thermal Properties. The thermal properties of PVOH/

CNC nanocomposites were determined using differential
scanning calorimetry (DSC, Table 1). The DSC curves (Figure
S6 in the Supporting Information) show that the Tg (68 and 71
°C) and Tm (216 and 217 °C) of the neat PVOH only slightly
depends on the temperature at which the films were
compression-molded. In both cases, the incorporation of
CNCs led to an increase of Tg by approximately 10 °C,
which interestingly was independent of the CNC content. The
Tg of the polymer nanocomposites is strongly influenced by the
extent of interactions between nanoparticles and polymer

chains.61 In the present work, both the polymer matrix and
reinforcing phase are rather hydrophilic. Hence, strong
molecular interactions (hydrogen bonding or van der Waals
forces) between the polymer and CNCs can be expected, which
can restrict the segmental mobility of the macromolecules and
thereby increase Tg. A similar trend was found in PVOH-based
nanocomposites, comprising CNCs,50 bacterial cellulose nano-
crystals,62 or nanoclay particles.63 In addition, upon introduc-
tion of CNCs, the width of the melting peak increases, and the
degree of crystallinity (χc) increases slightly. This shows that
the CNCs perhaps act as small nucleation sites for the
crystallization of PVOH. Also this effect was largely
independent of the CNC content.

Mechanical Properties of Dry PVOH/CNC Nano-
composites. The mechanical properties of the nanocompo-
sites were established using dynamic mechanical analysis
(DMA, Table 2). Figure 2a shows the tensile storage moduli
(E′) of the PVOH/t-CNC nanocomposites and a neat PVOH
reference film in the dry state as a function of temperature. At
room temperature (25 °C), the neat PVOH matrix, processed
at 150 °C exhibits an E′ of 7.3 GPa. Upon increasing the
temperature, E′ drastically decreases to 840 MPa at 100 °C
(∼Tg + 30 °C) due to a transition from the glassy to the
rubbery regime at ∼70 °C, which is seen as a maximum in the
tan δ curves (Figure 2b). PVOH/t-CNC nanocomposites
containing 4 to 16% v/v t-CNCs showed a significant increase
in E′ compared to the neat matrix below and above the Tg. At
25 °C, E′ increased from 7.3 GPa (neat PVOH) to 13.7 GPa
for the nanocomposite containing 16% v/v t-CNCs (Figure 2a
and Table 2). A more significant reinforcement was observed
above Tg. At 100 °C, the nanocomposite containing 16% v/v t-
CNCs shows an E′of 5.4 GPa, which represents a 7-fold
increase over the stiffness of the neat PVOH (840 MPa) at this
temperature. At temperatures well above Tg where the
softening of the material is attributed to higher polymer
chain mobility, the significantly higher stiffness of the
nanocomposites at these temperatures supports the notion
that a percolating network of stiff CNCs reinforces the
surrounding soft polymer matrix. Theoretically, further

Table 1. Thermal Properties of Neat PVOH and PVOH/
CNC Nanocomposites as a Function of CNC Type and
Content

sample
CNC content

(% v/v)
Tg

(°C)a
Tm

(°C)a
ΔHm
(J/g)

χc
(%)b

neat PVOHc 71 217 43.9 27
PVOH/
t-CNC

4 81 218 50.2 33

8 83 214 49.7 34
12 82 220 48.8 35
16 82 215 44.1 34

neat PVOHd 68 216 49.6 31
PVOH/
c-CNC

4 79 216 58.5 38

8 80 213 52.4 36
12 81 212 47.3 34
16 82 210 40.9 31

aThe data obtained from the second heating scan of DSC
measurements. bχc = (ΔHm)/(wΔH0), where w is the weight fraction
of polymer matrix in the nanocomposites, ΔHm is the measured
melting enthalpy and ΔH0 is the enthalpy of 100% crystalline PVOH
(161 J/g).73 cFilms were compression-molded at 150 °C. dFilms were
compression-molded at 120 °C.
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reinforcement is possible with higher loadings, although
practical limitations regarding the brittleness of the material
make 16% v/v loading a reasonable upper limit.
The E′ of nanocomposites prepared with c-CNCs exhibits a

similar trend as observed for the t-CNC nanocomposites,
although the stiffness increase was more modest. As discussed
above, PVOH/c-CNC nanocomposite films yellowed upon
compression molding at 150 °C and were thus processed at 120
°C. At all temperatures, the E′ of dry PVOH reference films,
processed at 120 °C, was found to be slightly lower than that of
the neat PVOH processed at 150 °C (Figure 2a, 2c, and Table
2). For example, at 25 °C E′ values of 7.3 and 7.0 GPa were
measured. PVOH/c-CNC nanocomposite with 16% v/v c-
CNCs exhibited a E′ of 9.0 GPa at 25 °C, which is higher than
that of the neat PVOH (7.0 GPa), but lower than the E′ of 13.7
GPa of the t-CNC nanocomposite with the same CNC content.
Above Tg (at 100 °C) E′ of this nanocomposite was 1.4 GPa,
which represent a 2-fold enhancement over the stiffness of the
neat polymer (Figure 2c and Table 2). The lower reinforce-
ment displayed by the c-CNCs compared to the t-CNCs is
consistent with previous findings and can be attributed to lower
aspect ratio and stiffness of c-CNCs.20

Figure 2b and 2d displays the loss factor (tan δ) curves of
neat PVOH and the two series of nanocomposites as a function
of temperature. Tan δ is the ratio of loss modulus to storage
modulus E″/E′ of the material and is indicative of its damping
behavior. All curves show a single relaxation peak centered at
Tα, which corresponds to the Tg determined by DSC. The
introduction of CNCs led to a reduction in peak intensity (Iα)
and a shift of Tα to higher temperature compared to the neat
PVOH films. The peak intensity of the curve is indicative of the
magnitude of energy loss because of relaxation processes in the
material, which in this case reflect polymer chain relaxation due
to the onset of the glass transition. The trend of decreasing Iα
and increasing Tα is attributed to the reduced mobility of
PVOH chains in the amorphous phase due to the presence of

the CNCs, but it is, unfortunately, not possible to deduce to
what extent CNC−CNC or CNC−PVOH interactions
contribute to this effect. Above a CNC content of 8% v/v,
that is, in a regime where the CNC concentration is above the
percolation threshold, the changes in Iα and Tα seem to level
off.
Table 3 shows a comparison of the E′ values of the dry

PVOH/CNC nanocomposites studied here with previously
reported mechanically adaptive nanocomposites based on a
range of polymer matrices. The data are quoted for a filler
content of ∼16% v/v. The comparison shows that the stiffness
of the present PVOH/t-CNC nanocomposites at 25 °C is more
than three times higher than that of the stiffest mechanically
adaptive nanocomposites reported to date. This implies that a
good dispersion of the CNCs has been achieved in the PVOH
matrix and supports the conclusion that strong molecular
interactions such as H-bonding50 or van der Waals forces64

between the CNCs and the polymer matrix indeed increase the
reinforcing effect of the cellulose. Similar observations have
been reported for other PVOH-based nanocomposites with
strong polymer−filler interactions.50,65,66
To further evaluate the reinforcing effect of the CNCs on the

mechanical properties of the nanocomposites, the Young’s
moduli of the nanocomposites with 8 and 16% v/v CNC
content were determined by way of tensile testing (Supporting
Information Figure S7). The Young’s modulus changed in a
similar manner as E′ (i.e, from 12.2 GPa for the neat PVOH to
15.3 and 17.1 GPa for nanocomposites with 8 and 16% v/v t-
CNC and to 13.8 and 15.5 GPa for nanocomposites with 8 and
16% v/v c-CNC). The maximum stress increased from 104
MPa for the neat PVOH to 130 and 140 MPa for
nanocomposites with 8 and 16% v/v t-CNC and to 126 and
110 MPa for nanocomposites with 8 and 16% v/v c-CNC.

Analysis of Mechanical Data in the Framework of the
Percolation Model. The mechanical reinforcement in
optimally assembled CNC nanocomposites is caused by the
formation of a percolating CNC network, in which stress
transfer is facilitated by intermolecular interactions between the
CNCs.26 The stiffness of these materials can be described by a
percolation model that has been successfully used to predict the
mechanical behavior of heterogeneous materials, such as
polymer blends67 and nanocomposites.28−30,37,68 Detailed
information about the percolation model and its use for
modeling CNCs-based nanocomposites can be found else-
where.25 Within the framework of this model, E′ of the
nanocomposite can be expressed by

ψ ψ ψ
ψ

′ =
− + ′ ′ + − ′

− ′ + − ′
E

X E E X E
X E X E

(1 2 ) (1 )
(1 ) ( )

r s r r r
2

r r r s (3)

The subscripts s and r refer to the soft phase (polymer matrix)
and rigid phase (CNCs), respectively. ψ is the volume fraction
of the percolating rigid phase (CNCs) that participates in the
load transfer, which can be written as

ψ =
−

−

⎛
⎝⎜

⎞
⎠⎟X

X X
X1r

r C

C

0.4

(4)

where Xr ≥ XC; Xr is the volume fraction of CNCs and XC is the
critical CNC volume fraction (percolation threshold), which
was calculated by 0.7/A. Figure 3a and 3b show the predictions
for the two series of nanocomposites studied here, along with
experimentally determined E′ values of dry PVOH/CNC

Table 2. Tensile Storage Moduli (E′) of Dry and ACSF-
Swollen Films of Neat PVOH and PVOH/CNC
Nanocomposites Determined by DMAa

dry
nanocompo-

sites
swollen

nanocomposites

sample

CNC
content
(% v/v)

E′ at
25 °C
(GPa)

E′ at
100
°C

(GPa)

E′ at 37 °C
after 1 week
in ACSF
(MPa)

E′ at 37 °C
after 1 month
in ACSF
(MPa)

Neat PVOHb 7.3 0.84 11.1 6.9
PVOH/t-CNC 4 10.5 2.1 45.4 46.8

8 11.1 3.7 78.3 85.2
12 11.7 4.7 124 108
16 13.7 5.4 164 173
16c 12.3 3.0 60d n.m.

Neat PVOHc 7.0 0.7 1.4d n.m.
PVOH/c-CNC 4 6.8 0.5 1.5d n.m.

8 7.7 0.8 3.6d n.m.
12 8.3 1.0 1.6d n.m.
16 9.0 1.4 1.9d n.m.
16b 8.4 2.1 13d n.m.

aData represent averages (N = 4−7). bFilms were compression-
molded at 150 °C. cFilms were compression-molded at 120 °C.
dSamples were measured after 1 day immersed in ACSF. n.m. = not
measured.
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nanocomposites at 100 °C, that is, at ∼Tg + 30 °C. For the
calculations, aspect ratios (A) of 83 and 10 (as determined by
TEM) were used for t-CNCs and c-CNCs, respectively, and
storage moduli ES′ of 840 MPa (for the PVOH processed at 150
°C) and 700 MPa (for the PVOH processed at 120 °C) were
employed for the neat polymer matrix at 100 °C (as
determined by DMA). The tensile storage modulus of the
CNC phase, Er′, was in previous studies derived by either
measuring the stiffness of a neat t-CNC or c-CNC film or by
fitting the model against the experimentally determined

properties of the nanocomposites and using Er′ as a fit
parameter. While the morphology (and therewith the stiffness)
of a neat CNCs film depends strongly on the processing
conditions and has little resemblance to that of a CNC network
within a polymer matrix, the Er′ values of 5−24 GPa for t-CNC-
based,28,30,69 and 0.6−5 GPa for c-CNC-based29,37,69 nano-
composites determined by these approaches appeared to
roughly match. Interestingly, Er′ values of 80 and 10 GPa are
required to fit the model to the data for the t-CNC-based and
c-CNC-based nanocomposites with PVOH studied here
(Figures 3a, and 3b). A comparison of the data for several
other t-CNC-based nanocomposites shows that for a given
CNC content, E′ increases with the polarity of the polymer
matrix (PS37 < PVAc30 < Epoxy69), suggesting that systems
with pronounced CNC-polymer interactions may exhibit larger
reinforcement due to factors that are not explicitly accounted
for in the percolation model.69 This conclusion is consistent
with the results of Dufresne and co-workers, who also reported
difficulty in fitting data for PVOH/c-CNC nanocomposites
according to the methods used for similar materials.50

Swelling Behavior. The swelling behavior of the nano-
composites in physiological conditions was investigated by
immersing the materials into artificial cerebrospinal fluid
(ACSF) at 37 °C to mimic physiological conditions. It is
known that heat-treated, PVOH is no longer water-soluble,42

Figure 2. Dynamic mechanical analysis (DMA) data of dry PVOH and dry PVOH/CNC nanocomposites as a function of temperature and CNC
content. (a) Tensile storage moduli (E′) and (b) loss tangent (tan δ) of PVOH/t-CNC nanocomposites. (c) Tensile storage moduli (E′) and (d)
loss tangent (tan δ) of PVOH/c-CNC nanocomposites.

Table 3. Comparison of Tensile Storage Moduli (E′) of
Current Materials with Previous Mechanically Adaptive
Nanocomposites Comprising ∼16% v/v of CNCs

CNC
type

polymer
matrix

E′ of neat
polymer at 25 °C

(GPa)

E′ of
nanocomposite at
25 °C (GPa) ref

tunicate EO-EPI 0.004 0.8 28
tunicate PBMA 0.6 3.8 20
tunicate PVAc 2.0 5.2 20
cotton PVAc 2.0 4.0 29
tunicate PVOH 7.3a 13.7 this work
cotton PVOH 7.0b 9.0 this work

aPVOH film was compression-molded at 150 °C. bPVOH film was
compression-molded at 120 °C.
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and that the processing temperature of PVOH affects the
permeability of the material and thereby the potential for water
uptake.70 Indeed, the swelling characteristics of the materials
studied here were found to be strongly dependent on the
temperature used for compression-molding, but not the type or
content of CNCs. Neat PVOH and PVOH/t-CNC nano-
composite films processed at 150 °C exhibit ∼40% w/w
swelling, whereas neat PVOH films and PVOH/c-CNC
nanocomposites processed at 120 °C exhibit approximately
∼120% w/w swelling (Figure 4), regardless of the CNC
content. The results indicate that the water uptake of the

PVOH/CNC nanocomposites is reduced by heat-treatment,
likely on account of heat-induced cross-linking.71 The
conclusion that the processing temperature is the primary
factor for the swelling behavior was further supported by
swelling PVOH/c-CNC nanocomposites, which were pro-
cessed at 150 °C, and PVOH/t-CNC nanocomposites, which
were processed at 120 °C (Figure 4). Compared to the other
nanocomposites, these samples exhibited swelling that was
consistent with their processing temperature rather than the
type of CNC. Swelling experiments in ACSF were extended
over the course of two months to investigate the possible
changes that might occur during prolonged biological
implantation of the material (Table 4). The data show that
for the PVOH/t-CNC nanocomposites processed at 150 °C
equilibrium swelling is reached within 24 h and that these
materials do not degrade over the course of two months.
Similarly, PVOH/c-CNC nanocomposite films reached an
equilibrated swelling within 24 h and maintained their integrity
for at least one week. A comparison of the swelling data of the
present PVOH/t-CNC and the previously investigated PVAc/t-
CNC nanocomposites30 shows that the PVOH-based nano-
composites swell much less than their PVAc-based counter-
parts. For instance, the PVAc/t-CNC nanocomposites
comprising 16.5% v/v t-CNCs displayed a degree of swelling
of ∼80%, while the PVOH/t-CNC nanocomposites shows
∼40% w/w of swelling with 16% v/v CNCs.

Mechanical Properties of ACSF-Swollen Nanocompo-
sites. The mechanical properties of ACSF-swollen PVOH/
CNC nanocomposites were determined by DMA using a
submersion clamp setup, which allowed the samples to be
immersed in ACSF during the measurements. Neat PVOH
films softened substantially upon submersion in ACSF for one
week and exhibited mechanical properties that appear to be
correlated with their swelling behavior. Neat PVOH films
processed at 150 °C displayed a change in E′ from ∼7.3 GPa
(dry) to ∼11 MPa (ACSF-swollen), whereas E′ for neat PVOH
films processed at 120 °C changed from 7.0 GPa to ∼1 MPa.
The ACSF-swollen PVOH/t-CNC nanocomposites display an

Figure 3. (a) Tensile storage moduli (E′) of neat PVOH and PVOH/
t-CNC nanocomposites as a function of CNC content in the dry state
at 100 °C (■), redried after swelling with ACSF for 1 week (□),
ACSF-swollen after immersion in ACSF at 37 °C for 1 week (▲), and
1 month (Δ). The solid line shows values predicted by the percolation
model for the dry state (Er′ = 80 GPa). The dotted line shows values
predicted by the Halpin−Kardos model for samples conditioned in
ACSF at 37 °C (Elr′ = 130 GPa, Etr′ = 5 GPa, ES′ = 11 MPa, Gr′ = 1.77
GPa, GS′ = 3.9 MPa, vr = 0.3, vs = 0.44).72 (b) Tensile storage moduli
(E′) of neat PVOH and PVOH/c-CNC nanocomposites as a function
of CNC content in the dry state at 100 °C (■), and ACSF-swollen
after immersion in ACSF at 37 °C for 1 week (▲). The solid line
shows values predicted by the percolation model (Er′ = 10 GPa). The
dotted line shows the prediction by the Halpin−Kardos model for
samples conditioned in ACSF at 37 °C (Elr′ = 130 GPa, Etr′ = 5 GPa, ES′
= 1.44 MPa, Gr′ = 1.77 GPa, GS′ = 0.5 MPa, vr = 0.3, vs = 0.44).72

Because of solvent uptake the volume fraction of CNCs in ACSF-
swollen samples is lower than in the dry state. Data points represent
averages of N = 3−6 measurements ± s.d.

Figure 4. Swelling of PVOH/t-CNC nanocomposites compression-
molded at 150 °C (■), PVOH/c-CNC nanocomposites compression-
molded at 120 °C (●), a PVOH/t-CNC nanocomposite compression-
molded at 120 °C (○), and a PVOH/c-CNC nanocomposite
compression-molded at 150 °C (□) as a function of CNC content,
after the samples were immersed in ACSF at 37 °C for 1 day. Data
represent averages of N = 3 measurements ± s.d.
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E′ that is higher than of the neat PVOH films (Figure 5a and
Figure S8 in the Supporting Information), but considerably

lower than that of the corresponding materials in the dry state.
For example, E′ of the material comprising 16% v/v t-CNCs
dropped from 13.7 GPa (dry, RT) to ∼160 MPa (ACSF-
swollen at 37 °C). The data in Figure 3 and Table 2 show that
the switching is reversible and that ACSF exposure for 1 week
and 1 month has the same effect. Moreover, the data in Figure
3a show that the relation between E′ of the ACSF-swollen
PVOH/t-CNC nanocomposites and the t-CNC content is
fairly well described by the Halpin−Kardos model, whose
application to the modeling of CNC-based nanocomposites has

been reported elsewhere.29,30 Parameters used for the modeling
(see caption to Figure 3) were taken from ref 72, except ES′ of
11 and 1.44 MPa for materials processed at 150 and 120 °C,
respectively, which were measured by DMA. The fact that the
model underestimates E′ suggests that the CNC−CNC and
perhaps also CNC−matrix interactions are reduced upon
swelling with ACSF but, perhaps on account to the abundance
of hydroxyl groups on the matrix polymer and the CNCs that
can interact with water, not entirely switched off. All of the
ACSF-swollen samples show a significant drop of E′ at ∼60 °C.
Since this temperature is below the Tg of the plasticized PVOH
and far below the Tm of the matrix (∼220 °C), we speculate
that this transition is related to the dissolution of the matrix.
The ACSF-swollen PVOH and PVOH/c-CNC films, which

were processed at 120 °C and display considerably more
swelling than the above-discussed t-CNC-based materials,
exhibit an E′ of 1−4 MPa at 37 °C (Figures 3b and 5b,
Table 2). Because of the rather low modulus, these measure-
ments feature a significant error, and it is therefore not possible
to draw a firm conclusion about how the nanocomposite
composition affects the modulus of the ACSF-swollen
materials. The fact that the ACSF-induced mechanical
switching was very significant and the finding that similar
values were observed for both the neat PVOH and the
nanocomposites suggest that the mechanical properties of these
materials were largely governed by the swollen polymer matrix,
supporting the notion that the water effectively reduced
interactions between the CNCs and interrupted their
continuous reinforcing network.
To further probe the influence of the processing temperature

on the mechanical switching, the tensile storage moduli (E′) of
nanocomposites with 16% v/v t-CNCs that had been
compression-molded at 120 and 150 °C were compared
(Table 2). It was found that the E′ of PVOH/t-CNC films
processed at 150 °C, switched from 13.7 GPa (dry, RT) to 164
MPa (ACSF-swollen at 37 °C), whereas the material processed
at 120 °C switched from 12.3 GPa to 60 MPa (Figure S9 in the
Supporting Information). A similar result, was observed for the
ACSF-swollen PVOH/c-CNC films, which if processed at 150
°C exhibited an E′ of 13 MPa at 37 °C, while the same
composition processed at 120 °C, showed an E′ of 2 MPa at 37
°C (Figure S10 in the Supporting Information). A lower
processing temperature therefore not only influences the
mechanical properties of the materials in the dry state, but
also reduces E′ of the ACSF-swollen state considerably. While
the PVOH/c-CNC films processed at 150 °C show some
yellowing, their dry-state mechanical properties are largely
comparable to those of the material processed at 120 °C, and
(on account of less swelling) a higher modulus in the soft state
is achieved, suggesting that whatever effect is responsible for
the yellowing, it is not negatively impacting the material’s
mechanical characteristics. Thus, it appears that if PVOH is

Table 4. Swelling Data of Neat PVOH and PVOH/t-CNC Nanocomposites at 37 °C in ACSF as a Function of t-CNC Contenta

sample
t-CNC content

(% v/v) after 1 day (% w/w) after 3 days (% w/w) after 1 week (% w/w)
after 1 month
(% w/w)

after 2 months
(% w/w)

neat PVOH 35 ± 5 43 ± 4 38 ± 2 43 ± 4 45 ± 6
PVOH/t-CNC 4 41 ± 8 40 ± 6 48 ± 2 37 ± 8 50 ± 3

8 45 ± 3 44 ± 7 42 ± 5 47 ± 9 48 ± 6
12 39 ± 5 46 ± 9 37 ± 5 36 ± 5 46 ± 8
16 34 ± 1 42 ± 3 40 ± 8 42 ± 5 41 ± 2

aData represent averages (N = 3) ± s.d.

Figure 5. Dynamic mechanical analysis (DMA) data of ACSF-swollen
films of (a) neat PVOH and PVOH/t-CNC nanocomposites and (b)
PVOH/c-CNC nanocomposites as a function of temperature and
CNC content after immersion in ACSF at 37 °C for 1 week.
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used as a matrix, not only the CNC type and content but also
the processing temperature can be used to tailor the mechanical
contrast of CNCs-based, water-responsive, mechanically
adaptive nanocomposites.

■ CONCLUSIONS

In summary, water-responsive, mechanically adaptive nano-
composites based on PVOH and t-CNCs or c-CNCs offer an
initial stiffness that is significantly higher than that of previous
generations of such responsive materials. The use of PVOH as a
matrix polymer into which CNCs are incorporated proved
useful for several reasons. The tensile storage moduli of
PVOH/CNC nanocomposites were, in both the glassy and
rubbery regime, significantly higher than those of comparable
nanocomposites. It appears that in addition to CNC−CNC
interactions, polymer−CNC interactions, which could be
promoted by the strong propensity of PVOH to form hydrogen
bonds and provide a compatible polymer−filler interface, are a
significant factor in this context. Another significant factor is the
possibility of controlling the swelling characteristics of the
PVOH matrix, and therewith the properties of water- or ACSF-
swollen nanocomposites, via the processing conditions. Using
this tool, the switching “contrast” of the t-CNC-based
nanocomposites upon exposure to ACSF could be varied
between a 90-fold to a 200-fold modulus reduction. The results
suggest that other ranges can be dialed in via the processing
temperature, which (in relative terms) affects mainly the soft
state. Although not as stiff initially in the dry state, PVOH/c-
CNC nanocomposites exhibit a larger mechanical contrast (up
to 900-fold), as they soften much more than the t-CNC-based
materials. This effect is related to the lower reinforcing power
of c-CNCs. Despite the fact that decomposition of the c-CNC-
containing materials starts around 150 °C, the nanocomposites
maintain useful mechanical properties. Therefore, one could
envision employing a higher processing temperature for
PVOH/c-CNC nanocomposites to further increase the stiffness
of the water-swollen state. Overall, we have demonstrated that
varying the CNC type and concentration and the processing
temperature allows one to tailor the mechanical properties of
“hard” and “soft” state over a broad range. The hitherto
unavailable contrasts accessible by the new materials make
them potentially useful as substrates for neural prosthetic
devices. Ongoing work in vivo studies seek to quantify the
potential benefits of these mechanically switchable materials as
basis for adaptive neural interfaces.
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