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Preface to “Functional Biodegradable
Nanocomposites”

This Special Issue presents several examples of the latest advances in functional biodegradable
nanocomposites for different properties and applications, namely packaging, electronic, conductive,
and biomedical applications. It is aimed at scientists in all application areas interested in developing
environmentally friendly materials while improving their properties and functionalities. Authors
contributing to this Special Issue are acknowledged. We trust that readers will find this content of

interest.

Daniel Lépez, Coro Echeverria, and Agueda Sonseca
Editors
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Over 367 million tons of plastics are produced annually worldwide, and the growth
of plastic pollution has become a global concern [1]. Environmental issues related to the
persistence of plastic waste have urged the development of more sustainable biodegradable
alternatives. Consequently, in 2018, the European Commission adopted a circular economy
plan for the management of plastics based on innovative research on polymers derived
from natural resources [2]. Thus, biodegradable polymers have been effectively developed
over the last few years as promising alternatives to mostly non-degradable commodity
polymers, meeting the demands of a broad range of fields, including the medical, packaging,
agricultural, personal care, and automotive industries [3].

Individually, biodegradable polymers do not possess physical properties or mechani-
cal strengths comparable to their non-degradable counterparts, limiting their application.
Significant research efforts have been made for the development of biodegradable poly-
meric formulations with mechanical and physical properties comparable to those of non-
biodegradable ones [4]. As a result, biodegradable nanocomposites entered the research
scene, offering the possibility of new, enhanced properties and fields of application [5].

One of the reviews in this Special Issue focuses on the application of biodegradable and
biocompatible nanocomposites in electronics, highlighting the need for degradable func-
tional systems based on nanocomposites to deal with the problem of electronic waste [6].
Nanoparticles have also found applications in nanomedicine, providing unique properties
and great advantages thanks to their small size that is favorable from a therapeutic point of
view. However, their safety has been questioned many times. In this context, biodegrad-
able nanomaterials, degradable under biological conditions, hold great promise in the
biomedical field, and the latest advances are reviewed in this Special Issue by Su et al. [7].

The properties of nanocomposites depend not only on the properties of individual
materials, but also on their interfacial interactions and morphology, which are significantly
affected by processing methods. In this context, Echeverria et al. present a detailed rheo-
logical study that investigates how gold nanoparticles (AuNP) affect the properties of a
hybrid poly(acrylamide-co-acrylic acid) P(AAm-co-AAc) microgel matrix. The knowledge
presented through this work facilitates the prediction of system behavior, consequently
allowing the preparation of reproducible systems, for instance, as injectable systems [8].
Bardot et al. review the development of nanocomposites based on polylactic acid (PLA), a
biodegradable biopolymer obtained from agricultural products, by means of fused depo-
sition modelling (3D printing). They demonstrate the possibility of obtaining biodegrad-
able systems without compromising mechanical robustness, which is key in industrial
applications [9].

As evidenced in the review described above, polylactic acid (PLA) represents a promis-
ing alternative to mostly non-degradable commodity polymers; moreover, the modulation
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of its mechanical performance can be controlled with nanocomposites formation and spe-
cific processing methods. Messin et al. developed multi-nanolayered nanocomposites via
the coextrusion of polylactic acid and poly(butylene succinate-co-butylene adipate) filled
with nanoclays in order to obtain enhanced water barrier properties [10]. Sonseca et al. de-
veloped plasticized PLA nanocomposites with potential application for use as antibacterial
food packaging degradable materials, incorporating silver nanoparticles obtained from a
green synthesis procedure. The same materials were demonstrated to be useful as shape
memory nanocomposites for potential medical application, thanks to the synergistic effect
of lactic acid oligomer (OLA) and silver nanoparticles. The incorporation of OLA as a plasti-
cizer located the glass transition of the system near to the physiological one, while the silver
nanoparticles fastened the recovery process and imparted antimicrobial activity [11,12].
Nazmul et al. produced scalable environmentally friendly smart interactive textiles by
means of melt spun thermoplastic conductive yarns based on PLA, polypropylene (PP),
and their mixtures (PLA/PP) [13].

In summary, this Special Issue presents several examples of the latest advances in
functional biodegradable nanocomposites for different applications. We would like to
thank all authors for contributing to this collection, and we hope readers will find the
content interesting, enjoyable, and useful.
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Abstract: Biodegradable PLA/PBSA multinanolayer nanocomposites were obtained from
semi-crystalline poly(butylene succinate-co-butylene adipate) (PBSA) nanolayers filled with nanoclays
and confined against amorphous poly(lactic acid) (PLA) nanolayers in a continuous manner by
applying an innovative coextrusion technology. The cloisite 30B (C30B) filler incorporation in
nanolayers was considered to be an improvement of barrier properties of the multilayer films
additional to the confinement effect resulting to forced assembly during the multilayer coextrusion
process. 2049-layer films of ~300 um thick were processed containing loaded PBSA nanolayers
of ~200 nm, which presented certain homogeneity and were mostly continuous for the 80/20 wt%
PLA/PBSA composition. The nanocomposite PBSA films (monolayer) were also processed for
comparison. The presence of exfoliated and intercalated clay structure and some aggregates were
observed within the PBSA nanolayers depending on the C30B content. A greater reduction of
macromolecular chain segment mobility was measured due to combined effects of confinement effect
and clays constraints. The absence of both polymer and clays interdiffusions was highlighted since
the PLA glass transition was unchanged. Besides, a larger increase in local chain rigidification was
evidenced through RAF values due to geometrical constraints initiated by close nanoclay contact
without changing the crystallinity of PBSA. Tortuosity effects into the filled PBSA layers adding
to confinement effects induced by PLA layers have caused a significant improvement of water
barrier properties through a reduction of water permeability, water vapor solubility and water vapor
diffusivity. The obtaining barrier properties were successfully correlated to microstructure, thermal
properties and mobility of PBSA amorphous phase.

Keywords: biodegradable polymers; coextrusion; multilayer film; barrier properties; montmorillonite
fillers

1. Introduction

Over the past thirty years, numerous works have been carried out in the field of polymer materials
with the aim of reducing permeability as much as possible and approaching properties of other

Nanomaterials 2020, 10, 2561; d0i:10.3390/nan010122561 www.mdpi.com/journal/nanomaterials
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materials like glass or metal. The strategies developed to achieve this aim were the deposition of
a thin layer by cold plasma [1,2]; the mixtures of highly barrier polymers, like EVOH for example
with standard polymers used in packaging field like PE [3], PET [4] or PP [5]; the incorporation of
fillers like montmorillonite [6,7] or graphene [8,9]; and even the development of a multilayer structure,
containing 5-7 layers, each one having a specific characteristic. During the last 15 years, an innovative
coextrusion process has been developed at the laboratory scale, allowing production of multinanolayer
films containing up to 2000 or 4000 layers of two different polymers [10]. The most important
results concerning the improvement of the barrier properties thanks to this multinanolayer structure,
were obtained by confining PEO with EAA [11] and PS [12] or PCL with PS [13] and PMMA [14].
The confinement effect, induced by the forced assembly multinanolayer co-extrusion process, led to a
spectacular decrease in the oxygen permeability coefficient of more than 20 times and was explained by
the induced morphology of the crystals creating more tortuosity into the film. In fact, in multilayered
structures by nanoscale confinement, the polymer layers crystallized as single crystals in in-place
orientation parallel to the layers. More recently, the confinement of PLLA by PC and PS amorphous
polymer layers have been performed by means of the multilayer coextrusion process [15], and the
authors have highlighted the impact on the oxygen barrier properties of the rigid amorphous fraction
(RAF) generated by postannealing of the multilayer films. Annealing PLLA/PS films allowed for
obtaining a high crystallinity degree without RAF and this has induced an oxygen barrier improvement
by a factor of 10 with 20 nm thick PLLA layers [15]. Concerning the water barrier properties for
multilayer films, nowadays, only few works refer to this and the water barrier improvement was mainly
obtained afterheat treatment or after a biaxial drawing [16] utilized to promote polymer crystallization.
Such post treatments have improved water barrier properties. Interesting results were put forward with
PC/MXD6 multilayer films [17] without annealing treatment. The authors have reported improvement
of water barrier properties, only due to the nanoscale confinement effect induced by the alternating
polymer multilayering, even if water-crystallization effect for MXD6 was evidenced causing an increase
in MXDE6 crystallinity. Again, in a previous work, a PLA/PBSA [18] multilayer film was elaborated and
a reduction in permeability coefficient to different molecules was observed, by 100 times in the case
of carbon dioxide. In order to further improve the barrier performances of this material, it has been
considered the possibility to couple the multilayer structure with one of the approaches mentioned
above, namely by incorporating fillers into the multilayer structure. Until now, very few works
have taken advantage from the multinanolayer process in order to disperse and/or orientate fillers
(microtalc [19], phosphate glass [20], carbon black [21], montmorillonite [22], carbon nanotubes [23],
graphene [24,25]) in the aim to improve mechanical and/or barrier properties. For example, an increase
of the stiffness (Young’s modulus from 2.5 GPa to 5 GPa) with the addition of 20% of phosphate glass
fillers into a PP-g-MA multilayer film [20] or a mechanical reinforcement of the layers by 118% with the
incorporation of 2% of graphene into PMMA multilayer structure [24] have been reported. Concerning
gas barrier properties, a decrease of around 30% for the oxygen permeability coefficient has been
measured with the multilayer film of PP-g-MA containing phosphate glass fillers [20] (around 20 times
after bi-drawing treatment, which allows us to lengthen the fillers, changing from a spherical to a
lamellar form). For a multilayer film composed of alternating layers of LDPE and LDPE-g-MA filled
with 5 wt% of montmorillonite C20A [22], a reduction of the oxygen permeability coefficient from 0.84
to 0.14 Barrer was obtained after an annealing step leading to an orientation of clay particles in the
plane of the layers.

In this work, PBSA nanocomposite films and PLA/PBSA (80/20 wt%) multinanolayer films loaded
with organo-modified montmorillonite (C30B) were investigated. The intent of this work is to show
how the incorporation of lamellar clays and their dispersion in PBSA nanolayers confined by PLA layers
influence the mechanical and barrier properties, given that, to our knowledge, such a biodegradable
nanomaterial has never been developed and studied in literature. The water transport properties of
these nanomaterials were analyzed from permeation and sorption measurements, as well as their
thermal and mechanical properties in relation with their microstructure.
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2. Materials and Methods

2.1. Materials

Poly(lactic acid) (PLA), under the trade of 4060D corresponding to an amorphous polymer,
was provided by Resinex (France). Semicrystalline poly(butylene succinate-co-butylene adipate)
(PBSA), referenced as PBE001, was supplied by NaturePlast (France). Organo-modified montmorillonite
Cloisite 30B (noted C30B in this study) was supplied from BYK Additives. This filler was selected
owing to its better dispersion into the PBSA matrix [26] compared to native montmorillonite filler due
to the organomodification.

2.2. Films Preparation

The incorporation of C30B clays into PBSA matrix was carried out in two steps. The first step
consists in preparing a masterbatch containing 25 wt% of filler. Briefly, PBSA pellets were dried at
80 °C overnight and melt-mixed with clays by using a Coperion ZSK 26 twin-screw extruder at a
temperature of 210 °C with a screw speed of 250 rpm. At the end of the die, the extrudate was cooled
down in liquid water, pelletized and then dried at 80 °C to remove residual water. The second step
concerns the dilution of the masterbatch with unfilled PBSA by twin-screw extrusion in order to obtain
nanocomposite films with 2 wt% and 5 wt% of fillers. The same extrusion profile was used with
pelletization and drying. The resulting C30B-PBSA pellets were thereafter dried before the elaboration
of the nanocomposite films, as explained below.

The monolayer films of PBSA with 2% and 5 wt% of fillers were prepared using a classical
single-screw extruder (20/20D Scamex extruder) with a 120/150/150/160/170 °C temperature profile and
a screw speed of 29 and 33 rpm, respectively. The final thickness of films was obtained around 200 um.
Using the same parameters, the film of neat PBSA was also extruded. The films were thereafter noted
as PBSA, PBSA2 and PBSAS5 for the films containing 0, 2 and 5 wt% of fillers, respectively.

Multilayer films were prepared by applying the multilayer co-extrusion process which consists
of melt PLA and PBSA into two separate single-screw extruders that converge in a three-layer
feedblock to form an A/B/A structure, which is then multiplied by using the multiplying elements,
as detailed in a previous paper [18]. The temperature profiles were 165/180/180/190/190/190 °C and
120/150/150/160/170 °C for the PLA and the PBSA, respectively. In this study, 10-layer multiplying
elements (LME) at a temperature of 170 °C were used in order to obtain a film with theoretically
2049 layers. The PLA/PBSA multilayer films were composed of 80 wt% of PLA and 20 wt% of PBSA
(unfilled or filled). The resulting films were noted as PLA/PBSA, PLA/PBSA2 and PLA/PBSAS for the
multilayer films containing 0, 2 and 5 wt% of C30B into the PBSA layers, which correspond at a final
filler content of 0.5% and 1.25% into the two multilayer films. Considering a final thickness of 300 um
for the multilayer film, the individual thickness of the PBSA layers should be around 60 nm in theory.

In order to better evaluate the impact of the fillers within the PLA/PBSA multilayer film,
a monolayer film of PBSA was investigated. The nanocomposite films of PBSA were thereafter named
reference films in the second part of the characterization of the multinanolayer films.

2.3. Morphological Characterization

For Transmission Electronic Microscopy (TEM), the cross-section of the films has been prepared
with an ultramicrotome (Leica UC7 cryomicrotome) at —140 °C using a diamond knife cryo immuno
from Diatome (Switzerland) at a cutting speed of 1 mm/s to obtain ultrathin smooth slices of 80-90 nm
thick. The films were imaged with a FEI Tecnai 12 Biotwin equipped with a thermo-ionic electron gun
in LaB6 and operating at a tension of 80 KeV. TEM is equipped with CCD erlanghen ES500W camera.
The different images were presented with the Digital Micrograph Software.

XRD analysis were performed on a Bruker AXS D8 Advance diffractometer with a Cobalt radiation
source at a length wave of 1.789 A. WAXS diffractograms were obtained in normal direction over the
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20 range from 5 to 40° with an angle increment fixed to 0.04° per step and a scan speed set to 1 sec/step.
All scattering peaks and amorphous halos were fitted assuming Lorentzian equation.

2.4. Thermal Analyses

Thermal gravimetric analysis (TGA) was used in order to quantify the filler amount into the PBSA
matrix. The analyses were performed at a heating rate of 10 °C/min from 30 to 550 °C under nitrogen
atmosphere on a Q500 TGA from TA Instruments.

DSC Q2000 from TA instruments was used to perform DSC and MT-DSC analyses. DSC mode was
used to determine the characteristic temperatures (Tg, T; and T},) and the degree of crystallinity (X.) of
polymers and MT-DSC mode to determine the mobile amorphous fraction (MAF) and rigid amorphous
fraction (RAF). The DSC measurements were made with sample of ~6 mg at a heating/cooling rate of
10 °C/min from —60 to 200 °C, and the MT-DSC measurements were conducted in “Heat-only” mode
(oscillation amplitude: 0.21 °C, oscillation period: 80 s, heating rate: 1 °C/min) with ~3 mg of polymer
from —90 to 200 °C.

The degree of crystallinity was determined from the following equation:

Xe(%) = M x 100 1)
AHy (1-¢)
where DHm is the melting enthalpy, DHc is the enthalpy of crystallization and AHY, is the melting
enthalpy of a 100% theoretical crystalline polymer. For the PBSA, AHY, is equal to 113.4 J/g [27]. In the
case of loaded PBSA, ¢ is the mass fraction of fillers.
The mobile amorphous fraction (MAF) was calculated from the glass transition by using
the equation:

Xnmar(%) = = %100 2)
AC)
where DCp is the specific heat capacity of PBSA and ACg is the specific heat capacity for the 100%
amorphous PBSA polymer. The ACg, equal to 0.614 J-g~1-°C~1, was previously determined by
Bandyopadhyay et al. [28].
The rigid amorphous fraction (RAF) was obtained from the following equation:

XRrar(%) =100 — (Xc = Xpar) 3

2.5. Mechanical Tests

Uniaxial mechanical tests were performed on at least ten samples of 30 mm in length and
4 mm in width. The tests were conducted at room temperature (23 °C) on an Instron 5543 traction
machine equipped with a 500 N load cell and with a speed of 25 mm/min. From the stress-strain
curves, the mechanical parameters Young’s modulus, tensile strength and the elongation at break
were determined.

2.6. Barrier Properties

Water permeation experiments were performed at 25 °C on a lab-made apparatus, as detailed in a
previous paper [29]. The principle is based on the monitoring of the dew point of the permeate gas
using a chilled mirror hygrometer (Elcowa, France, General Eastern Instruments). The apparatus is
composed of a two-compartment measurement cell and the studied film is placed between the two
compartments. A preliminary drying step by nitrogen flux is conducted to obtain a low constant
dew point close to —70 °C. The measurement was started when liquid water was introduced into the
upstream compartment of the measurement cell and the diffusion of water through the studied film
is monitoring at downstream from the variation of the dew point temperature as a function of time.
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The resulting permeation flux curve allows for determining the stationary flux st (mmol-em~2.s71) at

the stationary state as follows:

f X 10—6 X (xout _ xin) X pi
AXRXT

with f the flow rate (560 mL-min~!), A the exposed area (2.5 cm?), R the ideal gas constant
(0.082 atm-cm®K~1:-mmol ™), T the temperature of the experiment (298.15 K), p; the total pressure
(1 atm), ™ et x** the inlet and outlet water contents (ppm) present in the sweeping. These contents
were calculated with the following equation:

] st = (4)

x = {70/ Tap+e) )

where b and ¢ are empirical constants (b: 6185.66 K and c: 31.38) valid for a dew temperature range
from —75 °C to —20 °C [30] and T, the dew point temperature.

At the stationary state, where the stationary flux, Jst, is proportional to the permeability coefficient
P, and considering that Aa = 1, the permeability coefficient can be determined from:

P:]stXL

Az (6)

with st the stationary flux, L the thickness of the film and Az the difference in water activity between
the two faces of the film (in our case Aa = 1).

In terms of diffusivity, the water diffusion coefficient is calculated from the slope of the permeation
curve by plotting the normalized water flux J/J; as a function of the reduced time t-L72. In the case
of vapors, the variation in diffusion with water concentration during permeation course is usually
fitted by an exponential law reflecting a water concentration-dependence of the diffusion coefficient.
This dependence is due to the water plasticization phenomenon inducing generally an increase in free
volumes within the films. This well-known phenomenon, considered as a Fickian process of type B,
conforms to:

D = Dy x 7 @)

where Dy is the diffusion coefficient when the water concentration is close to 0 at the starting of
measurement, y is the plasticization factor, and C is the local water concentration. The parameters
were determined from the mathematical approach developed in [31]. At the stationary state, when C is
equal to C,y, the maximum coefficient diffusion Dy, can be determined from:

Dy, = Do x eVCer) ®8)

where )/ng is known as the plasticization coefficient.

Water vapour sorption measurements were performed at 25 °C on a gravimetric Dynamic Vapor
Sorption analyser (Surface Measurement Systems Ltd., London, UK) equipped with an electronic Cahn
200 microbalance (mass resolution of 0.1 pg). The water activity ranging from 0 to 0.95 was adjusted
by mixing dry and saturated nitrogen gases using electronic mass flow controllers. The film sample
placed in a pan was predried at 0% RH by exposure to dry nitrogen flux until no further change in dry
weight was measured and was subsequently hydrated. For each water activity tested, the film mass
was monitored as a function of time until a constant value was obtained. The correspondence between
water activity and the corresponding water gain mass at equilibrium state (expressed in g of water
per 100 g of polymer film) led to plotting the sorption isotherm curves. The isotherms curves for the
tested films were modelled using two sorption modes, the Henry-law sorption and the aggregation
(clustering) sorption, as represented in Equation (9). This combination of the two sorption modes
is appropriate to fit the sorption data since the mean deviation moduli MDM calculated by the root
sum square method (RSS method) are lower than 10% [32], attesting to the good fitting. The curve
profiles (linear then exponential) is so characteristic of a random dissolution of water molecules in
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the polymer amorphous phase (Henry-law sorption), followed by an exponential increase of water
mass gain related to the aggregation phenomenon of water molecules. The water concentration at an
equilibrium state depending on the water activity according to the two sorption modes, Henry-law
and aggregation sorptions, can be expressed as follows [33]:

C=kpxa+nxK;xk},xa" )

where kp (Henry’s constant) is the constant related to dissolution of permeants in the polymer matrix,
K; is the equilibrium constant associated with the water aggregation reaction and 7 is the mean number
of water molecules constituting the aggregates.

From water vapor sorption kinetics, two diffusion coefficients were calculated to evidence the
transfer of water molecules by random molecular motions through the films. Based on Fick model,
the analytical expression of the sorption advancement M;/M,, as a function of dimensionless time ©
(=DY/L?) is:

M; . i 0 e—(2n+1)2><712><1 o)
Meq = (2n+1)?

The resolution of Equation (10) led to the determination of two coefficients as a function of the
extended time of the sorption process. In that case, the diffusion coefficient noted D; is related to the
diffusion for short time (i.e., when M;/M,; < 0.5) (Equation (11)) and the diffusion coefficient noted D,
is related to the diffusion for longer time (i.e.,, when M;/M,; > 0.5) (Equation (12)).

My 4 [D;q
3 D 11
My L bié \ (1D

M; —12x Dy 2
In(1- ~ ————=Xt—In|— 12
n(1- o) = = x| g (12)

3. Results and Discussion
3.1. Impact of Montmorillonite C30B Fillers on the PBSA Matrix

3.1.1. Microstructure Examination by Microscopy and WAXS

In order to determine the state of dispersion of montmorillonite C30B fillers into the PBSA matrix,
observations by transmission electron microscopy (TEM) were done. The obtained images are gathered
in Figure 1. The dispersion of 2 wt% of C30B fillers into PBSA seems to be homogeneous with only very
small aggregates in some places. As expected, when the filler content increased up to 5 wt%, the C30B
fillers were less individualized and the number of aggregates appeared to be more important. In both
cases, the orientation of C30B fillers specifically in the extrusion flow direction is obviously confirmed.
The PBSA based films filled with C30B can be considered as nanocomposites with a coexistence of
intercalated and exfoliated inorganic structures.

Figure 1. TEM observations for PBSA filled with (a) 2% and (b) 5 wt% of montmorillonite C30B.

10



Nanomaterials 2020, 10, 2561

To complete these observations, WAXS measurements were conducted on the neat and the

nanocomposite PBSA films to evaluate the structure and microstructure of films.
diffractograms for the films are presented as a function of 20 range in Figure 2.
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Figure 2. XRD spectra of neat PBSA film and filled PBSA films (a) in the 15-40° range and (b) in the

2-14° range.

First, PBSA being a semicrystalline polymer, the crystalline structure is evaluated specifically
in the 15-40° range (Figure 2a) in agreement with the appearance of mean diffraction peaks relative
to polymer crystals. Crystallizing in monoclinic crystal lattice [34], the four strong diffraction peaks
are located at 20 = 22.6°, 25.2°, 26.0°, 30.1° and 33.4° relative to (111)/(020), (021), (110), (121) and
(111) diffraction planes, respectively, as previously reported [35] with the amorphous halo centered on
20 = 24°. The diffractograms of the filled PBSA films can be superposed to the neat PBSA one, meaning
that the filler incorporation has any impact on the crystalline phase of PBSA. A small difference in
terms of peak intensity is only noted due likely to a certain anisotropy of crystals within the films.

In the diffraction angle 2-15° range, the dispersion and exfoliation level of fillers in the PBSA is
evaluated (Figure 2b) in accordance with the diffraction patterns of nanoclays. The interlayer distances
(inserted in Figure 2b) relative to diffraction peaks were calculated by using the Bragg law. As indicated
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in the literature and reported in this work, the interlayer distance of C30B is equal to 1.80 nm. For the
filled PBSA films, the diffraction peaks detected at 3.5° and 3.3° for 2% and 5% of C30B, respectively,
indicates exfoliation and intercalation of nanoclays in PBSA matrix. The interlayer distance is found to
be higher than that of the C30B powder and increases with the filler content, attesting an improvement
of dispersion and exfoliation levels. Indeed, the peak at 20 = 6.0° was assigned to a second intercalated
structure with lower interlayer space (1.71 nm) arising from the degradation of C30B surfactant [36]
and/or platelet re-aggregation by clay contact. As a result, this is larger with the highest filler content.
This result agrees with the TEM observations. One can conclude that C30B nanoclays are well dispersed
and exfoliated within the PBSA matrix with an increase in interlayer distances as filler content increases,
even if one can observe aggregates from TEM observations.

3.1.2. Thermal and Mechanical Analyses

A thermogravimetric analysis was performed on the PBSA films filled with montmorillonite
C30B fillers to quantify the exact proportion of fillers incorporated in PBSA. The value fits the residual
percentage after total degradation of polymer at high temperature. The TGA curves reported in
Figure 3 confirm the filler content of the PBSA2 and PBSAS films.
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Figure 3. TGA curves obtained for the neat PBSA film and the filled PBSA films.

Then, considering the TGA profiles, it is worth noting that the degradation temperature of the PBSA
(determined at 5% of mass loss) decreased with the filler content. Indeed, the degradation temperature
of 350 °C for the neat PBSA film was reduced to approximately 330 °C for the nanocomposite films.
To explain this phenomenon, two hypotheses can be given: the first one concerns the presence
of surfactant included in the organo-modified montmorillonite that has induced a degradation
temperature of 174 °C for C30B [37], lower than that of the PBSA polymer and reducing the degradation
temperatures of the filled-PBSA films. The second one is linked with the fact that two steps were
necessary to obtain the loaded films, inducing longer residence times in the extruder that may cause of
a reduction in size of macromolecular chains, leading to a faster degradation compared to neat PBSA.

DSC and MT-DSC analyses were performed in order to determine the characteristic temperatures
(Tg, Tc and Ty), the degree of crystallinity (X.) and the specific heat capacity ACp, to quantify the mobile
amorphous fraction (MAF) and the rigid amorphous fraction (RAF) for the films using Equations (2)
and (3). The results are gathered in Table 1. It is worth noting that similar crystallization and melting
temperatures are measured before and after incorporation of the fillers and that the crystallinity
degree remains unchanged (~38%). However, a slight increase of the glass transition temperature is
measured, meaning the macromolecular chains involved in the amorphous phase of PBSA are less
mobile, probably due to constraints exerted by the nanofillers.

12
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Table 1. Thermal properties of the neat filled PBSA films.

T¢ PBSA T. PBSA T, PBSA AC, PBSA X. PBSA

€0 €0 e (Jg1°C1) (%) RAF (%)
PBSA —46 67 90 0.330 38+2 9+3
PBSA2 —43 66 91 0.275 * 38+2 17 +3
PBSA5 —42 66 91 0.274 * 37+2 18+3

* The value of AC), is calculated taking into account the proportion of PBSA in the composite.

Considering that the incorporation of fillers into the PBSA matrix did not affect the crystallization,
it may be of interest to evaluate the effect of the fillers on the amorphous phase through the change
in AC, calculated at the glass transition. Indeed, the heat capacity step normalized to the polymer
fraction is directly linked to the mobile amorphous fraction MAF according to Equation (2). A decrease
of ACp value would mean that there is less mobile amorphous fraction (MAF) and consequently more
rigid amorphous fraction (RAF) in the filled films. The presence of the C30B fillers in PBSA led to
increase the percent of RAF by a factor two (Table 1). Such an increase in RAF by incorporation of
fillers has already been observed in PBSA [38], in PU [39] or in an hyperbranched polyester [40] for
example. This significant decrease of AC,, values, evidencing an increase in local rigidity, can be due to
the reduction in free volumes in polymer by addition of fillers and the resulting mobility restrictions of
macromolecular chains coming from the presence of fillers. From our results, we can infer that the
C30B fillers dispersed in the PBSA matrix cause geometrical constraints to amorphous polymer chains,
resulting in the increase of the glass transition temperature and the increase of the RAF.

Mechanical analyses were performed and the data are gathered in Table 2. The values obtained
for the neat and filled PBSA films are convenient with values presented in the literature [18,38,41,42].
The high values of elongation at break for films reveal the ductile behaviour of PBSA and are in the
same order of magnitude for the neat and filled films [18]. It is worth noting an increase of the Young’s
modulus and a decrease of the yield stress and the elongation at break when PBSA is filled with
montmorillonite. This trend is classically observed with nanocomposites [43] and reported in the case
of films of PLA [44], PBS [45,46], PBSA [47] or PU [48]. A high increase in Young’s modulus (in our case
around 50% for 5 wt% of C30B) is usually correlated with a good exfoliation and dispersion of fillers
within the polymeric matrix. The result is thus an indirect way to evidence the good dispersion and
exfoliation of C30B within PBSA. This increase of stiffness could be associated with the RAF increase.

Table 2. Influence of the filler content on the mechanical properties of PBSA film.

Young’s Modulus (MPa) Strength at Break (MPa) Elongation at Break (%)

PBSA 241 +19 35+3 1360 + 148
PBSA2 276 + 33 31+2 1405 + 67
PBSA5 362 + 19 27 +£2 1242 + 97

3.1.3. Water Barrier Properties

The permeation kinetic curves of the neat and filled PBSA films are plotted in Figure 4 in the
reduced scale J*L = f| (#/L2) in order to overcome film thickness effects. The water permeation flux is
found to be faster for the PBSA film until a higher constant value at the steady state is measured. As a
result, the permeability coefficient was found to higher than the values of the filled films. Considering
the steady state of water permeation, the permeation flux shifted to lower values with the increase
in filler content, indicating a reduction of the water diffusivity through the nanocomposite films.
These results clearly attest for an increase of water barrier properties by incorporation of impermeable
fillers within the semicrystalline polyester. This barrier effect is usually attributed to the tortuosity
effect induced by the presence of nanoclays, but could also be correlated, in part, to the increase
of RAF for the nanocomposite films (9% vs. 18%, Table 1). The mobility of the amorphous chains
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at the vicinity of crystals was locally reduced by geometrical constraints which hinder passage of
water molecules. A shift of the reduced permeation flux curves towards longer time is so obtained,
highlighting a delay time in diffusion, which suggests an increase in the diffusion pathways with the
filler incorporation. These observations are in line with the decrease of diffusion coefficients Dy and
D) determined from Equations (7) and (8). The incorporation of C30B within PBSA has thus induced
a decrease of permeability and diffusion coefficients, as shown in Table 3. As thoroughly reviewed by
Tan and Thomas [49], one can explain these results by a strong improvement of water barrier effect due
to tortuosity induced by the dispersion and exfoliation levels of lamellar fillers within the polymer
matrix. In such a case, permeability and diffusion coefficients are accordingly reduced, as obtained in
this work.
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Figure 4. Reduced water permeation curves for the neat PBSA and the filled PBSA films.

As commonly observed with water as diffusing molecules for polyester films [18,35,50],
a plasticization effect of the polymer by sorbed water is also obtained. The water diffusion coefficients
are accordingly dependent to the sorbed water concentration and this dependence is usually described
through the exponential law D = Dy.e’C [51]. The experimental water permeation fluxes of films
were successfully fitted and the calculated parameters are gathered in Table 3. The water-induced
plasticization is clearly observed since Dy (diffusion coefficient at water concentration close to 0) is
found to be lower than D,;, (diffusion coefficient at water concentration at equilibrium state) for the
three films (Table 3). The difference between Dy and D,, values is smaller for the nanocomposite films
with the increase of filler content. This result highlights a reduction of plasticization effect with the
filler incorporation, which is correlated with the reduction of the plasticization coefficient yC,y, even if
the water concentration at equilibrium state is rather constant (~0.7-0.8 mmol-em™). It seems that
the plasticization ability of PBSA which leads to increase the free volumes is reduced. This behaviour
could be due to the reduction in macromolecular chain segment mobility, as shown from the increase
of stiffness and by RAF increase, but without changing the sorbed water content.

Table 3. Water permeation parameters for the PBSA, PBSA2 and PBSAS5 films.

Do Dm Y Ceq

*

P (Barrer *) (10-8 cm2-s~1)  (10-8 cm?s~1) YCeq (cm®mmol-1)  (mmol-cm-3)
PBSA 8312 + 177 1.8+0.1 36+3 3.0+0.1 39+04 0.78 £ 0.05
PBSA2 5628 + 127 1.7 +0.1 25+6 27+03 39+09 0.69 + 0.09
PBSA5 4821 + 189 1.5+0.1 15+1 23+0.1 27+03 0.85 +0.03

*1 Barrer = 10710 cm® (STP) cm-em=2s™!-emHg 1.
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In the case of the water vapor sorption phenomenon, the sorbed water concentration in films was
measured as a function of time for water activity range from 0 to 0.95. The size and the thickness
of the film samples are unchanged after sorption measurements. The corresponding water vapor
sorption isotherms (equilibrium state of sorption kinetics) for the neat and the filled PBSA films are
plotted in Figure 5. The shape of the isotherm curves is rather similar whatever the tested film: a linear
increase of water mass gain as water activity a,, increases, followed by a sharp rise of water mass gain
ata, > 0.6. As largely reported in the literature [52-54], C30B filler sorb a higher water content than
polyester or polyamide films within the whole water activity range, because of water-sensitive groups,
such as silicate and hydroxyethylene groups, included in the surfactant of C30B [55]. From Figure 5,
the water vapor sorption behaviour of the filled PBSA films deviates from that of the neat PBSA film
atay, > 0.5. The C30B incorporation in PBSA clearly contributes to this deviation in water solubility
from a,, = 0.5, testifying to the hydrophilic nature of clays, even if there is an organomodification.
This deviation in water mass gain is greater with the filler content increase, in correlation with their
hydrophilic nature. It is worth noting that the increase in water solubility shows an opposite trend
compared to the reduction of water permeability coefficient obtained by permeation measurement.
One can specify here that the permeability coefficient results of two contributions, one is the solubility
and the other the diffusivity. For this latter contribution, the reduction of water diffusivity is expected
by increasing of tortuous diffusing pathways owing to the presence of impermeable fillers in the PBSA
matrix. In addition, in the case of sorption process, the increase in water solubility by increase in water
mass gain is mainly due to the hydrophilic nature of C30B in comparison with the sorption capacity of
PBSA polymer. In terms of water transport properties, one can infer that C30B filler is responsible for
an increase of tortuosity relative to the film microstructure and filler organisation, and for an increase
in solubility relative to the presence of water-sensitive groups.
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Figure 5. Water permeation curves for the neat PBSA and the filled PBSA films fitted using a model
combining two sorption modes, the Henry-law sorption and the aggregation (clustering) sorption,
as represented in Equation (9).

Regarding isotherm curves, such a curve profile can be appropriately fitted using Equation (9)
which refers to the combination of Henry-law and aggregation sorption modes, as shown by the
fitted curves reported in Figure 5 as well as by the mean deviation modulus MDM lower than 10%
(Table 4), both attesting to the convenient modelling of sorption data. The linear increase of water
mass gain as water activity a,, increases is consistent with the random dissolution of water molecules
in the amorphous phase of the polymer. At ay > 0.6, the exponential increase in water mass gain
conforms to cluster formation of water molecules. The modelling parameters are summarized in
Table 4. The parameters analysis points out some effect from filler incorporation. The kp parameter is
slightly higher for the highest filled PBSA film: the more the water solubility in films, the more the
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kp constant. Although a larger number of aggregates appears at this filler content, this observation
reflects the effect of larger nanoclay-polymer interfaces, which can facilitate the random dissolution of
water molecules in the nanocomposite films by modifying the number and the size of micro-voids
inherent of PBSA polymer. The values of K, and n indicate the formation of water aggregates at high
water activities (a,, > 0.6). Both values increase as filler content increases, confirming an increase of
interactions with sorbed water molecules to initiate a multilayer water sorption. Water aggregates are
formed on polar sorption sites existing in the films. However, the increase of these two parameters is
not so high (Table 4) indicating that the increase of free volumes by water plasticization is limited owing
to a certain rigidity of polymer chains in the vicinity of C30B fillers, but also to good compatibility
between organo-modified clays and PBSA chains.

Table 4. Modelling parameters for the neat PBSA and the filled PBSA films.

kp glg n K, (g/g)@-" MDM (%)
PBSA 0.583 14 0.407 5.10
PBSA2 0.582 26 0.803 5.54
PBSAS5 0.702 3.1 0.811 5.56

The water diffusion coefficients in the neat and the filled PBSA films for the first-half sorption,
noted Dy, and for the second-half sorption, noted D, are plotted in a semi-logarithmic scale (log D)
as a function of water activity in Figure 6. It appears that the evolution of the diffusion coefficients
was similar and in a same range of values whatever the film, except for the neat PBSA film where the
evolution of D, coefficient is strongly decreasing with water activity. It seems that PBSA is differently
impacted by the water sorption phenomenon likely due to the plasticization effect of water vapor. It is
surprising that the D, coefficients (at longer extent of water sorption, higher water concentration) are
lower than the D; coefficients in the activity range for all films, whereas the inverse trend is commonly
reported [56] due to water plasticization effects. However, such a trend has been recently mentioned
in the literature for PBSA-based nanocomposites [53]. The authors outline two antagonist effects
occurring for longer time that would balance each to give similar coefficients. The former increasing
water diffusion is related to plasticization effects of water and the latter decreasing the water diffusion
is related to the formation of water aggregates which restricts their mobility and as a result their
diffusivity within the films. The general curve profiles for the filled PBSA films show a linear part and a
reduction of diffusion at higher water activities, meaning that diffusion coefficients are rather constant
and are then reduced by water clustering phenomenon linked to the increase in water cluster size
which makes water molecules less mobile [57]. In addition, the evolution of the diffusion coefficients is
in good agreement with the BET III sorption mechanism.

For the whole water activity range, it is observed that the diffusion coefficients, D; and D,
are lower for the filled PBSA films, highlighting the impact of fillers to the diffusion of water vapor in
the PBSA films by tortuosity effects. However, this decrease in diffusion is inversely correlated with
the filler content. In fact, the D; coefficient is found to be reduced as the filler content increases while
the D, coefficient is found to be increased for the PBSA2 film and then slightly reduced for the PBSA5
film. D, coefficient being considered representative of the water diffusion in the core of film and D;
coefficient representative of diffusion from the film surface, the latter result can be related to the filler
presence in PBSA which prevents the water diffusion by tortuosity at the film surface, as observed
with the water diffusion by permeation measurement. And, in addition, this can be the result of
the RAF increase in the filled films generating geometrical constraints and restriction in mobility of
macromolecular chains. When water molecules have penetrated within the films, the plasticization
effect of sorbed water molecules occurs accompanied by an easier formation of water aggregates and
by the creation of preferential diffusion pathways at the filler-polymer interfacial areas due to the
hydrophilic character of the clays which both can help the diffusion of water in the core of the films.
This effect is slowed down at the highest filler content due to larger water cluster sizes, as calculated
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by the modeling approach, and to larger tortuosity effects which both resulted in a reduction of the
water cluster mobility. In all cases, the D; coefficient is found lower than the D; coefficient for the
whole range of water activity, in a lesser extent for the filled PBSA nanocomposite films. This can be
related to the filler incorporation in PBSA since acting as obstacles to diffusion which limits the water
plasticization effect in the film, and hence diffusion in the film.

Water activity
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Figure 6. Water vapor diffusion coefficients D1 and D, for the neat PBSA and the filled PBSA films.

For this first part of the work, one can infer that the incorporation of C30B fillers within the
PBSA matrix has induced a slight increase in glass transition temperature associated with an increase
in RAF for a constant degree of crystallinity, and an increase in Young’s modulus because of good
filler exfoliation and dispersion level, even if some filler aggregates appear in some places. The C30B
fillers are also seen as oriented in the extrusion direction of the film. From these results, the increase
in stiffness of macromolecular chains and the presence of larger nanoclay-polymer interfaces have
caused reduction of free volumes and restrictions in mobility of macromolecular chains by geometrical
constraints by close contact with fillers. The water permeability and diffusion coefficients have been
accordingly reduced. The water permeation flux is shifted to longer time evidencing an increase of
tortuosity due to oriented lamellar structure of C30B in PBSA matrix. The reduction of water diffusion
and water sorption phenomena are in good agreement with the morphology and the thermal and
mechanical properties displayed by the films. The water barrier properties were improved with an
increased stiffness of the nanocomposite films.

3.2. Elaboration of PLA/PBSA Multilayer Film with Montmorillonite C30B

3.2.1. Morphological Characterization and Nanofiller Dispersion

The structure of the multilayer PLA/PBSA (80/20) film was described using AFM observation
in our previous work [18] and shown in Figure 7. TEM observation was considered to evidence the
clay morphology and its location into the multilayer structure, as well as the multilayer structure
itself. A selection of TEM images characteristics of the loaded multilayer films is gathered in Figure 7.
The thickness of the PBSA layers varies from 50 to 70 nm in the neat multilayer film, as expected
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by calculation resulting from the number of of layers and the final thickness of the co-extruded film.
A wider thickness is found for the filled PBSA layers in loaded multilayer films compared to the
neat PBSA layers in the PLA/PBSA multilayer film: around 100-200 nm and 150-250 nm for the
PLA/PBSA2 and PLA/PBSA5 multilayer films, respectively. The integrity of ultrathin layers of PBSA is
more difficult to preserve when they are filled with clays. Some layer breakups due to clay aggregates
have been observed. Nevertheless, rather homogeneous and continuous PBSA layers (black layers in
the micrographs) within the multilayer PLA/PBSA structure are overall observed. One can note the
presence of some filler aggregates in the PBSA layers.

PLA/PBSA0 multilayer

PLA/PBSA2 multilayer

-,

PLA/PBSAS5 multilayer

\ ﬁ‘-

V

Figure 7. TEM observations of the unfilled PLA/PBSA and filled PLA/PBSA2 and PLA/PBSA5 multilayer
films (PLA in white, PBSA in dark). (AFM image of unfilled PLA/PBSA multilayer films).

As a complementary experiment, XRD measurements were conducted on the different multilayer
films to evaluate the microstructure of films. The XRD diffractograms for the multilayer films are
presented in Figure 8. Recently, the diffractogram of the PLA/PBSA has been simulated from the
diffractograms of each pure polymer considering the composition weight ratio [18]. The authors have
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pointed out a good agreement between the experimental and simulated XRD profiles, reflecting a
similarity of structures for the two polymers in monolayer and multilayer organisation, especially
the crystalline organisation. This result in line with the present work with a similarity in degree of
crystallinity between PBSA in multilayer film (40%) and PBSA in monolayer film (38%). The PLA/PBSA0
film exhibits an amorphous halo centered on 20° relative to amorphous phase of PLA and PBSA layers
and crystalline diffraction peaks relative to PBSA layers (Figure 8a). The characteristic strong peaks of
PBSA at 18.2°, 22.6°, 26.2°, 31.5° and 33.5° attributed to the (111)/(020), (021), (110), (121) and (111)
planes, respectively, are found by extraction of the crystalline contribution from the XRD profile. These
two contributions are observed for the filled-PBSA layers multilayer films.
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Figure 8. XRD spectra for the PLA/PBSA, PLA/PBSA2 and PLA/PBSA5 multilayer films in the 5-40°
range (a) and for C30B powder in 2-14° range (b).

In the 2-14° range (Figure 8b), the characteristic peaks for the filler were detected at 20 = 4.7° and
8.9°. One can note an increase of the interlayer distance corresponding to an intercalated structure
within the PBSA layers of the PLA/PBSA multilayer structure compared to the value of C30B powder.
Indeed, the peak at 20 = 8.9° assigned to a second intercalated structure with lower interlayer space
is also visible. The relative lower amplitude of the two diffractions peaks for the PLA/PBSA2 film
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compared to the PLA/PBSADS film is an indication of a better exfoliation of C30B within the PBSA layers.
This observation can be explained by the difference in thickness of PBSA layers and by some filler
aggregates which seem to be more present in PLA/PBSA5 multilayer film.

3.2.2. Thermal and Mechanical Analyses

The characteristic temperatures for the multilayer films were measured by using MT-DSC
measurements to well separate the PBSA crystallization observed in the non-reversible heat flow signal
from the PLA glass transition phenomenon observed in the reversible heat flow signal because both
events are present in the same temperature range. The values are gathered in Table 5. The thermal
events are calculated from the first heat cycle to ensure that the films are in the same thermal and
structural states as for permeation and sorption analyses. Those MT-DSC thermograms are a practical
way to compare the thermal properties of the PLA/PBSA multilayer films as filler content increases
compared to the neat PLA/PBSA multilayer film.

Table 5. Thermal properties of the neat and filled PLA/PBSA multilayer films.

T PBSA T, PLA T.PBSA T, PBSA AC, PBSA X. PBSA

€0 €0 €0 c0) gg1°c) ©%) RAF (%)
PLA/PBSA (PBSA .
HAITESA BBSA 46 53 71 91 0.250 40 21
PLA/PBSA2 (PBSA i}
ATBSA B 54 71 90 0.204 34 33
PLA/PBSAS (PBSA 36 54 71 91 0237+ 38 3

thickness ~200 nm)

* The value of AC), is calculated given the proportion of PBSA in the multilayer film.

It appears a significant increase of the glass transition temperature of the PBSA up to 10 °C
deviation as filler content increases (Table 5). In comparison with the reference filled PBSA films
(Table 1), this deviation is greater for the multilayer films (10 °C vs. 4 °C), highlighting a greater
reduction of the macromolecular chain mobility. This result suggests that the constraining effect due to
the clays is more pronounced in a thinner layer (100 nm on average vs. 300 um for the reference PBSA
film). As a consequence, the macromolecular chains of PBSA exhibit less mobility, requiring more
energy to switch from glass state to rubbery state, which causes a higher glass transition temperature.
The other characteristic temperatures are quite similar to those of the reference films. The glass
transition temperature of PLA is unchanged, meaning that the clays are well contained in the PBSA
layers or located at the polymer interfaces without effect on PLA chain mobility.

For the neat and loaded multilayers films, the degree of crystallinity of PBSA in the multilayer
films was evaluated (Table 5). It is worth noting a decrease of the crystallinity of PBSA with clays
when the PBSA layers contains 2% of fillers. This trend is opposed to that displayed by the reference
filled PBSA films (i.e., in monolayer structure) where the clays incorporation did not impact the
degree of crystallinity. Such an opposite trend could be the result of confinement effect of the PBSA
layers by reduction of the layer thickness generated during the forced assembly coextrusion process.
The multiplication of layers by using the multiplying element device during coextrusion has drastically
reduced the layer thickness (100 nm on average vs. 300 um), restricting as a result the space available
to macromolecular chains of PBSA to be properly realigned to form crystals, and also significantly
increasing the local rigidity of macromolecular chains by close contact with clays in a thinner space.
This is particularly noticeable with the multilayer PLA/PBSA2 film (layer thickness of 100 nm on
average), for which the crystallinity is equal to 34%. In that case, the RAF is found to be of 33%, higher
than the RAF of the neat PLA/PBSA, confirming the local rigidification of macromolecular chains by
close clay contact in a thinner thickness. For the film with higher clay content (PLA/PBSA5), one can
note an increase of the degree of crystallinity and a decrease of RAF that are similar to the unloaded
PLA/PBSA multilayer. This could be attributed to a greater ease to form crystalline phase owing to a
larger mobility of macromolecular chains in a thicker PBSA layer thickness (increase of 100 nm).
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Mechanical analyses (Table 6) were also performed to evaluate the impact of the clays in the
PBSA layers within the multilayer structure on the mechanical performances. As the multilayer film is
mainly composed of PLA (around 80 wt%), the final filler content is extremely low (0.5% and 1.25%
for the two films). Therefore, no significant variations were observed. Despite a rather high standard
deviation, one can only note for PLA/PBSA2 a slight decrease in the Young’s modulus and strength
at break as well as an increase of the elongation at break, which could be correlated with the slight
decrease of crystallinity measured by DSC.

Table 6. Mechanical parameters for the multilayer film PLA/PBSA films.

Young’s Modulus (MPa)  Strength at Break (MPa)  Elongation at Break (%)

PLA/PBSA 1723 +79 38+3 37 +£10
PLA/PBSA2 1541 + 61 34+2 55 +12
PLA/PBSA5 1686 + 66 38+3 39+7

3.2.3. Water Barrier Properties

Water permeation measurements were performed on the multilayer films and the resulting water
flux curves are represented in Figure 9 in a reduced scale | X L = f(t/L?) to overcome the film thickness
effect. Regarding the steady state of the permeation, the water flux is shifted to lower values with
filler content increases, indicating a reduction in permeability coefficients, as reported in Table 7.
This improved water barrier effect is surprisingly not so high as it was expected from the oriented
nanoclays more or less dispersed in nanolayers of PBSA. It must however remind that only 1.25% of
C30B clays were incorporated in the multilayer film. If the water flux is reduced with the presence of
fillers, a shift of the reduced water flux curves to lower time is obtained, reflecting a faster diffusion of
water molecules through the filled multilayer films, as shown by the increase of diffusion coefficients
Dy (Table 7). With the tortuosity effect induced by lamellar structures and the stiffness and RAF
increase, it could be expected that the diffusion coefficients were accordingly reduced. This is not the
case. It seems that the presence of layer breaks and of thicker PBSA layers in the filled multilayer
structure has impacted the water diffusivity, regardless of the fact that C30B fillers are assumed to be
impermeable entities. One can infer that the presence of very few defects in the microstructure are at
the origin of a loss of macroscopic properties. Nevertheless, this increase in diffusion can be considered
as low if we note the small deviation between values in comparison with the diffusion coefficient of
the neat PLA/PBSA multilayer film. The low filler fraction of C30B (0.25 and 1.25 wt%) in multilayer
films are probably not sufficient to highly increase the tortuous diffusion pathway of water molecules.

Again, it is worth noting that diffusion coefficient D is not constant with permeation time since
Dy < Dy, confirming the water plasticization effect. Even in multilayer form, the water diffusion
coefficients are dependent to the sorbed water concentration. The experimental water fluxes for
the multilayer films were fitted by applying the exponential law (Equation (7)) and the calculated
parameters are summarized in Table 7. The deviation of Dy and D) between the values of the unfilled
multilayer film with those of the filled multilayer films again confirms the faster diffusion of water
in the filled multilayer films. Also, this is correlated with the filler content increase. Regarding
the plasticization coefficient and the water concentration at equilibrium state, the values are quite
similar, that clearly shows no real influence of the low clay fraction on the water plasticization effect.
Nevertheless, in comparison with the parameters of the reference films (Table 3), it can be evidenced a
large decrease in permeability and diffusion coefficients and a reduction of plasticization coefficient
for the multilayer films. This effect is maintained even in presence of layer breaks in the multilayer
structure. One can infer that the multilayer structure by multiplying the number of polymer layers,
and hence interfaces between a semicrystalline polymer and an amorphous polymer, is at the origin
of the large reduction in water transfer and its diffusion. The increase in RAF for the multilayer
PLA/PBSA2 film does not seem to have impacted the barrier properties more than that.
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Figure 9. Reduced water permeation curves for the PLA/PBSA multilayer film and the filled PLA/PBSA
multilayer films.

Considering the opposite variation of permeability and diffusion coefficients, it seems that the
solubility is a key parameter in the improvement of barrier properties to water for the multilayer films
where the semicrystalline polymer layers are filled with C30B. The contribution of solubility has been
investigated through water vapor sorption measurements.

Table 7. Water permeation parameters for the PLA/PBSA, PLA/PBSA2 and PLA/PBSAS5 multilayer
films. Experimental and predicted values.

Calculated Calculated P

e Permeability of PBSA Dy Dy Yy Ceq
Permeability g ies Model) Layers (1078 cm*s71) (1078 cm?s71) 7Ceq (cm®*mmol~1)  (mmol-cm3)
(Barrer)
(Barrer) (Barrer)
PLA/PBSA 2765 + 123 2917 4658 1.48 £0.04 127 £04 21+£01 3.8+0.1 0.56 + 0.01
PLA/PBSA2 2717 + 136 2917/2823 * 4055 1.61 £ 0.06 16.0 £ 1.0 23+£01 51+0.6 0.47 +0.05
PLA/PBSA5 2659 + 81 2917/2776 * 3487 171+0.1 13.0+ 1.1 20+0.2 41+0.6 0.50 + 0.05
PLA monolayer 2510 + 177 0.87 + 0.07 11.6 £0.7 26+02 40+0.1 0.67 +0.03
PBSA monolayer 8312 + 177 18+0.1 36+3 3.0+£0.1 39+04 0.78 + 0.05

* Calculated from loaded PBSA monolayer (Table 3).

By applying the series model equation as follows:

L Lpra , Lppsa

P Ppia  Pppsa P Ppa Pppsa

1 %) %)
_ Zria , Dresa (13)

where L, P, ¢ are the thickness, the permeability and the volume fraction of PLA or PBSA, respectively.

The permeability coefficient of the neat or filled PLA/PBSA multilayer films was calculated.
In case of filled PBSA, the experimental permeability coefficients of PBSA2 and PBSA5 were taken
from Table 3. Doing so, we can see that the experimental values of water permeability of the neat and
filled multilayers are slightly lower than the calculated ones (Table 7). This result seems to show a
slight barrier effect induced by the multinanolayer structure. Assuming that the water permeability
of PLA is unchanged before and after loading due to its amorphous state and containing no fillers,
it was then interesting to deduce the predicted water permeability coefficients of the PBSA layers in
multilayer structures from Equation (13) and to see how both the nanostratification and the presence
of fillers improve the water resistance of PBSA nanolayers. Results are gathered in Table 7 and are
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represented in Figure 10 with the experimental permeability coefficients of reference films for the sake
of comparison.

10,000
T 9000
t 3 t —_— 58.0
o 8000 I"—\'-\"'_" ] : > W s
- T —— M 512
S 7000 Y : u :
2 u H i
2 an | 3
= E000 . 1 : » A 430
8 it - !
S so000 N N
2 . ) A 323 H N
= H 5 - H =
5 o H [ I A
o ' H
E 3000
=
1]
o
» 2000
@
2
g 1000
o Wl
PBSA PBSAIn PBSA2 PBSAin PBSAS PBSAIn
PLA/PBSAD PLA/PBSA2 PLA/PBSAS
u experimental P Predicted A Improvement Factor (%)=—1F1
# Improvement Factor (%)—IF2 ® Improvernent Factor (%) — IF3

Figure 10. Comparison of the experimental and predicted permeabilities of PBSA under monolayer
and multilayer films. A IF1: calculated from neat PBSA—effect of loading ¢ IF2: calculated from PBSA
(neat of filled)—effect of multilayer m IF3: calculated from neat PBSA—effect of loading and multilayer.

First, one can point out that the predicted permeability coefficients of PBSA layers in neat and filled
multilayer films deduced from Equation (13) are lower than those of neat and loaded PBSA monolayer
films. As can be speculated from the improvement factor IF (%) calculated from the difference between
experimental and predicted values ((Pexp — Ppredicted)/Pex), it was possible to highlight the effect of the
presence of clays and their confinement in nanolayers on the barrier effect (Figure 10). Indeed, first
by comparing IF1 and IF2, which correspond to improvement factors for the loading effect and for
the multinanolayer effect, respectively, we can see that the highest values for the nanocomposite and
the multilayer are quite similar, 42 and 44%, respectively. Also, when the PBSA is filled, the gain in
barrier effect due to the nanostratification is ~30% and comparable to the gain when 2% of fillers are
incorporated in the PBSA monolayer. In other words, it seems that the improvement of water barrier
by incorporation of fillers in PBSA is similar to the PBSA layers confined by PLA layers. Consequently,
it can be expected a high increase in the water barrier effect in PBSA with the presence of fillers and
when confined in very thin layers. Indeed, as revealed by IF3, improvement factor that corresponds to
cumulative effect of both loading and nanolayering effects, the highest improvement factor (58%) is
obtained for PBSA in PLA/PBSA5.

Complementary to water permeation, after measuring water vapor sorption kinetics of the
multilayer film samples, the corresponding water vapor sorption isotherms were plotted and are
presented in Figure 11. For comparison, water sorption isotherm of PLA and PBSA were also plotted
in Figure 11. First, it can be seen that PLA and PBSA water sorption behaviors are similar and
characteristic of Henry mode sorption (linear curve) with a low water sorption capacity not exceeding
1% and slightly higher for PBSA. In general, the PLA/PBSA multilayer have a linear increase of mass
gain with the water activity comparable to PLA, except for PLA/PBSA film from a,, > 0.5, showing a
minor water clustering phenomenon. If we can observe that the water sorption capacity of multilayer
films is governed by the major phase of PLA, it is however surprising to see that higher the presence
of clays, lower the mass gain (in opposite to PBSA composites, Figure 5) and the presence of water
aggregation in PLA/PBSA0 multilayer which is not so pronounced for PLA and PBSA. This result is
clearly opposite to the sorption behavior of the filled PBSA films where the hydrophilic contribution of

23



Nanomaterials 2020, 10, 2561

clays in PBSA matrix has induced a water uptake. In the case of multilayer films, the sorption curve
profile indicates a reduction in water clustering. We can infer that the C30B acts as obstacles to water
diffusion by tortuosity effects. The contribution of C30B to re-up the water mass gain at higher water
activities due to water-sensitive groups is stopped by the layered microstructure. This effect is also a
function of filler content. The confinement to filled PBSA layers by amorphous PLA layers prevents an
increase in water solubility. The layer breaks in multilayer films as observed in TEM micrographs have
not altered the barrier contribution of clays for water vapor diffusing molecules.
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Figure 11. Water vapor sorption isotherms for the PLA/PBSA, PLA/PBSA2 and PLA/PBSA5 multilayer
films modelled by two consecutive sorption modes, the Henry-law sorption and the aggregation
(clustering) sorption, as represented in Equation (9).

The combination of two sorption modes—Henry-law and aggregation modes—was applied to
simulate the isotherm curves and the modelling parameters are summarized in Table 8. The MDM
values lower than 10% testifies to the appropriate fitting of sorption data. The kp parameter can be
indicated as a constant value for the three multilayer films. So, the water solubility is not impacted by
the C30B incorporation within the layered structure. The reduction in water clustering formation is
clearly evidenced from the variation of K; and 1 values. With the C30B content increase, the aggregation
reaction is reduced and the water cluster size is largely impacted. In the case of vapor sorption,
the preferential diffusion pathways occurring at the clay-polymer interfacial areas, as discussed from
permeation data, seem to be blocked by the polymer alternating layers structure of films. The modelling
approach is correlated with the sorption isotherms. The water plasticization effect is, as a consequence,
limited due to the reduced water concentration. As the degree of crystallinity is not really changed,
one can report this result to increase stiffness and to the RAF increase, which has impacted the local
macromolecular chains rigidity at the clay-polymer interfacial areas. Also, we can suppose that a
specific orientation of PBSA crystals induced by the confinement effect in multilayer could hinder the
passage of water molecules. From a previous study on PLA/PBSA multilayer films without fillers [18],
it was shown from WAXS patterns recorded on the face and on the cross section a slight crystal
orientation on both transverse and extrusion view patterns. Thus, it is possible that in filled PLA/PBSA
multilayers, this slight orientation is still present, as the filler content is relatively low.
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Table 8. Modelling parameters for the PLA/PBSA, PLA/PBSA2 and PLA/PBSA5 multilayer films.

kp glg n K, (g/g)1-m MDM (%)
PLA/PBSA 0.677 3.83 0.209 325
PLA/PBSA2 0.614 0.64 0.109 3.65
PLA/PBSA5 0.621 0.06 0.012 487

The diffusivity behavior in sorption measurement for the PLA/PBSA multilayer films was also
evaluated in a semi-logarithmic scale (log D) as a function of water activity, as presented in Figure 12.
The diffusion curve profiles are rather similar for all the films, irrespective of the D coefficient. As for
PBSA nanocomposites, in unfilled and filled PLA/PBSA multilayers, a decrease in diffusion is observed
at high water activities due to the water clustering phenomenon, even though this phenomenon is not
so significant. Again, like for the PBSA-based films, the D, coefficients are found to be lower than the
D coefficients in the whole range of water activity. The balance between increase and reduction of
water diffusion is again considered to explain this curve profile. Regarding the variation of Dy and
D, coefficients as C30B content increases, one can note that both D and D, coefficients are reduced,
highlighting tortuosity effects induced by C30B on water diffusion at the film surface and in the core of
the film, respectively. In addition to the tortuosity effect, geometrical constraints and reduced chain
segment mobility contribute to water mobility restriction.

Water activity
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Figure 12. Water vapor diffusion coefficients D and D, for the PLA/PBSA, PLA/PBSA2 and PLA/PBSAS5
multilayer films.

For this second part of the work, one can infer that the incorporation of C30B fillers within PBSA
layers of PLA/PBSA multilayer film has induced an increase of the glass transition temperature, while
the degree of crystallinity and RAF is unchanged or slightly for PLA/PBSA2, showing less chain
mobility by confinement effect and a local rigidification of chains by close clay contact in a thin layer
thickness (150 nm on average). However, wider thicknesses for the filled PBSA layers are obtained
compared to the neat PBSA layers in the layered structure due to the clay presence. In addition,
some defects as layer breaks are observed without polymer interdiffusion at the polymer-polymer
interfaces. From TEM micrographs; clays are located in the PBSA layers or at the polymer-polymer
interfaces without an effect on PLA mobility since glass transition is unchanged.
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One can point out an additional improvement of water barrier performances by tortuosity effects
compared to the behaviour of the neat PLA/PBSA multilayer film. By permeation, a shift of the water
flux curves to lower time is measured indicating a faster water diffusion through preferential diffusing
pathways generated at the polymer-C30B interfacial areas while by sorption a decrease in D coefficients
is measured evidencing greater difficulty in forming water clusters and their diffusion in the multilayer
films due to geometrical constraints and chain rigidification.

It should be remembered that the boundary conditions are different between water permeation
and water vapor sorption measurements. For water permeation, only one side of the tested film is in
contact with liquid water and the water diffusion is deduced from the quantity of water molecules
passing through the film thickness, while for water vapor sorption both sides of the film are in contact
with water vapor and the water diffusion results from water molecules penetrating the film in opposite
directions inside the tested film. Therefore, the duration of the measurement is longer for sorption
process carried out at various water activities compared with the permeation process. It seems that
the formation of water clusters is considered a slow phenomenon and that leads to reduce water
mobility (decrease of D) has not sufficient time to occur in permeation as it can be clearly observed
with water sorption.

4. Conclusions

In this work, we successfully prepared biodegradable PLA/PBSA multinanolayer films loaded
with lamellar nanoclays in confined PBSA layers. It was observed that the incorporation of the
organo-modified montmorillonite led to some layer breakups, especially in the presence of aggregates.
As a consequence, irregularities in the thickness of layers (which doubled or tripled compared to
the unfilled PLA/PBSA multilayer film) may appear. Despite this, the integrity and cohesion of the
loaded multilayered structure was overall maintained, leading to the same mechanical and water
barrier properties as the unfilled multilayer. Besides, we have shown that inclusion of clays in
PBSA (monolayer comparing or nanolayer confined by PLA layers in a multilayer structure) leads
to an improvement of the water barrier properties. The highest improvement factor (IF ~ 58%) was
obtained when fillers are oriented and confined in very thin layers and for the highest filler content.
However, this improvement is not as high as expected, probably because of the presence of some
defects and aggregates and the absence of impact on the crystallinity. Consequently, we consider that
these biodegradable PLA/PBSA multilayer films loaded with lamellar clays are promising materials.
Our next goal will be to investigate the impact on barrier properties of a subsequent stretching step,
and of a higher filler content.
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Abstract: Poly(lactic acid) (PLA) is one of the most commonly employed synthetic biopolymers for
facing plastic waste problems. Despite its numerous strengths, its inherent brittleness, low toughness,
and thermal stability, as well as a relatively slow crystallization rate represent some limiting properties
when packaging is its final intended application. In the present work, silver nanoparticles obtained
from a facile and green synthesis method, mediated with chitosan as a reducing and stabilizing
agent, have been introduced in the oligomeric lactic acid (OLA) plasticized PLA in order to obtain
nanocomposites with enhanced properties to find potential application as antibacterial food packaging
materials. In this way, the green character of the matrix and plasticizer was preserved by using an
eco-friendly synthesis protocol of the nanofiller. The X-ray diffraction (XRD) and differential scanning
calorimetry (DSC) results proved the modification of the crystalline structure as well as the crystallinity
of the pristine matrix when chitosan mediated silver nanoparticles (AgCH-NPs) were present. The final
effect over the thermal stability, mechanical properties, degradation under composting conditions,
and antimicrobial behavior when AgCH-NPs were added to the neat plasticized PLA matrix was also
investigated. The obtained results revealed interesting properties of the final nanocomposites to be
applied as materials for the targeted application.

Keywords: poly(lactic acid); oligomeric lactic acid; eco-friendly silver nanoparticles; biopolymer
properties; antimicrobial activity; packaging

1. Introduction

Although biodegradable polymers are not meant to fully substitute the non-biodegradable
synthetic polymers, when applying them in packaging and medical industries it is still one of the most
hopeful approaches to face polymer waste’s environmentally harmful problems [1]. Poly(lactic acid)
(PLA) is a well-known biodegradable synthetic polymer that is considered one of the most attractive
materials for packaging applications [2] thanks to its biocompatibility, biodegradability, renewable
character (can be obtained from the fermentation of 100% renewable and biodegradable plant sources
such as corn, rice, and sugar feedstocks), as well as commercial availability [3,4]. PLA has also been
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approved by the American Food and Drug Administration (FDA) for direct contact with biological
fluids, and it is also highly transparent and possesses good water vapor barrier properties [5,6].
In general, PLA possesses higher mechanical strength and is easier to process in comparison with
other biopolymers and, additionally, is naturally degraded in soil or compost [7,8] in products
completely assimilated by microorganisms [2]. Despite such strengths, PLA toughness, thermal
stability, and mechanical properties are still limited when compared with their petroleum-based
counterparts [9]. Despite its strong resistance, it is very brittle (elongation at break lower than
10%) [10] and another important shortcoming limiting its practical application is the relatively slow
crystallization rate [4]. In this regard, to overcome these drawbacks, the addition of plasticizers,
blending [11], copolymerization [12], as well as the development of micro- or nano-composites have
been often employed as promising strategies to enhance the mechanical performance of PLA while
preserving its transparency, which are both useful properties in the packaging sector [13,14].

Nowadays, food packaging is in constant development in order to meet the consumer and
industry demands that trend towards minimally processed food products with prolonged shelf-life
and controlled quality [15]. The packaging is known as the cornerstone of the food processing industry
as almost 100% of the food and drinks that we buy and consume are packaged at a higher or lower
level [16,17]. Packaging functions are mainly related to preservation and protection of the food,
maintaining its quality and safety as well as the reduction of food waste [16]. Therefore, the only way
to respond to this demand is by developing improved packaging concepts to guarantee food safety,
quality, and traceability. In this sense, the development of active food-packaging can represent a big
step forward to provide additional functions that prevent food waste in comparison with traditional
non-active (passive) materials.

Food-borne pathogens are of utmost concern in food safety [18]. Each year, millions of people
get sick or even die due to the ingestion of unsafe food and water, mainly caused by bacteria, viruses,
and parasites [19], and as a direct consequence, antimicrobial active-packaging materials are attracting
the attention from food and packaging industries [20]. Nowadays, the introduction of silver particles
(Ag NPs) into polymers able to imprint antimicrobial properties, is widely accepted as silver is
considered a potent broad-spectrum antimicrobial agent non-toxic to human cells and with proven
long-lasting biocidal activity, high temperature stability, and low volatility [21-24]. Therefore, Ag NPs
have been approved for use in food-contact polymers in the USA and the European Union, after previous
consideration of the use conditions [25]. Recently, synthesis under eco-friendly conditions of silver
(Ag) and gold (Au) nanoparticles have been gaining interest for researchers [25,26], as most common
reducing agents employed for the preparation of nanoparticles are NaBH, (sodium borohydride),
citrate, or ascorbate, which are associated with environmental toxicity or biological hazards. In this
context, chitosan is one of the most used biopolymers, thanks to their large amount of free amino
and hydroxyl groups, and under the proper thermal conditions can be employed as reducing and
stabilizing agents for the synthesis of Ag and Au nanoparticles preventing their aggregation [27-33].
In proper thermal conditions, the hydroxyl groups are converted to carboxyl groups by air oxidation,
which reduces the silver ions [34].

With this background, in this study eco-friendly silver nanoparticles synthesized with a green
protocol, using non-toxic biodegradable chitosan as the reducing agent, have been employed for
obtaining plasticized PLA nanocomposites suitable for packaging applications thanks to its biocide
properties. The aim of the present work is to study in detail the morphological, mechanical,
thermal, and antibacterial properties as well as the crystallinity and the degradation profile in
composting conditions of degradable plasticized PLA nanocomposites containing chitosan-based
silver nanoparticles, in order to assess the prospective approach offered by these new systems.
Nanocomposites have been prepared by melt compounding in a twin-screw extruder and their
mechanical and thermal responses have been related to the nanoparticle content. The oligomeric lactic
acid employed as a plasticizer agent together with the chitosan-based silver nanoparticles imposes
enhanced ductility, toughness, and antibacterial activity to the developed nanocomposites.
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2. Materials and Methods

2.1. Materials

Polylactic acid (PLA3051D, 3% of D-lactic acid monomer, molecular weight 142 x 104 g/mol,
density 1.24 g/cm3) and Lactic acid oligomer (Glyplas OLAS, ester content >99%, density 1.11 g/cm?,
viscosity 22.5 mPa.s, molecular weight 1100 g/mol) were supplied from NatureWorks LLC (Minnetonka,
MN, USA) and Condensia Quimica SA (Barcelona, Spain), respectively. Silver nitrate (AgNO3) and
Chitosan from shrimp shells with a deacetylation degree >75% were purchased from Sigma-Aldrich
(St. Quentin Fallavier, France). Acetic acid and sodium hydroxide were purchased from Fluka
(Seelze, Germany).

2.2. Synthesis of Based Chitosan Silver Nanoparticles

Chitosan-based silver nanoparticles (AgCH-NPs) were synthesized by a method described
elsewhere [33,35]. Typically, 4.5 mL of a solution of 52.0 mM of AgNOj3 and 10 mL of a solution of
chitosan of concentration 6.92 mg/mL in 1% acetic acid were mixed and heated at 95 °C under stirring
for 12 h. The color of the mixture changed from colorless to yellow and, finally, to brownish which
indicates the formation of the nanoparticles. The dispersions obtained were dialyzed for three days
against distilled water using dialysis membranes with a MWCO of 12,000-14,000 Da. AgCH-NPs were
then isolated by lyophilization.

2.3. Preparation of Oligomeric Lactic Acid Plasticized Poly(Lactic Acid) Nanocomposites Containing
AgCH-NPs (PLA/JOLA AgCH-NPs Nanocomposites)

Appropriate amounts of PLA, AgCH-NPs, and OLA were mixed in a microextruder equipped with
two twin conical co-rotating screws (Thermo Scientific MiniLab Haake Rheomex CTW5). PLA pellets
and OLA were previously dried overnight at 80 °C in order to avoid the presence of moisture.
AgCH-NPs were dried at 40 °C for 4 h. PLA was first processed in the MiniLab mixer at 180 °C and
a rotation speed of 100 rpm; after 2 min OLA and AgCH-NPs were added once PLA had reached
the melt state to avoid oligomer and nanoparticle thermal degradation. The total time of mixing was
3 min. Films were then obtained by processing blends by compression molding at 180 °C in a hot press
(Collin P-200-P, Collin Lab & Pilot Solutions GmbH, Maitenbeth, Germany). Blends were kept between
the hot plates at atmospheric pressure for one minute at 180 °C until reaching the melt state. Then,
they were submitted to the following pressure cycles, 5 MPa for one minute at 180 °C and then cooling
down to room temperature at 5 MPa for one minute. The different obtained formulations are gathered
in Table 1.

Table 1. Poly(lactic) acid/oligomeric lactic acid (PLA/OLA) AgCH-NPs formulations.

Sample PLA (wt%) OLA (wt%) AgCH-NPs (wt%)
PLA/OLA 80 20 0
PLA/OLA-AgCH-0.5% 79.6 20 0.4
PLA/OLA-AgCH-1% 79.2 20 0.8
PLA/OLA-AgCH-3% 77.6 20 2.4
PLA/OLA-AgCH-5% 76 20 4

2.4. Characterization Techniques

A Philips XL30 scanning electron microscope (SEM, Philips, Mahwah, NJ, USA), with an
accelerating voltage of 10 kV, a work distance of 10-15 mm was used to record SEM micrographs of
samples cross-section and observe changes produced by the different amount of filler (AgCH-NPs).
Nanocomposites were cryo-fractured with the aid of liquid N, and each specimen was gold-coated
(~5 nm thickness) in a Polaron SC7640 Auto/Manual Sputter (Quorum Technologies LTD, Kent, UK).
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Fourier transmission spectra (FTIR) were recorded for all the samples using a Spectrum-Two
(Perkin Elmer) spectrometer between 650 and 4500 cm ™! spectral range with a 4 cm™! resolution and
an attenuated total reflectance (ATR) cell. A background spectrum was acquired before every sample
and all samples were vacuum-dried prior to measurement.

Thermal transitions and stability of neat PLA/OLA, as well as obtained nanocomposites with
different amounts of AgCH-NPs, were studied by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) in a DSC Q2000 and TA-Q500 apparatus both from TA Instruments
(New Castle, DE, USA), respectively. In the DSC, samples were heated from —60 °C up to 180 °C
at 10 °C /min under an N, atmosphere (flow rate of 50 mL/min). Glass transition temperatures (Ty),
calculated as the midpoint of the transition, melting temperatures (T;;), cold crystallization (AH),
and melting enthalpies (AH,;) were calculated by analyzing the thermograms in the TA Universal
Analysis software. The degree of crystallinity (X.%) was therefore obtained from Equation (1) using
93.6]/g as crystallization enthalpy value for pure crystalline PLA (AH?,,) [36] Wy represents the weight
fraction of pure PLA present in the sample (Wy =1 — 0.2 — my, where my is the weight fraction of the
nanoparticles in the nanocomposite).

X% =100 X ((AHy, — AHee)/AH ) X (1/Wy) (1)

Tensile tests were carried out on an Instron instrument (Instron, Norwood, MA, USA). equipped
with a 50 N load cell, operated at room temperature and at a crosshead speed of 10 mm/min (strain rate).
The initial length between clamps was set at 10 mm, samples of 6 mm width and ~100 pm of average
thickness were measured and results from five to ten specimens were averaged. Young’s modulus
(slope of the curve from 0-2% deformation), maximum stress, ultimate tensile strength, and elongation
at break were calculated.

To study the crystalline structure of the plasticized PLA nanocomposite films, a Bruker D8 Advance
X-ray diffractometer (Bruker Scientific LLC, Billerica, MA, USA) equipped with a CuKe (A = 0.154 nm)
source was employed. Samples were mounted on an appropriate holder and scanned between 2°
and 60° (26) with a scanning step of 0.02°, a collection time of 10 s per step, and 40 kV of operating
voltage to obtain X-ray diffraction patterns (XRD). Percentages of crystallinity were calculated with the
aid of PeakFit software (Systat Software Inc. V4.12, San Jose, CA, USA) by a fitting process using a
deconvolution method.

Antimicrobial activity of the prepared nanocomposites was determined following the E2149-13a
standard method of the American Society for Testing and Materials (ASTM) (West Conshohocken,
PA, USA) [37] against Staphylococcus aureus (S. aureus, ATCC 29213) and Escherichia coli (E. coli, ATCC
25922) bacteria. Each nanocomposite was placed in a sterile falcon tube and then 10 mL of the bacterial
suspension (ca. 10° colony forming units (CFU)/mL) were added. Falcon tubes with only the inoculum
and neat plasticizer PLA were also prepared as control experiments. The samples were shaken at room
temperature at 150 rpm for 24 h. Bacterial concentrations at time 0 and after 24 h were calculated by
the plate count method. The contact killing experiment was done per triplicate on different days and
the plate counting by duplicate.

The biodegradation test for all the samples was conducted under aerobic composting conditions in
a laboratory-scale reactor following the ISO-20200 standard. [38] Briefly, samples were cut into square
geometries of 15 X 15 mm and buried 4-6 cm in depth inside reactors containing solid biodegradation
media —10 wt% of compost (Compo GmbH, Miinster, Germany), 30 wt% of rabbit food, 10 wt%
of starch, 5 wt% of sugar, 1 m wt% of urea, 4 wt% of corn oil, 40 wt% of sawdust and water in a
45:55 wt% ratio, and incubated at 58 °C for 40 days. Samples were kept into textile meshes to allow
easy removal from the composting medium, while when buried access of microorganisms and moisture
was ensured. Water was periodically added to the reaction containers to maintain the relative humidity
in the medium, and the aerobic conditions were guaranteed by the regular mixing of the compost
medium. Samples were recovered from the disintegration medium at different time intervals (7, 17, 21,
28, 36, and 44 days), washed with distilled water, and dried in an oven at 37 °C until constant weight.
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The mass loss weight % was calculated by normalizing the sample weight at different incubation times
to the initial weight value. Photographs were taken from samples once extracted from the composting
medium. The test was done at least with two samples of each composition.

3. Results

3.1. Microstructure and Morphology of the PLAJOLA AgCH-NPs Nanocomposites:

The morphology of AgCH-nanoparticles and PLA/OLA AgCH-NPs nanocomposites was studied
by scanning electron microscopy (SEM). Figure 1 shows representative SEM micrographs of the
synthesized AgCH-NPs, revealing a spherical morphology with diameters of ~8 + 1 nm in agreement
with previously reported values for similar procedures [35].

() (b)

Figure 1. Scanning electron microscopy (SEM) images of AgCH-NPs at different magnifications,
(a) x100,000 and (b) x150,000.

Figure 2 depicts scanning electron microscopy (SEM) images of the cross-sectional areas of neat
PLA/OLA matrix and nanocomposites with 0.5 wt%, 1 wt%, 3 wt%, and 5 wt% of AgCH-NPs. Clearly,
the incorporation of AgCH-NPs into the polymer matrix induces a change in the morphology of
the cross-section surface. The unfilled material shows more uniform and plane fracture while for
nanocomposites a surface with shear-yield and plastic deformation in different directions can be
observed. The rougher surface morphology into the nanocomposites is homogeneously distributed
along the cross-section and no large agglomerations of nanoparticles seem to be present. Additionally,
voids and more stratified structures appeared and increased with the AgCH-NPs content probably due
to more restricted mobility (higher rigidity) of the polymer chains at the interface with the nanoparticles.

FTIR spectra of PLA/OLA, AgCH-NPs and PLA/OLA AgCH-NPs reinforced nanocomposites
are shown in Figure 3, where characteristic bands of PLA/OLA and AgCH-NP can be identified.
Neat PLA/OLA and nanocomposites show a weak band at 3518 cm™ that can be attributed to the
vibration of the hydroxyl groups in the terminal chain of PLA/OLA. At 1748 cm™! there is a carbonyl
group stretching vibration band, and at 1454 cm™!, 1383 cm ™!, and 1366 cm™! appears -CHj groups,
-CH deformation, and asymmetric bands. The -C-O- stretching bands appear at 1180 cm™, 1130 cm ™,
and 1085 cm™!. AgCH-NPs spectrum exhibits the characteristics absorption bands of chitosan at
1639 cm™! (Amide I), 1551 cm™! (Amide II), and 1324 cm™! (Amide III). These bands are not detectable
in the nanocomposite’s spectra due to the low percentage of nanoparticles in the nanocomposites and
the weakness of these bands.
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(d) (e)

Figure 2. SEM images of the cross-section of PLA/OLA and PLA/OLA AgCH-NPs reinforced
nanocomposites at X1500 magnification, with different nanoparticles concentration. (a) PLA/OLA, (b)
0.5 wt% AgCH-NPs, (c) 1 wt% AgCH-NPs, (d) 3 wt% AgCH-NPs, (e) 5 wt% AgCH-NPs.
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Figure 3. Fourier transmission spectra (FTIR) of PLA/OLA, AgCH-NPs and PLA/OLA AgCH-NPs
reinforced nanocomposites.

XRD patterns were recorded for all the samples and are shown in Figure 4 (see supporting
information Figure S1 for AgCH-NPs XRD spectrum). Neat PLA/OLA exhibits a broad reflection
indicative of its amorphous nature. The addition of 0.5 wt% of AgCH-NPs did not produce a
considerable difference in the PLA/OLA matrix crystalline structure; however, the addition of 1 wt% of
AgCH-NPs starts to induce crystallinity to the PLA/OLA matrix as evidenced by the appearance of a
diffraction peak at 20 = 16.7° corresponding to (110/200) planes of PLA. With increasing the AgCH-NPs
content, this peak characteristic of the ot and o type crystals become more evident. Additionally, in
samples with 3 wt% and 5 wt% of AgCH-NPs loads, new peaks at 20 = 15° and 20 = 19.2° corresponding
to (010) and (203) plane reflections of PLA chains belonging to o or & type crystals were visible, what
is indicative of the nanoparticles nucleating effect [39,40].
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Figure 4. XRD patterns of PLA/OLA and PLA/OLA AgCH-NPs reinforced nanocomposites.

Besides these diffraction peaks, samples with contents of 3 and 5 wt% of AgCH-NPs, start to
exhibit reflections at around 32° (002), 38° (111), and 44° (200) corresponding to the presence of
AgCH-NPs (see Supporting Information Figure S2) being a clear evidence of their presence into the
nanocomposites. Interestingly, with increasing the AgCH-NPs content to 5 wt%, reflections from
(010), (200/110), and (203) planes very slightly shifted to higher 26, and intensity of peaks at 15° and
22.4° corresponding to (010) and (015) crystalline planes of PLA, increased (Table 2). This fact can be
indicative of a higher degree of order in the structure with increasing the AgCH-NPs content to 5 wt%
from more distorted orthorhombic crystals (¢’ form) to more perfect crystals (« form). Calculated
interplanar distance from Braggs” law evidenced lower distance between planes in the sample with
the highest AgCH-NPs content (Table 2) [41]. It is also possible to note that small diffraction peaks at
12.6° and 25.3° appeared in 1, 3, and 5 wt% of AgCH-NPs containing samples that are assigned to the
reflections of (004/103) and (016) planes of crystalline PLA respectively [42,43].

Table 2. Distance between planes of nanocomposites (1-5 wt% of AgCH-NPs) calculated from the most
intensive diffraction peaks.

20 (Angle) Distance between Planes

Sample (010) (200)/(110)  (203) d(A) d(A) d(A)
PLA/OLA AgCH1% - 16.7 - - 5.30 -

PLA/OLA AgCH3% 14.8 16.7 19.1 5.98 5.30 4.64

PLA/OLA AgCH5% 14.9 16.8 19.2 5.94 5.27 4.62

3.2. Thermal Analysis

In order to study the effect of the addition of AgCH-NPs over the PLA/OLA matrix thermal stability
as well as over the thermal degradation mechanism, thermogravimetric analysis was conducted under
nitrogen atmosphere. Figure 5 shows weight loss vs. temperature thermogravimetric curves (Figure 5a)
and their corresponding derivative curves (Figure 5b), for neat PLA/OLA and AgCH-NPs loaded
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PLA/OLA nanocomposites. Table 3 collects temperatures at different percentages of weight loss for
each sample.

100 - 3
—PLA/OLA 2 —PLA/OLA
80 —PLA/OLA-AgCH-0.5% ’ —PLA/OLA-AgCH-0.5%
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Figure 5. Thermogravimetric curves of neat PLA/OLA and its nanocomposites with different AgCH-NPs
content: (a) Weight loss vs. temperature curves; (b) derivative curves.

It is worth noticing that derivative thermogravimetric curves (DTG) of nanocomposites containing
1 and 3 wt% of AgCH-NPs are sharper than the rest (neat matrix and the other nanocomposites), which
the main degradation peak presents a shoulder, evidencing a two-step degradation process. In general,
the thermal stability of the samples seems to be dependent on the amount of AgCH-NPs. Maximum
degradation temperature decreases between 20-56 °C with increasing AgCH-NPs content from 1 to
3 wt%. Interestingly, with the addition of 5 wt% of AgCH-NPs, the shape of the degradation curve
changes significantly, with a temperature at maximum weight loss rate closer to the nanocomposites
with 0.5 wt% of AgCH-NPs instead of the one with 3 wt% of AgCH-NPs. This phenomenon could
be related with the high amount of AgCH-NPs that can affect the mass transport barrier, resulting in
more intricate paths for the volatile products (i.e., low molecular weight OLA plasticizer) to scape
during thermal decomposition and therefore, promoting slightly better thermal resistance for sample
with AgCH-NPs loading of 5 wt% [44,45]. Thus, in general, TGA results show that the addition of low
amounts of AgCH-NPs (0.5 wt%) did not significantly affect the thermal degradation of the PLA/OLA
matrix, while amounts closer to 5 wt% of AgCH-NPs could even better prevent the thermal degradation
of the matrix than the addition of 1-3 wt% of nanoparticles. Additionally, it is important to remark
that no degradation occurred from room temperature to 180 °C, the range where nanocomposites
were processed.

Table 3. Temperatures at different weight losses of neat PLA/OLA and the different formulations
containing AgCH-NPs.

Temperature at Maximum Temperature at Different Weight

Sample Weight Loss Rates (°C) Losses (°C)
Tmaxt Tmaxz Ts T30 Tso Tro
PLA/OLA 306 331 227 284 304 321
PLA/OLA AgCHO0.5% 312 341 224 285 304 322
PLA/OLA AgCH1% 273 296 211 258 270 279
PLA/OLA AgCH3% 275 - 203 253 266 276
PLA/OLA AgCH5% 303 - 210 268 284 299
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Differential scanning calorimetry (DSC) was employed to study the glass transition, melting,
and crystallization of plasticized PLA and its silver-containing nanocomposites. Figure 6 shows
the thermograms of neat PLA/OLA and its AgCH-NPs nanocomposites. Glass transition (Tg),
cold crystallization (Tee, AHcc), and melting temperatures and enthalpies (T,;,, AHy,), as well as
crystallinity values (X:%) are summarized in Table 4. All the samples showed a single glass transition
temperature that is indicative of good miscibility between polymer matrix and plasticizer as no
evidence of Tg from free OLA was observed. The addition of AgCH-NPs into PLA/OLA resulted in
significant differences over T¢ values with respect to the neat matrix. The addition of 0.5-1 wt% of
AgCH-NPs produced a significant decrease in Tg values from 32 °C to 24-25 °C. This reduction due to
the addition of nanoparticles can be related to the higher mobility of the polymer macromolecules
due to an increase in the free volume of the matrix probably due to the plasticizer. On the contrary,
the addition of 3-5 wt% of AgCH-NPs increased the Ty towards typical values of non-plasticized
PLA probably due to the presence of high content of nanoparticles within the PLA plasticized matrix,
that hinders the movements of the macromolecular chains in agreement with TGA results [46].

PLA/OLA

LA/OLA-AgCH-0.5%

P
PLA/OLA-AgCH-1%
PLA/OLA-AgCH-3%

Heat Flow (W/g)

PLA/OLA-AgCH-5%

T T T T T T T T T T T
-50 0 50 100 150 200 250
Temperature (°C)

Figure 6. Differential scanning calorimetry (DSC) curves of neat PLA/OLA and its nanocomposites

with different AgCH-NPs content.

Accordingly, and as can be seen in Figure 7, T, values decreased as well as the area under the
peak (AH,.) with the addition of AgCH-NPs that acts as nucleus promoting/favoring crystallization of
PLA/OLA at lower temperatures. Moreover, the cold crystallization in samples with 3 and 5 wt% of
AgCH-NPs is barely visible compared to the samples with lower AgCH-NPs content, which agrees
with their higher crystallinity just after processing as confirmed by XRD. T, values did not show
notable differences when nanoparticles are present, and all the samples showed a broad transition with
multiple shoulders which appear well-defined as two individual peaks in samples with 0.5 and 1 wt%
of AgCH-NPs contents. As previously reported for some research, this phenomenon can be attributed
to the melting of different crystals (x and o) mainly formed during heating in DSC analysis as the total
enthalpy (AHrytqr) of the continuous transitions for these samples in the range between crystallization
and melting is near zero. The fact that AHr,, value in 1 wt% of AgCH-NPs sample is slightly higher is
in agreement with its higher crystallinity compared to neat PLA/OLA and nanocomposite containing
0.5 wt% of AgCH-NPs. In correlation with XRD results, the clearly visible first melting peak can be
due to the presence of o” form just after processing, or crystallites with different lamellar thickness.
In contrast, it is clear that higher AgCH-NPs content (3-5 wt%) induces crystallinity during processing
as evidenced by the low AH,. values and subsequent melting peak.
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Table 4. Thermal properties and crystallinity calculated from DSC scan for neat PLA/OLA and
formulations containing AgCH-NPs.

Sample Tg Tee AHee Tm  AHm AHpgar Xepsc (%) Xexrp (%)
PLA/OLA 32 88 25 143 27 2 2.8 -
PLA/OLA AgCHO.5% 25 83 27 142 27 0 0.0 -
PLA/OLA AgCH1% 24 76 23 142 29 6 9.2 3.3
PLA/OLA AgCH3% 50 66 2 142 30 28 38.0 26.2
PLA/OLA AgCH5% 53 68 1 141 27 26 37.5 21.9
160 35
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Figure 7. (a) T);, and T, and (b) AHc. and AHy, evolution at different AgCH-NPs contents in the
PLA/OLA nanocomposites.

3.3. Mechanical Properties

The characteristic mechanical behavior of all processed samples is shown in Figure 8 and values are
summarized in Table 5. Neat PLA/OLA showed low elongation at break, (¢), (neat PLA/OLA ¢ ~108%;
AgCH-NPs nanocomposites & ~338-371%) and high Youngs’ or elastic modulus, (E), (neat PLA/OLA
E = 783 MPa; AgCH-NPs nanocomposites E ~88-256 MPa) compared to nanocomposites. All the
nanocomposites possessed higher elongation at break while a reduction in the elastic modulus and
maximum tensile strength (0max) was observed similarly as previously reported in other studies [41].
Interestingly, the best balance of mechanical behavior into the nanocomposites was obtained for the
least amount of AgCH-NPs tested (0.5 wt%) having the highest Youngs” modulus and maximum tensile
strength of the whole nanocomposites while retaining similar elongation at break. This sample (0.5 wt%
of AgCH-NPs) is totally amorphous, therefore, the low amount of filler helps to retain mechanical
properties closer to the neat PLA/OLA matrix that also possesses the lowest crystallinity. Thus, it seems
that the nanoparticles did not disturb the chain mobility allowing for an increased elongation at break
also enhanced with the loss of crystallinity of this system. In the rest of the nanocomposites, AgCH-NPs
started to induce crystallinity producing an increase of the Youngs” modulus with the % of crystallinity
and, therefore, with the number of nanoparticles. This fact can also be related to the observation
from XRD results that evidenced the presence of crystals with a higher perfection degree into the
5 wt% of the AgCH-NPs sample, in comparison to the crystalline samples with a lower number of
nanoparticles. In this regard, it is well known that the toughness of semicrystalline polymers is strongly
influenced by the variation of crystalline structure and therefore by the solid density, affecting not only
the elastic modulus but also the elongation at break. In the nanocomposites, toughness decreased
with crystallinity, being lower for nanocomposites with 1-5 wt% of AgCH-NPs that possess some
crystallinity in comparison with 0.5 wt% AgCH-NPs nanocomposites.
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Figure 8. Representative tensile stress vs. strain curves obtained for neat PLA/OLA and PLA/OLA
AgCH-NPs nanocomposites.

Table 5. Mechanical properties for neat PLA/OLA and formulations containing AgCH-NPs.

Sample E (MPa) € (%) Omax (MPa)  Toughness (MJ/m?)
PLA/OLA 783 + 102 108 £ 6 23 +2 1.8+0.1
PLA/OLA AgCHO.5% 256 + 29 372 + 26 23 +2 52+0.7
PLA/OLA AgCH1% 88 +13 368 + 32 16+1 31+0.6
PLA/OLA AgCH3% 123 + 36 369 + 50 16 +2 33+05
PLA/OLA AgCH5% 132 +£29 338 + 51 14+3 31+09

3.4. Antibacterial Activity

The effectiveness of these nanocomposites against Gram-positive S. aureus and Gram-negative
E. coli bacteria was evaluated by the ASTM standard method of [37]. The chitosan is well-known
to have antimicrobial activity depending on its structure and molecular weight. For comparison
purposes, one nanocomposite using chitosan at in-between compositions (2%) was obtained by the
same procedure. Figure 9 displays the antibacterial activity of all nanocomposites represented as the
percentage of bacteria kill, which was calculated by the difference between the CFU after contact with
control substrates (PLA/OLA and none) and CFUs after contact with the polymeric nanocomposites.

When chitosan is introduced it confers activity to the matrix, but this effect is more evident
when AgCH-NPs are introduced. The behavior against Gram-positive is more powerful than against
Gram-negative since the latter presents the outer lipid cell wall, which is more difficult to destroy.
In the case of AgCH-NPs low content, the nanocomposites are not effective against E. coli but are
against S. aureus bacteria.

41



Nanomaterials 2020, 10, 22

g

Killing percentage of bacteria (%)
B 8 8 8 8 8 38 B 8

.,a*e’“,.&,é‘,é‘,é‘
A AN A

Figure 9. Percentage of killing bacteria for the different nanocomposites.
3.5. Disintegration under Composting Conditions of PLAJOLA AgCH-NPs Nanocomposites:

In order to evaluate the ability of PLA/OLA and PLA/OLA AgCH-NPs active nanocomposites
to undergo disintegration, firstly, a visual examination of samples at different times when subjected
to composting conditions was performed and results are collected in Figure 10. After seven days of
incubation, nanocomposites containing 1-5 wt% of AgCH-NPs already exhibited fractures, while at
17 days of incubation all samples broke down and changed color, becoming totally opaque. In general,
a change in the color is due to a variation in the refraction index due to water absorption and/or
presence of products formed by the hydrolytic process being a clear indicator of degradation processes
occurring [47,48].

All the samples were visibly disintegrated after 28 days. Thus, the nanocomposites containing
1-5 wt% of AgCH-NPs started to disintegrate faster than neat PLA/OLA and PLA/OLA containing
a low number of nanoparticles (0.5 wt%). These results were confirmed by the weight loss values
(Figure 11a) that remained almost constant for all the samples until seven days of incubation while,
at 36 days, values near 50% and 80% were reached for nanocomposites containing 0.5 wt%, 3 wt%,
and 1 wt%, 5 wt% of AgCH-NPs, respectively. Interestingly, all the nanocomposites degraded faster
than the neat PLA/OLA matrix; this fact might be attributed to the release of Ag ions that can catalyze
the disintegration of the samples accelerating the degradation process. Figure 11b shows, as an
example, the FTIR spectra in the 650-4000 cm™~! range of sample PLA/OLA AgCH-3% at different
composting times. The carbonyl group (-C=0) and -C-O group stretching from PLA and OLA are
clearly visible at 1748 cm~! and 1180 cm™, respectively. After seven days of composting, a band, whose
intensity increases over composting time, appeared at 1590 cm™! due to carboxylate ions indicating the
consumption of lactic acid by the microorganisms [49].
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Figure 11. (a) Weight loss percentage values of PLA and PLA/OLA AgCH-NPs nanocomposites
at different incubation times under composting conditions. (b) Infrared spectra of PLA/OLA
nanocomposites containing 3 wt% of AgCH-NPs, before composting and after different
disintegration times.
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4. Conclusions

In this work, novel plasticized PLA nanocomposites containing 0.5 wt%, 1 wt%, 3 wt%, and
5 wt% of synthesized chitosan mediated silver nanoparticles (AgCH-NPs) were prepared by melt
compounding in a twin-screw extruder and profusely characterized. The presented research depicts a
new utilization of antimicrobial AgCH-NPs synthesized using nontoxic biodegradable chitosan as
a reducing agent of silver nitrate. The AgCH-NPs obtained from a facile green synthesis method,
clearly affected the crystal structure as well as the ability of neat PLA/OLA matrix chains to organize
enhancing its crystallinity and lowering the cold crystallization temperature. In fact, as proven by XRD,
nanoparticles induced a change in the lattice spacing (lowering the distance between crystalline planes)
of the neat matrix, indicating the formation of crystals with higher perfection for the nanocomposite
containing 5 wt% of nanoparticles. In accordance with XRD, a detailed analysis of DSC thermograms
showed that the crystallinity degree of PLA/OLA was significantly affected when increasing the
AgCH-NPs reaching values of ~37% for 3 wt% and 5 wt% of nanoparticle loads. A great enhancement
in toughness and elongation at break was noticed for all the nanocomposites as compared with the
neat PLA/OLA, while Youngs” modulus did not change significantly upon the increase of AgCH-NPs
wt%. In general, the properties of PLA were improved with the AgCH-NPs, mechanical and thermal
properties showed balanced results despite the concentration of nanoparticles, and interestingly,
the incorporation of even the smallest amount of AgCH-NPs increased significantly the disintegration
rate under composting conditions. PLA/OLA AgCH-NPs nanocomposites exhibited antimicrobial
activities against Gram-positive S. aureus and Gram-negative bacteria as compared to the pristine
matrix. A dual mechanism of action combining the bactericidal effect of silver with the cationic effect
of chitosan is probably the underlying and responsible mechanism for the enhanced antibacterial
properties of the nanocomposites. The bactericide effect together with the enhanced degradation rate,
ductility, toughness, and crystallinity of the developed nanocomposites as well as the possibility to be
processed under the same conditions than neat PLA without thermal degradation, are good indications
for their potential utilization in antimicrobial active food packaging applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/1/22/s1,
Figure S1: UV-vis absorption spectra of AgCH-NPs, Figure S2: XRD spectrum of AgCH-NPs.
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Abstract: To use shape memory materials based on poly (lactic acid) (PLA) for medical applications is
essential to tune their transition temperature (Trans) near to the human body temperature. In this study,
the combination of lactic acid oligomer (OLA), acting as a plasticizer, together with chitosan-mediated
silver nanoparticles (AgCH-NPs) to create PLA matrices is studied to obtain functional shape
memory polymers for potential medical applications. PLA/OLA nanocomposites containing different
amounts of AgCH-NPs were obtained and profusely characterized relating their structure with their
antimicrobial and shape memory performances. Nanocomposites exhibited shape memory responses
at the temperature of interest (near physiological one), as well as excellent shape memory responses,
shorter recovery times and higher recovery ratios (over 100%) when compared to neat materials.
Moreover, antibacterial activity tests confirmed biocidal activity; therefore, these functional polymer
nanocomposites with shape memory, degradability and biocidal activity show great potential for soft
actuation applications in the medical field.

Keywords: poly (lactic acid); oligomeric lactic acid; eco-friendly silver nanoparticles; shape memory
properties; antimicrobial activity; biomedical

1. Introduction

The use of shape memory polymers (SMP) for the development of active medical devices is
perhaps the most promising and attractive area of application for these materials. They are potential
candidates for stimuli-sensitive appliances, such as self-tightening and anchoring sutures/staples,
surgical fasteners, orthopedic fixations and self-expandable vascular stents and implants, among
others [1-3], with applicability in minimally invasive surgery. In this sense, these materials can be
located in the body in a temporary and compressed/pre-deformed geometry through a small incision,
to achieve their final/original and desired shape when heated to above the melting or glass transition
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temperature, causing less surgical stress. Additionally, biodegradable polymers with shape memory
activation temperatures around body temperature are preferred for these types of implants, as they
will cause less surgical stress and can degrade after a specific period of time, avoiding the need for their
surgical removal. The activation temperature, commonly named Tirans, can be the melting temperature,
Tm, of the crystalline phase of the polymer or the glass transition temperature, Ty, depending on the
nature of the polymer. Thus, in order to implement a shape memory polymeric system for applications
in medicine, it is necessary to tailor its mechanical and thermal properties to fall into the desired range,
which is not easily achievable.

Poly (lactic acid) (PLA) is a thermoplastic polymer that has found wide applications in the area
of biomedicine in the past three decades, thanks to its good mechanical strength (pure PLLA, elastic
modulus, E = 34 GPa; tensile strength = 50-70 MPa), degradability, biocompatibility and non-toxicity,
as well as a good thermal shape memory performance around 60 °C and its Tg [4]. In spite of its
strengths, PLA possesses well-known limitations such as its relatively poor processability, high stiffness
and crystallinity, as well as its low elongation at break (e = 2-10%) compared with other commercially
available polymers of medical grade [4,5]. Moreover, from a shape memory point of view, its Tg is
well above the body temperature, which limits its direct application and the exploitation of such an
interesting ability when creating a medical device (PDLA, Ty = 50-54 °C; PLLA, Ty = 57-60 °C) [5].
In this sense, it is important to highlight that the SMP research of today should overcome the limitations
of SMPs for tailored practical applications such as biomedical uses, especially when involving potential
materials as PLA. Therefore, numerous strategies have been explored in order to tune the properties of
PLA for specific applications, including copolymerization [6] and blending [7]. The first strategy is
usually used to enhance the glassy state elasticity of PLA through the incorporation of an amorphous
elastic phase with a low Tg to form a copolymer [8,9], which usually results in complex structures
and a successful balance of shape memory performance and mechanical/thermal properties is not
always reached [10,11]. Therefore, physical blending, either with miscible or immiscible components,
is considered as a much more practical and economic way to modulate the properties of PLA [12-14].
Considering that, and taking advantage of the intrinsic compatibility among PLA and oligomers such
as lactic acid oligomers (OLA), due to their similar chemical structure, we used OLA as a plasticizer
for triggering the activation temperature (Tirans) of the shape memory effect, as well as the thermal
and mechanical properties of PLA. We have previously studied different PLA/OLA formulations and
processed them by electrospinning, being able to control the Ty and the moduli (loss and storage) in
the ranges of 21-60 °C and 30-91 MPa, respectively [15]. Therefore, we were able to tailor the Tg of the
system to fall into the range of operating temperatures useful for medical applications (Tg = 4045 °C)
and, thus, allow the shape memory effect of the PLA to be activated by body heat or a temperature
slightly above body heat for samples containing 20-30 wt.% of OLA.

When using a polymeric material in a medical field, bacterial infection usually needs to be
considered as, statistically, it causes half of all hospital infections. More importantly, the biocompatibility
of SMPs can be limited due to residues of microorganisms even prior to sterilization. Although shape
memory polymers have been largely studied for creating parts of biomedical devices, the introduction
of antibacterial activity into these polymeric systems remains an important task and has been mainly
limited to non-degradable shape memory polyurethane materials. Furthermore, the limitation of
microorganism growth on SMP systems must be addressed. Bionanocomposites represent an inspiring
route for creating new and innovative medical materials, and silver nanoparticles (AgNPs) have
been reported to bring improvements in the mechanical properties of dental materials [16] and,
more interestingly, in their antibacterial activity [17], as well as their sustained release [18] and
osteo-integration [19]. Therefore, in the present work, we have synthesized chitosan-mediated silver
nanoparticles (AgCH-NPs) with the aim of incorporating them into a PLA-OLA SMP matrix at
different weight ratios, to obtain appropriate formulations with antimicrobial activity for their use as
thermoplastic medical materials. The microstructural, morphological and antibacterial properties of
synthesized AgCH-NPs as well as obtained nanocomposites were studied in a previous work [20].
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The obtained balanced mechanical properties (ductility and toughness), together with the bactericidal
effect and the non-toxicity of the AgCH-NP synthesis method, led us to examine their potential
application as functional smart materials of interest in biomedicine. Consequently, to that end,
the present work explores, in detail, the thermal, dynamo-mechanical and shape memory properties,
as well as the antifungal activity, of the developed nanocomposites. The resulting shape memory
polymeric systems are expected to provide shape recovery of the permanent shape and, at the same
time, wider biocidal activity, broadening the application of PLA in the field of medicine.

2. Materials and Methods

2.1. Materials

Chitosan from shrimp shells (deacetylation degree > 75%) and silver nitrate (AgNO3) were
purchased from Sigma-Aldrich (St. Quentin Fallavier, France). Sodium hydroxide and acetic
acid were purchased from Fluka (Seelze, Germany). Lactic acid oligomer (OLA) (Glyplas OLAS,
ester content > 99%, density 1.11 g/em?, viscosity 22.5 mPa-s, molecular weight 1100 g/mol) was a gift
from Condensia Quimica SA (Barcelona, Spain) and polylactic acid (PLA3051D, 3% of D-lactic acid
monomer, molecular weight 142 x 10* g/mol, density 1.24 g/cm®) was provided by NatureWorks®
(Naarden, The Netherlands).

2.2. Processing of Shape Memory Plasticized PLA/OLA Nanocomposites

Chitosan-mediated silver nanoparticles (AgCH-NPs) were synthesized following a previously
reported protocol [21,22], obtaining spherical nanoparticles with diameters about 8 nm [20].
Nanocomposites of PLA-OLA containing the synthesized AgCH-NPs were obtained at 180 °C
with a rotation speed of 100 rpm, in a microextruder equipped with two twin conical co-rotating
screws (Thermo Scientific, MiniLab Haake Rheomex CTWS5, Karlsruhe, Germany, 7 cm’ capacity).
Firstly, PLA was added to the MiniLab and after 2 min, when it had reached the melt state, OLA and
AgCH-NPs were loaded and mixed for 1 more minute (total mixing/residence PLA time of 3 min).
Obtained blends were compression molded at 180 °C in a hot press (Collin P-200-P, Maitenbeth,
Germany); after 1 min, to ensure melting, materials were subjected to 5 MPa for 1 min and subsequently
cooled down to room temperature while retaining the pressure for a further 1 min. All the materials
were dried previous to their processing, and the amounts of polymer (PLA), plasticizer (OLA) and
nanoparticles (AgCH-NPs) were calculated in order to obtain nanocomposites with approximately 0.5,
1 and 3 wt.% of AgCH-NPs with respect to the PLA amount.

2.3. Characterization Techniques

Viscoelastic measurements of the pure PLA-OLA matrix and nanocomposites were carried
out in a DMA/SDTA861e Dynamic Mechanical analyzer (Mettler-Toledo, Greifensee, Switzerland).
Dynamo-mechanical thermal analyses (DMTA) were carried out from —60 to 120 °C with isothermal
steps of 5 °C, in the range of 0.1-1 Hz at 3 steps per decade (0.1, 0.5 and 1 Hz). Samples with 4 mm
width and ~100 um of average thickness were measured in tensile mode with 10 mm of effective length
between clamps. Strain amplitude was kept constant at 15 pum. Analyses were performed at least
thrice per sample and the average was taken as representative values. Storage and Loss moduli, and
Tangent Delta were recorded as a function of temperature and time, and glass transition temperatures
(Tgpmra) were calculated as the maximum in Tangent Delta peak. Shape memory properties were
quantified in cyclic-thermomechanical tensile tests consisting on a heating-stretching-cooling protocol
implemented in a Q800 dynamo mechanical analyzer (TA Instruments, New Castle, DE, USA).
Each single cycle included programming the temporary shape and recovering the permanent shape,
as follows: (1) programming step—a temporary fixed shape was created under strain-controlled
conditions. The sample was first heated up and equilibrated at 45 °C (a useful temperature for
biomedical applications) and stretched to a maximum strain of 50% by applying a force ramp of
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0.2 MPa/min. Then, the sample was cooled down and equilibrated at 10 °C and maintained while the
stress was released to zero at 0.5 MPa/min, to fix the temporary shape; (2) recovery step—once the
stress was released, the sample was heated again up to 45 °C at 3 °C/min to recover the permanent
shape. Then, a subsequent cycle was started and the protocol was repeated four times. Strain fixity
ratio (R¢) represents the ability to fix the mechanical deformation (¢r) applied in the programming
step; strain recovery ratio (R;) represents the ability of the material to memorize/recover the permanent
shape after the programming step. Both were quantified with the following equations [23-25]:

R (N)% = (eu (N)/(em (N)) x 100 M

Rr (N)% = ((em (N) = &¢ (N))/(em (N) — & (N — 1)) X 100 (3]

where &, is the maximum strain after cooling and before unloading the sample and e, is the fixed strain
after unloading at 10 °C and in the N cycle during the programming step. ¢ is the residual strain
of the sample after the recovery step in the Nt! cycle. The shape memory temperature profiles were
selected based on the results obtained from the DMTA analysis at 1 Hz, and taking into account the fact
that potential active medical devices are recommended to be activated in the range of 40-55 °C, a close
range to physiological temperatures, which is not harmful for body tissues and avoids premature
activation at room temperature [1].

The antimicrobial properties of the nanocomposites were determined against Candida parapsilosis
(C. parapsilosis, ATCC 22019) fungi, following the E2149-13a standard method of the American Society
for Testing and Materials (ASTM) [26]. Briefly, each nanocomposite was placed into a sterile falcon
tube, filled with 10 mL of the fungi suspension (ca. 10° colony forming units (CFU)/mL) and shaken at
150 rpm at room temperature for 24 h. Fungi concentrations at time 0 and after 24 h were calculated by
the plate count method after a 48-h incubation period. Falcon tubes containing only the inoculum and
neat, plasticized PLA were also used as control experiments.

3. Results

3.1. Glass Transition Temperature, Activation Energy and Crystallinity of the Systems

Regarding the shape memory effect in PLA-based materials, glass transition temperature can be
used as the transition temperature of SMPs. Therefore, in order to better understand the shape memory
behavior of the developed materials prior to studying their shape memory response, an insight into
the effect of the addition of both OLA and AgCH-NPs in terms of the glass transition temperature
is essential. In order to characterize the motions of pure PLA/OLA matrix on both crystalline and
amorphous regions of the nanocomposites, dynamic mechanical measurements were carried out at
multi-frequency temperature sweep mode at three different frequencies. The neat PLA matrix was also
characterized for comparison purposes in order to better understand the transitions obtained with the
incorporation of OLA. Figure 1 shows the temperature dependence of the storage modulus, E’, the loss
tangent, tan o, and the loss modulus, E”, for neat PLA and PLA/OLA at three different frequencies.

Figure 1d (PLA/OLA loss modulus) displays the existence of several transitions that fall into
three main absorption regions from —30 to 10, 20 to 60 and 60 to 110 °C that have been labeled as 3
relaxation, « relaxation and cold crystallization region (cc), respectively. The sharp « peak, centered
at around 40 °C in tan § (Figure 1b), is accompanied by a sharp decrease in the storage modulus
(E’) and corresponds to the segmental relaxation associated to the glass transition (micro-Brownian
motions of long chain segments in the amorphous phase of the matrix). At temperatures below Tg,
secondary relaxation processes (3 transitions) are appreciated, as broad shallow peaks result from
the movements of localized groups of backbone atoms in the amorphous phase due to an increase
in free volume with temperature. After T relaxation, a slight increase in E” and E” is accompanied
with a transition peak in tan 5, which is attributed to cold crystallization processes. As occurs with
PLA/OLA [27], in PLA three distinct regions can be differentiated. Apparently, the 3 transitions due
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to secondary relaxation processes seem not to be highly affected, while glass transition relaxation is
clearly diminished, probably in association with the increase in free volume between chains due to
the plasticizing effect of OLA. As expected, an increase in the frequency produces a shift to higher
temperatures of the transitions, which is in line with results from the literature [28].
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Figure 1. Temperature dependence of (a) poly (lactic acid) (PLA) and (c) PLA/lactic acid oligomer
(OLA) storage modulus (E’) and loss tangent (tand) and (b) PLA and (d) PLA/OLA loss modulus (E”)
at different frequencies (0.1, 1 and 3 Hz).

Figure 2 shows the temperature dependence of tan 4 for neat and plasticized PLA and for all the
nanocomposites at a frequency of 1 Hz.
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Figure 2. Temperature dependence of PLA, PLA/OLA and PLA/OLA-AgCH nanocomposite delta
tangents (tan d) at a frequency of 1 Hz.

As can be seen in Figure 2, the « relaxation corresponding to the glass-rubber transition of
samples shifts to a lower temperature with the incorporation of OLA into the PLA matrix. Additionally,
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the 3-relaxation shoulder decreases with both the incorporation of OLA and increases in AgCH-NPs.
We observe the same number of absorption peaks for all samples; therefore, it seems that, qualitatively,
there are no dramatic changes in the relaxation processes between PLA and PLA/OLA and the
nanocomposites at a frequency of 1 Hz. To explore this effect in more detail, we have calculated
the characteristic relaxation time of the glass transition relaxation process using the maximum of the
delta tangent peak (Tg) for the three frequencies investigated by means of the following expression:

(T, p,y) o (1/27f) 3)

where T is the characteristic relaxation time, T is the temperature at the maximum of the relaxation
peak, and f is the experimental frequency. The dependence of the characteristic relaxation time on
temperature, T(T), is demonstrated in Figure 3. This dependence can be evaluated using the Arrhenius
law, that is:

o(T) < exp(Eq/(kpT)) @)

where E; is the activation energy of the corresponding relaxation process. The values of E, for o
relaxation process for pure PLA, plasticized PLA/OLA matrix and the nanocomposites together with
the values of Tg at studied frequencies (0.1, 0.5 and 1 Hz) are depicted in Table 1. As previously
observed in neat PLA and PLA/OLA, by increasing the test frequency, an increase in Ty occurs in
nanocomposite samples.

Table 1. Dynamo-mechanical thermal analyses (DMTA) results of Tg.

Frequency 1T, 1E,
Sample [Hz] ra I
1 63
PLA 0.5 60 435
0.1 58
1 41
PLA/OLA 0.5 38 365
0.1 36
1 37
PLA/OLA-AgCH-0.5% 0.5 34 270
0.1 31
1 35
PLA/OLA-AgCH-1% 0.5 34 215
0.1 27
1 37
PLA/OLA-AgCH-3% 0.5 37 410
0.1 33

1 Standard errors (+): 1 °C for temperatures; 5 k] for E,.

Figure 3 shows the values of Inf and (1/Tg) for Tg, determined as the maximum in tan &.
The activation energy related to the glass transition is obtained by multiplying the slopes of the 1/T vs.
Inf plot with the gas constant, R = 8.314 x 1073 k] mol~! K~!. The E, values for the glass transition of
the neat PLA and PLA/OLA systems are estimated as 435 and 365 k], respectively.
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Figure 3. Plot of (1/Tg) vs. Inf based on tan & peaks for the different systems.

DMTA results evidenced lower glass transition values and E, for PLA/OLA and its nanocomposites
in comparison with neat PLA. The addition of OLA shifts the Ty towards lower values, evidencing a
plasticizing effect. Furthermore, it is noticed that the glass transition temperature decreases with the
addition of AgCH-NP content up to 1 wt.% and then increases with a further increase in nanoparticles
(8 wt.%) being closer to the neat PLA/OLA. This increase, with a high nanoparticle load, can be
attributable to the confinement effects of polymer chains between nanoparticles, restricting chain
mobility near the surface of AgCH-NPs [29,30]. The activation energy trend agrees with the tendency
of Tg; thus, the activation energy decreases for contents up to 1 wt.% of AgCH-NPs with respect to
neat PLA/OLA, while reaching the highest value for 3 wt.% of AgCH-NP load. This fact reflects the
fact that high AgCH-NP loads (3 wt.%) started to hinder the molecular motions of polymeric chains
and the fact that higher E, is needed than for neat PLA/OLA.

Underlying thermal mechanisms in triggered semicrystalline SMPs involve the glass transition
temperature (Ty) and crystallinity degree. Therefore, as both properties can significantly affect the
shape memory performance, it is also worth studying the extent of the effect that the addition of
OLA and AgCH-NPs produces over the Ty and degree of crystallinity of the samples in detail.
Table 2 summarizes the Ty values obtained from differential scanning calorimetry (DSC), as previously
reported [20], and DMTA, as well as the degree of crystallinity. Both Ty values (from DMTA and DSC),
along with numerical differences, follow the same trend. Similar observations have been reported
widely in the literature and are usually related to the differences found in the fundamental working
principle of each technique as well as in the sample scale size [31,32]. Regardless of those differences, as
commented before for tan § and taking neat PLA as reference, the addition of either OLA or AgCH-NP
significantly lowers both Tgpsc and TgpymTa. As can be deduced from Table 2, the decrease in PLA
glass transition is accompanied by an increase in melting enthalpy, suggesting that OLA promotes
PLA crystal nucleation, as evidenced through the calculated degree of crystallinity. This is in line with
observations done in other PLA plasticized systems and probably occurs due to the lowering of the
interfacial surface energy of the plasticized molecules facilitating PLA crystal nucleation [33,34].

Regarding the nanocomposites, an important observation is that amounts of AgCH-NPs from 1 to
3 wt.% induced crystallinity into the PLA/OLA matrix while retaining lower Tgpmta and E,. This,
in principle, can be related to reduced entanglements/interactions occurring among nanoparticles and
polymer chains into the amorphous domains, favoring their mobility and therefore reducing the Ty
and E;, as previously reported in other nanocomposite systems [35].
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Table 2. Thermal properties and crystallinity calculated from differential scanning calorimetry (DSC)
scan for neat PLA and PLA/OLA and nanocomposites formulations containing AgCH-NPs.

2 12 12 12 1
Tgpmra " Tgpsc 7 Tec AHcc > Tm AHpm AHrotal Xe-pDsc

1
Sample °cl [°Cl [°Cl /gl [°cl /gl /g [%]
PLA 63 62 123 2 149 2 0 —

PLA/OLA 41 32 88 25 143 27 2 2.8

PLA/OLA
AgCHO.S% 37 25 83 27 142 27 0 0.0

PLA/OLA
AgCH1% 35 24 76 23 142 29 6 9.2

PLA/OLA
AgCH3% 37 50 66 2 142 30 28 38.0

1 From reference [20]. 2 Standard errors (+): 1 °C for temperatures, 1J/g in AHy, and 5% for X..

Apart from tan 5, the storage modulus and loss modulus can give a good insight into the
understanding of the shape memory performance. Figure 4 shows the evolution of the storage modulus
(E’) and loss modulus (E”) as a function of temperature. As expected, the addition of OLA decreases
the E’ and E” values of the system at low temperatures. The loss modulus width broadens with
the increase in AgCH-NP content at the same time that the maximum moves to lower temperatures
in comparison to PLA/OLA samples. These results illustrate that molecular mobility is more easily
activated for nanocomposites containing 0.5-1 wt.% of AgCH-NPs in agreement with calculated E,.
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Figure 4. Evolution of (a) storage modulus (E’) and (b) loss modulus (E”) as a function of temperature.

As can be observed in Figure 5, in the glassy state (at =40 °C), PLA/OLA and its nanocomposites
containing 1-3 wt.% of AgCH-NPs show similar E’ values, 1811 MPa, 1578 MPa and 2134 MPa for neat
PLA/OLA, 1 and 3 wt.% for AgCH-NP nanocomposites, respectively, while, for a lower amount of filler
(0.5 wt.%), a slight decrease in the modulus occurs (966 MPa), which can be related to the absence of
crystallinity in this sample. At ambient temperature (25 °C), the stiffness starts to display a reduction
as all the samples are close to glass transition temperature and, upon increasing the temperature
to 45 °C, the stiffness displays a drastic reduction, reaching values of ~4 MPa for nanocomposites
containing 0.5-1 wt.% of AgCH-NPs and ~7 MPa for neat PLA/OLA. Interestingly, the addition of 3
wt.% of AgCH-NPs leads to a substantially higher reinforcement of the E” moduli compared to neat
PLA/OLA. Moreover, this reinforcement effect is retained despite the increase in the temperature and
the cold crystallization.
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Figure 5. Storage Modulus, F/, at different temperatures.
3.2. Shape Memory Properties; Thermal Activation

As mentioned before, nowadays, PLA represents one of the most exceptional polymers in the
biomedicine field for controlled drug delivery and tissue engineering. Nevertheless, in spite of its
benefits, its inherent brittleness has been limiting its use. In this sense, the shape memory effect of
neat PLA has been theorized by many research groups [36-38]; however, it was not observed due to
its brittleness at room temperature. Therefore, in order to avoid the brittle fracture of the material,
mainly polyurethanes (TPU) and poly (e-caprolactone) polyester, have become common choices for
blending or copolymerizing with PLA to create useful and flexible SMP [39,40]. Our research approach
using lactic acid oligomer (OLA) as plasticizer ensures the compatibility of the blend and contributes
to improving the ductility of the PLA, decreasing the glass transition to temperatures useful for
biomedical applications. Thus, considering the results obtained in the DMTA analysis for the addition
of AgCH-NPs, and to fulfill the requirements for further applications in biomedicine—in terms of
facilitating the manipulation, storage and implantation of a possible device—a temperature of 45 °C has
been selected for the activation of the shape recovery [1]. As previously explained in the experimental
section, the shape memory properties were quantified through shape recovery (R;) and shape fixity (R¢)
ratios in three consecutive thermomechanical cycles in a DMTA. Temporary shape was programmed at
45 °C (Thigh > Tgpmra determined from the maximum in the tand curves) by elongating the sample
until it reached 50% strain, then it was fixed at 10 °C (Tjow < Tgpmra) under constant stress. After
removing the load, recovery was performed at 45 °C. Figure 6 shows the evolution of stress and strain
as a function of time and temperature for neat PLA/OLA and its AgCH-NP nanocomposites. Table 3
collects the calculated numerical values for R, and Ry as well as stress at maximum deformation.
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Figure 6. 2D and 3D thermo-mechanical cycles performed at 45 °C for (a) neat PLA/OLA and its
nanocomposites containing (b) 0.5 wt.% of AgCH-NPs, (c¢) 1 wt.% of AgCH-NPs and (d) 3 wt.%
of AgCH-NPs.
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Table 3. Strain recovery, strain fixity and stress at maximum strain values for each shape memory cycle.

Cycle R;(N) R¢(N) Stressat Max. Strain

Sample INT  [%] [%] [MPa]

1 36 99 49

PLA/OLA 2 61 99 5.6

3 67 99 6.0

1 98 100 0.8

PLA/OLA-AgCH-O.5% 2 98 100 0.8
3 98 100 0.8

1 86 100 1.9

PLA/OLA-AgCH-l % 2 99 100 1.9
3 100 100 1.7

1 77 99 2.3

PLA/OLA-AgCH-3% 2 84 99 2.7
3 100 99 3.0

Under the conditions used, shape fixity ratios remained constant for all the samples and close to
unity (R¢ = 99-100%), without the appreciable influence of the AgCH-NP content or the number of
cycles. Conversely, shape recovery ratios (R;) were higher for all the nanocomposites compared to neat
PLA/OLA, which showed an incomplete shape recovery (lower than 50% for the first cycle). Figure 7
details the graphical evolution of shape memory parameters (R and R;) as a function of AgCH-NP
content, complementing the information in Table 3. By incorporating AgCH-NPs into PLA/OLA, the
recovery ratio in the first cycle improves, reaching the optimum at 0.5 wt.% of AgCH-NPs with an R; of
98% and then, despite the better performance of the nanocomposites, a reduction in R; to 86% and 77%
was observed for samples with 1 and 3 wt.% of AgCH-NP content, respectively. According to DMTA
results, these lower R; values for the first cycle, with increasing AgCH-NP content, might be attributed
to the enhancement of crystallinity and the more limited movement of amorphous polymer chains.
Shape recovery is driven by the entropic stresses in the amorphous phase and, as shown in Figure 2,
the magnitude of the tan § transition decreases with increasing nanoparticle content, indicating that
less mobile units are involved in the relaxation process and thus higher hysteresis occurs. With the
increasing cycle number in the shape memory test, R, shows an increasing trend, stabilizing near 100%
after the second or third cycle for 1 and 3 wt.% of AgCH-NPs containing samples. Besides this training
effect of R, with cycles, strain recovery showed a strong dependence on nanoparticle content, whereas
this dependence seems negligible for strain fixity performance.

a) b)

100

-
o
e
o

Shape fixity (Rf %)
2

Shape recovery (Rr %)

] 05 1 3 0 o8 4 3
AgQCH-NPs content (%) AgCH-NPs content (%)
wRifirstcycle  @mRfsecond cycle @RI third cycle @Rriirstcycle  @Rrsecond cycle  @Rr third coycle

Figure 7. Shape fixity ratio (a) and shape recovery ratio (b) characteristic values for neat PLA/OLA and
its nanocomposites containing 0.5, 1 and 3 wt.% of AgCH-NPs.
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The stress at maximum deformation (Table 3) is lower for all the nanocomposites compared to
pure PLA/OLA. This fact is in accordance with the effect of the AGCH-NP addition over the mechanical
properties of PLA/OLA matrices reported in our previous work [20].

Figure 8 shows the evolution over time of the normalized strain during the recovery stage of the
first cycle of the shape memory, for neat PLA/OLA and its nanocomposites at 45 °C. It could be seen that,
for the same recovered strain (i.e., 80% of strain, thus 20% of strain recovered), all the nanocomposites
presented faster recovery than the neat PLA/OLA, with the fastest being the nanocomposite containing
1 wt.% of AgCH-NPs. All the materials presented their Tg at lower temperatures than the set for
recovery (45 °C) and, in spite of similar glass transitions to neat PLA/OLA and 3 wt.% of AgCH-NP
samples, the recovery of the latter is faster. Thus, it seems that the presence of AgCH-NPs provides an
extra force to the PLA/OLA matrix, helping the molecular chains to return to their original configuration.

10 ] Recovery Stage
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80

e 704
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< 50
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N
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o 30
z —— PLA/OLA
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Figure 8. Normalized recovered strain with time for neat PLA/OLA and its nanocomposites containing
0.5, 1 and 3 wt.% of AgCH-NPs.

These results demonstrate that the better overall performance of the nanocomposites might also
be due to improved local heating and more efficient heat transfer during heating, which leads to less
dissipation of energy, a faster response and higher shape recovery.

3.3. Antifungal Activity

In a previous work, these nanocomposites were tested against Gram-positive Staphylococcus aureus
and Gram-negative Escherichia coli bacteria, showing that they exhibited antibacterial activities due to
the dual combination action of silver ions and the cationic chitosan [20]. In this work, we extended
our analysis of their antimicrobial behavior, testing them against C. parasilopsis fungi. Fungi present
different membrane structures than bacteria; fungal walls are composed of chitin and polysaccharides,
while bacteria are mainly made of peptidoglycans, lipoproteins and others. Therefore, the antibacterial
activity of nanocomposites can be different than the antifungal effectivity.

The antifungal activity of nanocomposites was tested by the ASTM standard method [26]. Table 4
summarizes the antifungal activity represented as the percentage of fungi killed, which was calculated
by the difference between the CFU after contact with control substrates (PLA/OLA and none), A,
and CFU after contact with the polymeric nanocomposites, B, following the equation:

Percentage of fungi killed = (A — B)/A x 100 5)
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Table 4. Killing percentage for C. parapsilosis fungi by nanocomposite samples.

Sample Killing Percentage [%]
PLA -
PLA/OLA -
PLA/OLA CH 90
PLA/OLA-AgCH-0.5% 99
PLA/OLA-AgCH-1% 99
PLA/OLA-AgCH-3% 99

As can be seen, all nanocomposites exhibited significant antifungal activity. It is worth noting that
the incorporation of only 0.5 wt.% of chitosan-mediated silver nanoparticles (AgCH-NPs) was able to
kill 99% of fungi present in the tested suspension in contact with the film.

4. Conclusions

In this study, plasticized PLA-based SMP nanocomposites with tailored functionality were
prepared with different amounts of chitosan-mediated silver nanoparticles, AgCH-NPs (0.5, 1 and
3 wt.%). Nanocomposites were obtained by melt-compounding in a twin-screw extruder, and were
subsequently hot pressed. A comprehensive evaluation of the performance of the neat plasticized
matrix as well as the nanocomposites was conducted by focusing on their dynamo-mechanical, shape
memory and antimicrobial properties. To that end, their dynamic thermo-mechanical and shape
memory behavior, as well as antifungal properties, were studied. The plasticizing effect of OLA notably
lowers the Tg value of the neat PLA by at least 30 °C, according to DMTA measurements. In addition,
a significant decrease also occurs in the storage and loss modulus at temperatures close to the
physiological one of interest. PLA/OLA based nanocomposites showed a complex thermo-mechanical
behavior, where the presence of the AgCH-NPs, especially high loads (3 wt.%), sufficiently affected the
crystallinity and thermo-mechanical properties. Importantly, the addition of 0.5-1 wt.% of nanoparticles
into the PLA/OLA matrix slightly reduces the glass transition temperature, while loads of 3 wt.% hinder
the molecular motions of the chains, increasing the Tg to values closer to the neat material. Although
an increase in the Tg and activation energy occurs in the nanocomposite with the highest load, those
values are still below the ones of neat PLA/OLA. The presence of AgCH-NPs is responsible for the
enhanced crystallinity, the lower glass transition and activation energies, as well as the reinforcement
of the storage modulus in the rubbery region (45-100 °C) of the nanocomposites in comparison to the
neat matrix. All these facts together are the driving forces for the better overall performance of the
nanocomposites in the shape memory tests at the temperature of interest, resulting in higher and faster
recovery ratios. In this sense, AgCH-NPs seem to provide an extra force to the PLA/OLA matrix to
return the original configuration. In addition, the nanocomposites showed excellent antimicrobial
effects, which, combined with the enhancement of their shape memory properties, give these materials
great potential for performing as substrates with multi-functionality in the biomedical field.
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Abstract: This study demonstrates a scalable fabrication process for producing biodegradable,
highly stretchable and wearable melt spun thermoplastic polypropylene (PP), poly(lactic) acid (PLA),
and composite (PP:PLA = 50:50) conductive yarns through a dip coating process. Polydopamine (PDA)
treated and poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) coated conductive
PP, PLA, and PP/PLA yarns generated electric conductivity of 0.75 S/cm, 0.36 S/cm and 0.67 S/cm
respectively. Fourier Transform Infrared Spectroscopy (FTIR) confirmed the interactions among
the functional groups of PP, PLA, PP/PLA, PDA, and PEDOT:PSS. The surface morphology of
thermoplastic yarns was characterized by optical microscope and Scanning Electron Microscope
(SEM). The mechanical properties of yarns were also assessed, which include tensile strength (TS),
Young’s modulus and elongation at break (%). These highly stretchable and flexible conductive
PP, PLA, and PP/PLA yarns showed elasticity of 667%, 121% and 315% respectively. The thermal
behavior of yarns was evaluated by differential scanning calorimetry (DSC) and thermo-gravimetric
analysis (TGA). Wash stability of conductive yarns was also measured. Furthermore, ageing effect was
determined to predict the shelf life of the conductive yarns. We believe that these highly stretchable
and flexible PEDOT:PSS coated conductive PP, PLA, and PP/PLA composite yarns fabricated by
this process can be integrated into textiles for strain sensing to monitor the tiny movement of
human motion.

Keywords: thermoplastic polymer; melt spinning; thermoplastic yarn; electric conductivity;
wearable textile

1. Introduction

Smart textiles have drawn increased attention from the academic researchers and industry people
due to their high sensitivity, high flexibility, breathability, multitasking capability, availability, low cost,
deformability and comfort [1-5]. Textiles can be conductive applying various methods including
spinning [6-9], knitting [10], coating [11-15], screen printing [16], inkjet printing [17,18] and 3D
printing [19-22]. Electrically conductive yarn is one of the most basic and essential components of
smart textiles due to its light weight, high stretchability, elasticity, flexibility, and comfort [23,24].
Integrating electronic mechanisms into textile structures can impart various smart functionalities
including sensing, monitoring tiny body movement and information processing to conventional
clothing [25].

Poly(lactic acid) (PLA) is one of the most promising and cheapest bio-based materials among
the various biodegradable polyesters available in the market such as polyglycolic acid (PGA),
polyhydroxybutyrate (PHB), and polycaprolactone (PCL) due to easy process characteristics [26,27].
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PLA has been used in the field of biomedical, medical textiles, agricultural textiles, geo-textiles,
food industry, filters, towels, home furnishings, industrial fabrics, and personal belongings due to
their natural origin, adequate mechanical properties, permeability, low flammability, and excellent
UV resistance [28]. Polypropylene (PP), an outstanding semi crystalline and non-polar thermoplastic
polymer has been used in a wide range of applications such as protective textiles, geo-textiles,
automotive interior, filaments, furniture, antistatic materials, medical devices, soft tissue replacement,
plastic, piping systems, and other consumer food packaging due to its low cost, availability, gas barrier
properties, adequate mechanical properties, and thermo-plasticity [29-31]. However, the use of PLA is
restricted to the biomedical and packaging applications due to slow degradation, high processing cost
and low shelf life though PLA shows high rigidity and good biocompatibility [30]. The main limitations
of PLA, including low toughness and high brittleness, limit its application in stressful conditions [32,33].
It is a great challenge to achieve high levels of toughness of PLA film. The properties of PLA can be
modified by blending, plasticization, and/or by reactive processing [34]. Blending polymer with other
nanoparticles or polyolefin polymers is a simple method to potentially improve the property of pure
polymer [35]. To minimize the above limitations of PLA, the blending of PLA with PP can lead to the
desired properties such as high productivity and quick formulation changes at low price. Blending of
PLA, starch, polyethylene glycol, polyethylene oxide, and polycaprolactone (PCL) with PP improves
the degradability of PP. This polymer blending and composite have been widely used in biomedical
textile, medical packaging, energy storage, plastic industries, and food packaging industries due to
its enhanced mechanical, thermal, electrical, and biodegradation properties [36,37]. Introduction of
PP with PLA decreases the stiffness property of PLA and thus enhance the mechanical properties
of composite yarn. In this present investigation, melt spinning was applied to produce PP, PLA,
and blend PP/PLA thermoplastic yarns due to low investment cost, solvent free simple spinning
process, high production rate, and no environmental pollution. Melt spun PP, PLA, and blend PP/PLA
yarns are hydrophobic and act as insulators. PP, PLA, and blend PP/PLA yarns do not absorb any
chemical during coating due to hydrophobicity. Surface modifications play a vital role in a variety
of application domains from electronics to medicine including interfacing with cells, bio-sensing,
and drug delivery [38]. Polydopamine (PDA), a dopamine derived synthetic eumelanin polymer,
can modify many kinds of substrates [12,39]. Polydopamine acts as a universal surface modification
agent for different applications such as nanotechnology [40], biotechnology [41]. Here all thermoplastic
yarns were treated with dopamine and Tris HCl solution. This PDA treatment converted hydrophobic
yarns into hydrophilic which was proved by contact angle (CA) analysis.

Inherently conducting polymers (ICPs) such as polypyrrole, PEDOT, and polyaniline have
become popular choices for producing multi-functional fibers, films, and fabrics because of their
high conductivity, excellent electrochemical properties, promising catalytic activity, ease of handling,
and excellent solution processability [42-50]. PEDOT:PSS is an automatic choice for researchers due to
its high conductivity and high stability for developing highly conductive and flexible sensors for various
applications such as biomedical and limb motion sensing [51], pH sensing [52,53], flexible heating
element on textiles [54], strain sensing [14,55,56], temperature sensing [57], and wearable e-textiles [58].
Martin et al. [59] developed a multi-walled carbon nanotube (MWCNT, 4%)/polyethylene (PE)
conducting polymeric composite by melt spinning technique and achieved conductivity only 0.1 S/cm.
Soroudi et al. [60] also demonstrated filaments of blends of polypropylene (PP)/polyaniline (PANI)
(20 wt%)/MWCNT (7.5 wt%) by melt spinning and this blend filaments showed maximum conductivity
about 0.16 S/cm. Wang et al. [61] developed a PEDOT:PSS/PVA composite fiber via wet-spinning
process for increasing the electrical conductivity and thermal stability but no information of washing
is available. In this experiment, these conductive thermoplastic yarns were rinsed and the effect of
rinsing on electric conductivity was assessed. These developed thermoplastic yarns also showed better
electrical conductivity, thermal, and mechanical stability compared to others, which is suitable for
strain sensing.
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The target of this experiment is to fabricate PEDOT:PSS coated stable conductive thermoplastic
PP, PLA and blend PP/PLA yarn which is free of metal, carbon, and silica nanoparticles. For predicting
and analyzing the aging properties of conductive yarns, the aging behavior was assessed. Figure 1a,b
show the key possible chemical reaction steps for producing PDA treated and PEDOT:PSS coated
conductive PP and PLA yarns respectively.
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Figure 1. Possible key chemical reactions involved for producing PEDOT:PSS coated conductive (a) PP
and (b) PLA yarn.
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2. Materials and Methods

2.1. Materials

A melt spinner (LE-075 Mixing Extruder, CSI, USA) shown in Figure 2 was used for producing
thermoplastic melt spun yarns. Poly (lactic acid) (PLA) was provided by Imagin Plastics Ltd., Auckland,
New Zealand (average molecular weight, Mw~2.08 X 10%, melt flow index, MFI~210 °C/2.16 kg of
15-25 /10 min). Polypropylene (PP) was procured from Lyondell Basell, New Zealand (Mw~2.20 x 105,
MFI~230 °C/2.16 kg of 25 g/10 min). PEDOT:PSS dispersion was purchased from Sigma-Aldrich,
New Zealand with a ratio of PSS:PEDOT = 1:1.5, pH = 2-3.5 used as conducting material.
Tris hydrochloride (Tris HCI) (Bio-Froxx, GmbH, Germany) was used as buffer agent and dopamine
hydrochloride (98%, Sigma-Aldrich, New Zealand) was used as binding agent for surface modification
of thermoplastic yarn. Hydrochloric acid (HCI) (Sigma-Aldrich, New Zealand) was used to maintain
pH = 8.5 for dopamine and Tris HCI solution.

Header Yarn extrusion

Spindle/Yarn winder
Speed controller ~ Feed hopper | Water chiller

Rotor Power

Figure 2. Schematic diagram of LE-075 Mixing Extruder.
2.2. Preparation of Melt Spun Conductive Composite Yarns

Before thermoplastic yarn extrusion, the most important parameters such as melting point of filler
and matrix, resident time, rotation per minute (rpm) for the extruder were identified. Speed/output
voltage of the extruder plays a vital role for maintaining the same diameter of the fine filament.
Thermoplastic yarns were produced by identifying and applying the melting point of the fillers and
rpm of extrusion. In this experiment, the resident time, rpm, and speed/output voltage for the extruder
were 3 min, 90 and 50 V respectively. In this present investigation, three (3) types of thermoplastic yarns
were developed maintaining the residence time, voltage percentage, and rpm of extruder. Figure 3a—c
illustrate the schematic diagram of PDA treated and PEDOT:PSS coated melt spun PP, PLA, and blend
PP/PLA conductive yarns respectively. At first PP and PLA thermoplastic melt spun yarns were
produced by a melt extruder at 170 °C and 155 °C respectively. Then a mixture (50% PP and 50% PLA)
of thermoplastic polymers was manually measured and mixed and also put into the hopper of the
extruder. Considering the melting point of PP and PLA, the composite thermoplastic melt spun yarn
was extruded at 170 °C. For uniform blending, the produced composite yarn was cut into small sections
using a scissor and again put into the feed hopper. Maintaining the same temperature, rpm, and voltage
percentage of the extruder, the final composite (PP/PLA) yarn was produced by repeating this process
for two times. It is mentioned that considering the residence time (3 min), rpm (90) and output voltage
(50 V) of the melt extruder, the take up speed of uniform yarn production is approximately 1 m/min.
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The take up speed of yarn production can be increased by increasing the speed/output voltage of the
melt extruder.

PEDOT:PSS coated

at170°C

. 2mg PDAper 10 mL
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(b)
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‘Shaking time 24 hat
shaker

Melt spinning
at170°C

()
Figure 3. Schematic diagram of PEDOT:PSS coated conductive (a) PP, (b) PLA and (c) blend PP/PLA yarn.

These hydrophobic yarns were chemically modified to increase the hydrophilicity with PDA
and Tris HCIL. 12.11 g Tris HCl was added in 80 mL distilled water and pH = 8.5 was maintained by
gently adding 1 uM of hydrochloric acid (HCI) for producing Tris HCI solution. 2 mg of dopamine
hydrochloride per 10 mM Tris HCl was added to produce the aqueous solution. PP, PLA, and blend
PP/PLA based hydrophobic yarns were immersed in this aqueous solution and kept in a shaker for
24 h with 55 rpm at room temperature. The surface modified yarns were rinsed with distilled water for
1 min and line dried at room temperature. These PDA treated hydrophilic PP, PLA and blend PP/PLA
yarns were immersed in PEDOT:PSS dispersion for 5 min. Then the coated yarns were dried at room
temperature for 4 h by hanging them on a clothes line using wooden clip hangers shown in Figure 4.
This coating process was repeated for two dip coating cycles. All the thermoplastic yarns were coated
for two times considering the flexibility, stiffness, and rigidity of conductive yarns. Though more
coating cycles increased the conductivity but made the yarns stiff and rigid. Stiff and rigid yarns
are not suitable for integrating into textiles for wearable applications. The above fabrication process
can be described as: production of thermoplastic yarns by melt spinning > surface modification by
polydopamine > PEDOT:PSS coated conductive yarns by dip coating.
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Figure 4. Line drying system for drying PEDOT:PSS coated conductive yarns.

2.3. Characterizations of Thermoplastic Yarns

The chemical interactions among different components such as pure PP, pure PLA, blend PP/PLA,
PDA, and PEDOT:PSS were studied using FTIR. This measurement was performed with a total of
24 scans/sample over the range of 4000-400 cm™! at resolution of 4 cm™!.

The contact angle (CA) was analyzed using FTA200 Dynamic Contact Angle Analyzer (First Ten
Angstroms, Portsmouth, VA, USA) with the static sessile drop method. A droplet (1 pL) of distilled
water was placed on the surface of the raw thermoplastic and PDA treated yarns by a syringe. A video
camera (Sony ICX274 CCD) was used to record the water contact angles of the raw thermoplastic and
PDA treated yarns at room temperature.

The DC electrical resistance of 20 cm lengths of conductive yarns was measured by FLUKE 114
TRUE RMS Multimeter (Everett, WA, USA) before and after rinsing. Electric resistance was measured
three times for each conductive yarn every after each dip coating cycle and averaged. Then electric
conductivity (o) was measured applying the following formula [62]:

o=L/RA 1)

where R is the electrical resistance (€2), A is the total cross-sectional surface area (cm?) and L is the
distance between electrodes (cm).

Optical microscopy was performed on several pure PP, pure PLA, blend PP/PLA, surface modified,
and PEDOT:PSS coated yarns to determine the presence of PDA and conductive polymer on pure
yarns. Each yarn was attached at both sides on a glass slide using clear scotch tape exposing 30 mm
of yarn. Optical microscopy was carried out by an optical microscope (OLYMPUS, Tokyo, Japan).
Optical images were captured with a HUWAEI Y9 camera (Shenzhen, China) and images were cropped
using Photoshop software. An image of the all yarns at 100 times magnification was captured in all
stages in the same position.

For analyzing the yarn surface morphology, PDA treated and PEDOT:PSS coated samples were
attached to the scanning electron microscope (SEM) specimen stub using double sided carbon tape.
Before SEM analysis, they were sputter-coated with 5 nm gold-palladium using a Q150T sputter coater
(Quorum Technologies Ltd., East Sussex, UK) in order to prevent the surface charging effect which gives
a blurred picture and to promote the emission of secondary electrons for providing a homogeneous
surface for analysis. This morphological analysis of yarns was characterized using Tabletop Microscope
TMB3030 (Hitachi, Japan) with voltage of 15 kV at different magnifications. The thickness of the coating
was measured using Image] software by taking three measurements of six different samples of the
coatings. Data are expressed as mean + SD.
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The washing stability of conductive yarns of each dip cycle was assessed. The coated conductive
yarns of each dip cycle were rinsed for 1 min and line dried for 2 h at room temperature. Then their
electrical resistance was measured. This rinsing process was carried out five times.

Differential Scanning Calorimetry (DSC) was performed by TA analyzer (TA) Q1000 instrument
(TA Instruments, New Castle, DE, USA) to measure the glass transition (Tg) and melting (Tm)
temperature characteristics of thermoplastic PP, PLA, and blend PP/PLA conductive yarns to determine
the thermal stability. Samples were weighed (10-15 mg) into a pan (Tzero pan; TA Instruments Ltd.,
New Castle, DE, USA). Each sample was heated over the temperature range from 20 to 200 °C at the
rate of 5 °C/min under nitrogen atmosphere (50 mL/min).

The thermal stability and degradation of pure PP, pure PLA, PP/PLA, PDA treated and PEDOT:PSS
coated yarns were analyzed by Q50 TGA analyzer (TA instruments, New Castle, DE, USA). The weight
of samples was 20-35 mg. These stability analyses were performed over the temperature range 200 to
600 °C at a heating rate 20 °C/min under the nitrogen atmosphere (20 mL/min).

The mechanical properties of all yarns were investigated by a TA.HD plusC Texture Analyzer (UK)
applying 5 kg load cell, gauge length of 25 mm and tensile speed 20 mm/min at room temperature.

To evaluate the aging effect, the conductive yarns of each dipping cycle were stored in a ambient
room conditions for five weeks in separate polythene bags with minimal exposure to air and moisture.
The loss of electrical resistance during aging was measured every week in order to determine the shelf
life of conductive yarn.

3. Results and Discussion

3.1. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

The functional groups of all the samples such as pure PP, pure PLA, blend PP/PLA, PDA and
PEDOT:PSS were confirmed by interpretation of the FTIR spectra. Figure 5a, Figure 5b, and Figure 5c
represent the FTIR spectra of PDA treated and PEDOT:PSS coated conductive PP, PLA and PP/PLA
yarns respectively. All the transmittance bands are also listed in Table 1. Here Figure 5a depicts the
transmittance bands corresponding to PP at 2950-2850 cm™!, 1454 cm~! and 1377 cm~! were assigned
to C-H stretching, -CHj bending and C-H bending respectively [30]. Here Figure 5b depicts the FTIR
spectra of PLA, transmittance bands at 2995-2945 cm~!, 1749 em™!, 1182-1045 cm ™! and 1453 cm™!
referred to CH and CHj group, C=0 stretching, symmetric C-O-C stretching and asymmetric bending
absorption of CHj respectively [63]. Ploypeetchara et al. [64] analyzed the spectra of different PP/PLA
ratios and found the transmittance bands that represent PP and PLA were observed in the PP/PLA blend
around 2952-2848cm 1, 14561454 cm™!, 1376 cm™!, 1183-1182 cm ™! and 1086-1184 cm™1. A specific
peak for all PP/PLA blends appeared at 1749 cm™! is corresponded to the stretching of the ester group
(-COO) where the chemical interaction of the anhydride group of PP with the carbonyl group of PLA
formed a new linkage which indicates the PP/PLA blends [37]. From Figure 5c, the transmittance
bands that represent PP and PLA were observed in the PP/PLA blends around 2950-2848 cm™!,
1743 em™!, 1454 em™!, 1376 em~! and 1182 cm™1. After surface modification of PP, PLA and PP/PLA by
PDA, the transmittance bands at 3186-3345 cm™!; 3184-3345 cm™! and 3184-3345 cm™! respectively
corresponded to stretching vibrations of O-H and N-H groups of PDA [65].
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Figure 5. FTIR spectra of PEDOT:PSS coated (a) PP, (b) PLA and (c) blend PP/PLA yarn.

Table 1. FTIR transmittance bonds of thermoplastic yarns.

IR Absorption Bands (cm~1) Description
3184-3345 stretching vibrations of O-H and N-H
groups

2945-2850 C-H stretching

1743-1454 —CHj stretching

1647-1658 C=C stretching

1045-1182 C=0 stretching
1376 C-H bending

1183 and 1025-881 Stretching C-S

1453 Symmetric C-O-C stretching
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From Figure 5a—c, it is seen that the PDA was coated successfully onto the surfaces of PP, PLA and
PP/PLA yarns. From Figure 5a it is seen that the absorption spectra of PEDOT:PSS coating on
PDA treated conductive polypropylene yarn displayed the polymeric interactions in the thiophene
backbone including C=C, C-C and C-S bonds at 1658 em !, 1364 em™!, 1198 ecm ™! and 1025-881 cm ™!
respectively [63]. Similarly Figure 5b shows that the FTIR spectra of PEDOT:PSS coated and PDA treated
conductive PLA yarn displayed the polymeric interactions in the thiophene back bone, including C=C,
C-Cand C-Sbonds at 1647 cm™!, 1378 cm ™!, 1199 cm ™! and 1025-885 cm ™! respectively [63]. Figure 5¢
also indicates that the absorption spectra of PDA treated and PEDOT:PSS coated conductive PP/PLA
yarn displayed the transmittance bands at 1647 cm™!, 1376 cm™!, 1183 cm™! and 1084-1042 cm™!
corresponded to C=C, C-C and C-S bonds respectively [66]. From Figure 5a—c, it is confirmed that
after two coating layers of PEDOT:PSS on PDA treated PP, PLA, and PP/PLA yarns, all transmittance
bands were found to be almost similar due to low PSS adsorption.

3.2. Contact Angle (CA) Analysis

Wettability, an important phenomena of substrates which is related to the surface roughness and
surface charge. Here the melt spun thermoplastic yarns do not absorb any chemicals due to their
hydrophobicity. Using the general method of contact angle measurement, it is hard to analyze a tiny
fiber and yarn. Therefore, we modified the procedure and used adhesive tape to put yarn on contact
angle machine stage. For dropping water on yarn surface, we did not use the machine connected
syringe pump. However, we manually placed the drop of water on yarn surface using micro-pipette
volume (1 puL). The contact angles (0) of raw thermoplastic polypropylene yarn and PDA treated
polypropylene yarn were measured and shown in Figure 6. From Figure 6, it is seen that the contact
angle (CA) of raw thermoplastic polypropylene yarn is 6 = 135°. It has a CA value of 135° in all
groups before surface modification. As this raw thermoplastic polypropylene yarn is hydrophobic, the
surface of this yarn was modified by polydopamine. After polydopamine treatment, the CA of treated
polypropylene yarn decreased which is 0 = 60°. From the CA of PDA treated yarn, it is confirmed that
PDA converted hydrophobic thermoplastic polypropylene yarns into hydrophilic.

©=135°

=60

After surface modification A

=
>

Thermoplastic yarn PDAtreatedyarn

Figure 6. The images of water contact angle of untreated and PDA treated thermoplastic yarns.
3.3. Electrical Conductivity before Rinsing

Electrical conductivity is one of the most important key aspect and requirements for wearable
conductive yarns. Table 2 shows the electric conductivity of PDA treated and PEDOT:PSS coated 20 cm
long conductive PP, PLA, and blend PP/PLA yarns before rinsing.
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Table 2. Electrical conductivity (S/cm) of PEDOT:PSS coated PP, PLA, and blend PP/PLA yarn
before rinsing.

. Coating Cycle 1 Coating Cycle 2
Yarn Type Radius Are;x . .. . .
(cm) (cm?)  Mean Electrical SD Conductivity =~ Mean Electrical sD Conductivity
Resistance (kQ) (S/cm) Resistance (kQ) (S/cm)
PP 0.014  0.000616 131.00 3.42 0.25 43.04 2.20 0.75
PLA 0.013  0.000531 223.33 7.77 0.17 122.67 5.47 0.36
PP/PLA 0.012  0.000452 181.13 3.62 0.24 65.93 123 0.67

SD = Standard Deviation.

After the first and second dip coating cycles, the electric conductivity of conductive PP yarn is
0.25 S/cm and 0.75 S/cm, respectively. Similarly, the electric conductivity of conductive PLA yarn is
0.17 S/cm and 0.36 S/cm respectively. In addition, the electrical conductivity of blend PP/PLA yarn is
0.24 and 0.67 S/cm respectively before rinsing. The number of dip coating cycle increases the electrical
conductivity of the coated yarns. After the second coating cycles, the electrical conductivity of each
yarn increases at least two times compared to the first coating cycle. In Table 2, it is seen that the PDA
treatment has converted the hydrophobic yarns into hydrophilic yarns successfully which was proved
by contact angle analysis and the number of coating cycles increased the PEDOT:PSS pick up% which
increased the electrical conductivity.

3.4. Tensile Properties Analysis

The mechanical properties (tensile strength, Young’s modulus, and elongation at break %) of pure
PP, pure PLA, pure PP/PLA, PDA treated and PEDOT:PSS coated conductive PP, PLA, and PP/PLA
yarns were investigated. The role of the PDA introduction and PEDOT:PSS coating on melt spun
PP, PLA and PP/PLA yarns was characterized by their mechanical properties. Figure 7 illustrates
the stress-strain curves to analyze the mechanical properties of the various types of yarns. Three (3)
replicates were tested for each yarn and the average values of tensile strength, Young’s modulus and
elongation at break (%) were reported in Table 3.
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Figure 7. The stress-strain curves of various thermoplastic yarns.

74



Nanomaterials 2020, 10, 2324

Table 3. Mechanical properties of thermoplastic yarns.

SD Tensile/Young's SD Elongation at

TypesofYam  Tensile Strength (MP2)  (\ipo)  Modulus (MPa) — (MPa)  Break (%) S0
o d‘I;‘I; Arp 122 0.14 76.98 499 59453 5.76
P 181 0.09 87.92 547 636,51 7.98

: 197 0.02 11639 8.94 667.47 592
coated PP

o dil;i];[; LA 2.99 0.18 230.70 7.67 4230 0.39
ot 341 0.40 291.87 5.78 76.89 0.63
PEDOLIS 3.57 0.23 309.29 751 12135 0.48

" dgiz /(f },‘;/PL N 135 0.15 96.164 771 2717 134

e e 2.08 0.49 17211 5.33 263.64 1.01

conted PEIPLA 2.56 0.08 188.40 5.76 31533 0.98

SD = Standard Deviation.

Figure 7 shows all full stress-strain curves for analyzing the tensile strength, Young’s modulus,
and elongation at break%. From Table 3, it is seen that PLA yarns have better tensile strength compared
to PP and PP/PLA yarns. The tensile strength of pure PP, pure PLA, blend PP/PLA, polydopamine
treated and PEDOT:PSS coated PP, PLA and PP/PLA is 1.22 MPa, 1.81 MPa, 1.97 MPa; 2.99 MPa,
3.41 MPa, 3.57 MPa; and 1.35 MPa, 2.08 MPa, 2.56 MPa respectively. Moreover, the tensile strength of
PP/PLA blends improved with the addition of the PLA content due to the higher Young’s modulus
of the PLA yarn compared to the PP yarn. The bridged two immiscible PP and PLA polymers have
formed a strong chemical bond which was confirmed by the FTIR analysis. However, polydopamine
treatment and PEDOT:PSS coating also increased the mechanical properties of these treated and coated
yarns. The mechanical properties of PP/PLA blends are strongly influenced with greater physical
properties of PLA including the degree of crystallinity, melting point, density, heat capacity hardness,
Young’s modulus, tensile strength, glass transition temperature, and mechanical properties.

From Table 3 itis seen that the Young’s modulus of pure PP, pure PLA, blend PP/PLA, polydopamine
treated and PEDOT:PSS coated PP, PLA and PP/PLA is 76.98 MPa, 87.92 MPa, 116.39 MPa; 230.70 MPa,
291.87 MPa, 309.29 MPa; 96.16 MPa, 172.11 MPa and 188.40 MPa respectively. The elongation at break
of pure PP, pure PLA, blend PP/PLA, polydopamine treated and PEDOT:PSS coated PP, PLA and
PP/PLA is 594.53%, 636.51%, 667.47%; 42.30%, 76.89%, 121.35% and 227%, 264%, 315% respectively.
So it is obvious that the polydopamine treatment and PEDOT:PSS coating have played vital a role for
improving the mechanical properties of blend PP/PLA yarn.

However, it is clearly exhibited that introducing of PDA treatment and PEDOT:PSS coating
illustrated a good improvement of mechanical properties of the treated and coated PP, PLA and
PP/PLA yarns due to the -NH, functional group of dopamine and C-S bonds reaction happened
among PDA treated thermoplastic yarns and PEDOT:PSS. This developed conductive yarns showed
higher elongation at break% compared to others development. For example, Luo et al. [67] developed
PEDOT:PSS/PDMS blend conductive polymer films which showed elongation at break of about 82%.
Azizi et al. [37] also developed PP, PLA, and PP/PLA nanocomposite and the elongation at break of PP,
PLA and PP/PLA are 210%, 20% and 25-150% respectively. So this high stretchability feature from this
present investigation was a good upshot for this study which may also be an intelligent aspects of
these new yards to be applied for strain sensing application.

3.5. Optical Microscopy Images Analysis

Optical microscopy images were used to analyze the coating thickness of the PP, PLA and PP/PLA
yarns at different stages to analyze the changes of coating thickness of PP, PLA and PP/PLA yarns after
PDA treatment and PEDOT:PSS coating. Optical microscope images captured of several single yarns
in a original state before PDA treatment, after PDA treatment and PEDOT:PSS coating show that there
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are significant changes in the thickness of boundary layers shown in Figure 8. It is mentioned that an
image of the all yarns at 100 times magnification was captured in all stages.
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Figure 8. Optical microscopic images of conductive (a) PP, (b) PLA and (c) blend PP/PLA yarn.

From Figure §, it is seen that PDA treatment converts the white color of pure PP, PLA, and blend
PP/PLA yarn into black which confirms the successful coating on thermoplastic yarns. So it can be
assumed that PDA treatment has a great impact in the increased thickness of boundary layers of yarns
and PEDOT:PSS pickup%.

3.6. Scanning Electron Microscope (SEM) Analysis

The surface morphology of pure PP, pure PLA, blend PP/PLA, PDA treated, and PEDOT:PSS
coated conductive PP, PLA, and PP/PLA yarns were also analyzed using SEM as shown in Figure 9,
Figure 10, and Figure 11 respectively. A smooth surface morphology was observed without PDA
coating while rough surface was observed in yarns which had been coated with PDA. This fact is
evident from Figures 9a, 10a and 11a as a flat, smooth, and featureless surface of pure PP, pure PLA,
and blend PP/PLA yarn can be observed.
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N 080 1150 S0m

(a) Pure PP yarn (b) PDA treated PP yarn

(c) PEDOT:PSS coated conductive PP yarn

Figure 9. SEM images (surface and cross-section) of PP yarn at various stages.

N 075wl S0

N D82 200 S0um

(a) Pure PLA yarn (b) PDA treated PLA yarn

N D78 2180 S00um

(c) PEDOT:PSS coated conductive PLA yarn

Figure 10. SEM images (surface and cross-section) of PLA yarn at various stages.
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N D79 x300 300um

N DE1 200 500um

(a) Blend PP/PLA yarn (b) PDA treated PP/PLA yarn

N D78 x250 300pum

(c) PEDOT:PSS coated conductive PP/PLA yarn

Figure 11. SEM images (surface and cross-section) of PP/PLA yarn at various stages.

Figure 9b, Figure 10b, and Figure 11b revealed densely rough, more intact features and granular
morphology of PDA treated PP, PLA and PP/PLA yarns. After surface modification of thermoplastic
yarns by PDA, the results showed that the thickness of the modified PP, PLA and PP/PLA coating
were 3.96 + 1.45 um, 3.52 + 5.12 pym and 6.71 + 3.9 um respectively. Though PDA coating layer was
observed over surfaces of PP, PLA and PP/PLA surface but it was not smooth and cracks are visible.
However, still this roughness created a hydrophilic base for further coating and increased the tensile
strength of yarns.

Figure 9c¢, Figure 10c, and Figure 11c displayed the PEDOT:PSS coated conductive PP, PLA and
PP/PLA yarns respectively. A clear wrapping of PEDOT:PSS can be seen in Figures 9¢, 10c and 11c
over the yarns of PP, PLA, and blend PP/PLA. After PEDOT:PSS coating, the thickness of coating layer
of the coated PP, PLA and PP/PLA were 5.79 + 1.44 um, 5.62 + 1.0 um and 8.3 + 2.3 um respectively.
This smooth morphology is critical for conductivity of materials as brittle surface can act as a barrier to
flow of charges. The possible reason of achieving smooth surfaces of PEDOT:PSS coated thermoplastic
yarns may be attributed to higher wettability, absorption and better linkage between the conductive
polymer dispersion and the flexible substrates [68].

3.7. Thermal Behavior Analysis

3.7.1. Thermo-Gravimetric Analysis (TGA)

The thermal stability of pure PP, pure PLA, blend PP/PLA, PDA modified and PEDOT:PSS
polymer coated conductive yarns were analyzed by thermos-gravimetric analysis under nitrogen
atmosphere are shown in Figure 12a—c respectively. Here 5% and 50% mass loss occurring was
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investigated to maintain the accuracy of the thermal degradation temperatures characteristics. The two
degradation temperatures Ts, and Tsqq, correspond to 5% and 50% mass loss of the samples respectively.
The remaining ash (%) at 500 °C was also measured to determine the stability of various yarns. The mass

loss (5%, 50%) and the remaining ash (%) were summarized in Table 4.
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Figure 12. Thermogravimetric analysis (TGA) of PDA treated and PEDOT:PSS coated (a) PP, (b) PLA

and (c) PP/PLA yarn.
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Table 4. TGA results of conductive PP, PLA and PP/PLA: Tsy,, T50,, AT and the remaining ash (%) at

500 °C.
Yarn Type Ts9, (°C) Tsg9, (°C) ATCO Remaining Ash (%) at 500°C
PP
Modified PP 332 455 - 0.93
PEDOT:PSS coated 344 461 6 216
B coate 364 465 1 57
PP
PLA
Modified PLA 296 354 - 0.20
PEDOT:PSS coated 307 372 18 0.30
PLA 333 393 39 0.39
PP/PLA
Modified PP/PLA 315 386 - 1.16
317 412 26 2.46
PEDOT:PSS coated 36 130 " e
PP/PLA )

AT = temperature difference at 50% mass loss among the cross-linked samples and the neat polymers.

The thermal degradation curves of pure PP and pure PLA are also shown for comparison with
modified and coated yarns. Figure 12a,b illustrate that the pure PP, PLA, modified and coated yarns
experience single stage mass loss. Remaining ash (%) at 500 °C indicates that the introduction of
PDA treatment and PEDOT:PSS coating improve the thermal stability of polymers with increase onset
thermal degradation temperature and high molecular chain interaction with thermoplastic polymer.

From Figure 12¢, it is seen that the thermo-grams of blend PP/PLA polymers reveal two-step
degradation processes which indicate two mass loss. The first weight loss is due to the vanishing of
the ester groups in the PLA polymer structure [37]. The second weight loss observed at ~380 °C which
indicates the decomposition of PP polymer. The addition of PLA in PP polymer to produce blend
PP/PLA decreases the initial degradation temperature to 315 °C due to the incompatibility between PP
and PLA polymers. However, the introduction of PDA and PEDOT:PSS coating increase the interfacial
adhesion between PP and PLA. From remaining ash (%) at 500 °C, it is confirmed that the thermal
stability of thermoplastic yarns has been enhanced by addition of PDA and PEDOT:PSS coating.

3.7.2. Differential Scanning Calorimetry (DSC) Analysis

To determine the thermal properties of pure PP, pure PLA, blend PP/PLA, PDA treated and
PEDOT:PSS coated conductive yarns, DSC analysis was carried out and the thermo-grams are shown
in Figure 13a—c respectively. The glass transition temperature (Tg) and melting temperature (Tp,) are
summarized in Table 5. From Figure 13a, it is seen that no glass transition temperature is detected.
The melting temperature (Tm) of PP yarn is detected at 130.92 °C [69]. After PDA treatment and
PEDOT:PSS coating, melting point temperature (Ty,) of PP is revealed at 131.98 °C and 132.61 °C
respectively. So it is noted that PDA treatment and PEDOT:PSS coating have increased the melting
point (T) of PP polymer. Moreover, from Figure 13b, it is seen that the Ty of the pure PLA shows a
hysteresis peak. The Tg and T, of PLA are 56.44 °C [64] and 131.55 °C [70] respectively.
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Figure 13. Differential scanning calorimetry (DSC) thermograms of PDA treated and PEDOT:PSS

coated (a) PP, (b) PLA and (c) blend PP/PLA yarn.

Table 5. DSC results of glass transition temperature (Tg) and melting point (Tr,) of PDA treated and

PEDOT:PSS coated PP, PLA and PP/PLA yarns.

Yarn Type Tg (°O) Tm (°C)
PP - 130.92
Modified PP - 131.98
PEDOT:PSS coated PP - 132.61
PLA 56.44 131.55
Modified PLA 56.44 149.49
PEDOT:PSS coated PLA 56.44 149.91
PP/PLA 50.55 132.27
Modified PP/PLA 55.50 149.15
PEDOT:PSS coated PP/PLA 56.18 150.01

The Ty of the PLA remains same due to the reduction of the mobility of the amorphous character
in the PLA polymer and the physical cross links with lower addition of PDA and PEDOT:PSS.
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A considerable increase is found in the Ty, of PLA after PDA treatment and coating due to the physical
crosslink with PLA polymer. From Figure 13¢, it is seen that the glass transition temperature of blend
PP/PLA polymer is 50.55 °C [64]. After polydopamine treatment and PEDOT:PSS coating, the glass
transition temperature of blend PP/PLA polymers have increased at 55.50 °C and 56.18 °C respectively.

Polymer blending of PLA with PP decrease the melting point of PP. The melting point of blend
PP/PLA is 132.27 °C. The melting points of polydopamine treated and PEDOT:PSS coated blend PP/PLA
yarn are 149.15 °C and 150.01 °C respectively. So it is obvious that the addition of PEDOT:PSS coating
increases the melting point of blend PP/PLA polymer because of the increased interfacial adhesion and
interaction between the two polymer chains.

3.8. Aging Effect on Electrical Conductivity under Different Processing Conditions

For predicting and improving the shelf life of the developed conductive yarn, it is essential
to analyze the degradation of the conducting material under end-use conditions during aging.
Textile sensors will be used in several times. Consumers will wear this type of sensors and go outside.
Then this sensors will be exposed to moisture, oxygen, and sunlight. So the developed conductive
yarns were stored in a real conditioning room maintaining the parameters (temp. 20 °C and R.H.
65 + 4%) for five weeks to analyze and measure the effect of oxygen, sunlight, and moisture content on
the electric conductivity of conductive yarns. Table 6 represents the aging effect on electrical resistance
of PEDOT:PSS coated conductive PP, PLA and PP/PLA yarn.

Table 6. Aging effect of PEDOT:PSS coated conductive yarns.

Electrical Resistance (KQ)

Aging For 1st Coating For 2nd Coating
Conductive c
Duration Increased Total Increased Total Increased
Yarn Type
(Week) Electrical Electrical Increased Electrical
Mean SD Resistance Resistance (%) Mean SD Electrical Resistance (%)
Every from Week Resistance (%) from Week
Week (%) 0-Week 5 (%) 0-Week 5 (%)
0 131.00 341 - 43.00 2.08 -
1 143.07 1.63 9.21 44.70 0.46 3.95
2 149.67 0.57 4.61 46.93 0.57 4.99
P 3 15470 203 3.36 2343 873 075 384 20.98
4 159.30 191 297 51.37 1.32 542
5 164.53 0.83 3.28 52.80 0.30 278
0 223.00 7.76 - 122.00 5.47 -
1 251.10 1.11 12.60 134.13 1.05 9.94
2 262.40 2.80 4.50 139.40 1.20 3.92
PLA 3 26010 174 255 26.85 14333 0.86 282 23.00
4 279.10 2.16 3.72 148.50 0.86 3.61
5 288.80 235 3.48 15253 0.83 271
0 181.00 3.63 - 66.00 1.23 -
1 199.50 0.79 10.22 73.43 0.65 11.26
2 210.50 1.12 5.51 75.67 0.57 3.05
PE/PLA 3 21533 096 229 2545 7850 0.87 374 219
4 223.40 0.79 3.75 80.80 0.36 293
5 231.63 0.42 3.68 81.63 0.87 1.03

Here the gain of electrical resistance on aging was evaluated in every week. By calculating this
total increased electrical resistance (%), the effect of atmospheric storage was analyzed. Considering the
dip coating cycle 1 and 2, electrical resistance of conductive PP, PLA and PP/PLA yarn increased
by ~23.43%, ~20.98%; ~26.85%, ~23% and ~25.45%, ~21.96% respectively in five weeks due to aging
under storage conditions. Considering the increase of electric resistance, it is confirmed that aging has
enormous effect on the shelf life of these conductive materials. The reason for increase in the electrical
resistance of PEDOT:PSS coated conductive yarns may be the oxidative degradation by oxygen and
the degradation of the conductive material by the atmospheric moisture.
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3.9. Electrical Conductivity after Rinsing

Conductive yarns must be sufficiently robust to be suitable for daily use particularly in respect
of bending, abrasion, and cleaning. Wash durable conductive yarns production is a great technical
challenge for repeat use. Conductive tracks typically cannot survive machine washing due to the
mechanical stresses, reaction between detergent and water. The cleaning stability and washing
performance of both PEDOT:PSS coated conductive yarns were analyzed. Figure 14 shows the
relationship between electrical conductivity (S/cm) and rinsing cycles of PEDOT:PSS coated PP, PLA,
and PP/PLA yarns after five rinsing cycles. Electrical conductivity of the conductive yarns was
considerably decreased every after rinsing cycle.

M Rinsc! @@ Rinse?2 Rinse 3 Rinse 4 Rinse 5
0.8+
3
L 0.61
9
2
> 0.4+
°
.g
g 0.2+ |I I
° Ll
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Cycle 1 Cycle2 Cycle 1 Cyele2 Cyclel Cycle2
Coated PP Coated PLA Coated PP/PLA

Figure 14. Conductivity (S/cm) of PEDOT:PSS coated PP, PLA and PP/PLA yarns after rinsing.

Before rinsing the conductivity for dip coating cycle 1 and cycle 2 of conductive PP yarn was
0.25 S/cm and 0.75 S/cm respectively. After 5th rinsing of conductive PP yarn, the conductivity for
dip coating cycle 1 and cycle 2 is 0.213 S/cm and 0.632 S/cm respectively. The decreased conductivity
of PP yarn for cycle 1 and cycle 2 is 14.8% and 15.73% respectively. Similarly before rinsing the
conductivity for dip coating cycle 1 and cycle 2 of conductive PLA yarn was 0.17 S/cm and 0.36 S/cm
respectively. After 5th rinsing of conductive PLA yarn, the conductivity for dip coating cycle 1 and
cycle 2is 0.12 S/cm and 0.241 S/cm, respectively. Therefore the decreased conductivity of PLA yarn for
dip coating cycle 1 and cycle 2 is 29.41% and 33.06% respectively. Before rinsing the conductivity for
dip coating cycle 1 and cycle 2 of conductive composite (PP/PLA)yarn was 0.24 S/cm and 0.67 S/cm
respectively. After 5th rinsing of conductive PP/PLA yarn, the conductivity for dip coating cycle
1 and cycle 2 of conductive PP/PLA yarn is 0.19 S/cm and 0.54 S/cm respectively. The decreased
conductivity of blend PP/PLA yarn for dip coating cycle 1 and cycle 2 is 20.83% and 19.40%, respectively.
This decreased electrical conductivity could be due to the removal of excess unfix PEDOT:PSS on the
yarn surface. Here conductive PP yarn showed better cleaning stability compared to conductive PLA
and composite PP/PLA yarn.

4. Conclusions

A new class of smart interactive textiles (i-textiles) is being designed to develop new strategies
toward smart materials for innovative applications in the various fields including public safety,
healthcare, artificial muscles, military, strain sensing, space exploration, stretchable displays, sports,
and consumer fitness. This manuscript detailing of it study results has demonstrated to construct highly
stretchable, cost effective, durable, and environmentally friendly melt spun thermoplastic conductive
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yarns with excellent thermal and mechanical properties. Here we have introduced mussel-inspired
polydodapine (PDA) treatment to modify the surface of the melt spun thermoplastic yarns. This PDA
treatment acts not only as a coupling or bonding agent but also as plasticizer. This dual characteristics
illustrate significant improvement of surface properties of the thermoplastic yarns. These PDA treated
thermoplastic yarns consisting of PP, PLA, and PP/PLA that were effectively coated with PEDOT:PSS
toward increasing the efficacy of wearable textile sensors. Mechanically the conductive PP, PLA,
and PP/PLA yarns were highly stretchable and flexible. These highly stretchable and flexible conductive
yarns can be used for producing conductive textiles by knitting and also can be integrated into any
textile substrates/fabrics by sewing. The usage of these conductive yarns might be applied to analyze
sporting performance and heart beat of a sportsman, tiny joint movement of human body, the health
record of patients, speaking, swallowing and breathing.
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Abstract: In this work, a detailed rheological study of hybrid poly(acrylamide-co-acrylic acid)
P(AAm-co-AAc) aqueous microgel dispersions is performed. Our intention is to understand how the
presence of gold nanoparticles, AuNP, embedded within the microgel matrix, affects the viscoelastic
properties, the colloidal gel structure formation, and the structure recovery after cessation of the
deformation of the aqueous microgel dispersions. Frequency sweep experiments confirmed that
hybrid microgel dispersions present a gel-like behavior and that the presence of AuNP content
within microgel matrix contributes to the elasticity of the microgel dispersions. Strain sweep test
confirmed that hybrid microgels aqueous dispersion also form colloidal gel structures that break
upon deformation but that can be recovered when the deformation decreases. The fractal analysis
performed to hybrid microgels, by applying Shih et al. and Wu and Morbidelli’s scaling theories,
evidenced that AuNP significantly affects the colloidal gel structure configuration ending up with the
formation of agglomerates or microgel clusters with closer structures in comparison to the reference
P(AAm-co-AAc) aqueous microgel dispersions.

Keywords: polymer microgels; hybrid microgels; thermoresponsive; rheology; scaling theory;
fractal analysis

1. Introduction

Among all colloidal systems, the sub micrometer-sized hydrogel (microgels) particles are of
special interest [1,2]. After decades of research, polymeric microgels have revealed their versatility
from both the functionality (responsiveness) and applications perspective. These smart materials
have received much attention owing to their environmentally tunable sizes and potential applications,
such as chemical separation, catalysis, sensors, enzyme immobilization, drug delivery systems,
biomimicking artificial synovial fluids, tissue mimicking, and injectable 3D cell scaffolds, among
others [3-8]. Besides the mentioned advanced applications, microgels are used as building blocks
to create structures such as colloidal crystals, films, and gels in the macroscopic scale [9-12], and
more recently as active sites confined within electrospun polymer fibers toward the design of
tailored multifunctional stimuli-responsive advanced materials [13-16]. In our previous works, we
first developed poly(acrylamide-co-acrylic acid) microgels featured with the ability to swell upon
heating, thus showing a positive thermosensitivity and an upper critical solution temperature-like
(UCST) volume phase transition temperature [17,18]. This thermo-responsiveness derived from
the presence of acrylic acid that forms hydrogen bonds with acrylamide. The obtained UCST-like
microgels were characterized in terms size, shape, and thermoresponsiveness, so that the effect of the
composition—crosslinking degree and acrylic acid comonomer content could be understood. Moreover,
rheological behavior of aqueous poly (acrylamide-acrylic acid) microgel dispersions was also studied
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from the perspective of a colloidal system. This study outlined their macroscopic elasticity showing
that the material behaves as a colloidal gel [17,18].

As deduced from the literature, the evolution of microgel systems advanced toward the
development of hybrid systems (organic/inorganic systems). In fact, since the first work of Antonietti
et al. [19], in which microgels were used as microreactor and “exo-templates” for the controlled growth
of gold nanoparticles, the development of hybrid microgels has increased significantly [20-28]. This
interest is related to the fact that the incorporation of inorganic nanoparticles into polymeric microgels
provided additional functionalities to the final system [29,30]. For instance, the incorporation of gold
nanoparticles to thermoresponsive microgels would provide optical properties and thus dual-stimuli
responsiveness; the system could be remotely activated (swollen) via light [23].

The intention with this work, besides understanding the effect of adding a nanoparticle into a
nano/microgel in the flow behavior, is to propose our approach as a tool to control/predict the formation,
breakage, and reformation of agglomerates in colloidal dispersion that might influence their final
applications, in particular as drug delivery systems, carriers, or similar. For such purpose, in the
present work a detailed rheological study of hybrid P(AAm-co-AAc) microgel dispersions is presented.
Thus, the aim of this research is to understand how the presence of gold nanoparticles AuNDP, that
are embedded within the P(AAm-co-AAc) microgel matrix, could modify the viscoelastic properties
of the aqueous microgel dispersions and their macroscopic elasticity. In previous studies, we could
determine that P(AAm-co-AAc) aqueous microgels dispersion present a gel-like behavior associated
not only to the gel nature of the polymeric microgels themselves, but also to the formation of certain
structure due to interactions occurring between microgel particles within the dispersion. Therefore, in
this work we will determine if the presence of AuNP within microgels could modify such interactions
and hence the described gel-like behavior. To do so, we used two scaling models (Shih et al. [31] and
Wu and Morbidelli [32]) to perform a fractal analysis of the hybrid aqueous microgel dispersions.

2. Materials and Methods

2.1. Materials

As monomer and comonomer we used acrylamide (AA, 99% pure, Sigma-Aldrich, St. Quentin
Fallavier, France) and acrylic acid (AAc, Sigma-Aldrich), respectively. To obtain crosslinked microgels
N,N’-methylenebisacrylamide (MBA, Sigma-Aldrich, 99.5% pure) was used as crosslinking agent.
The reaction was initiated using 2,2’-azobis(2-methylpropionamidine)dihydrochloride (AMPA-d,
Sigma-Aldrich, 97% pure). As part of the organic phase, span 80 (sorbitan monooleate) (Fluka, Saint
Louis, MO, USA) and dodecane (Fluka, 99% pure) were used as surfactant and organic solvent,
respectively. Gold nanoparticles (AuNP) used for their encapsulation into microgel matrix were
purchased from Nanogap, which are already covered with poly(n-vinyl-2-pyrrolidone) so that they
can be stable in water dispersion. According to Nanogap, AuNP contain 16% gold and the size is
approximately 5 + 1 nm (See Figure S2). All the water used in the preparation and characterization of
microgels was Millipore Milli Q grade.

2.2. Synthesis of Hybrid P(AAm-AAc)-AuNP Microgels

Microgel synthesis was performed by means of inverse emulsion polymerization (w/o) method
as described in [27]. The aqueous phase of the emulsion is formed by acrylamide monomer, acrylic
acid comonomer, crosslinker, water dispersed gold nanoparticles, and distilled water (See Table 1
for details). For the oil phase, emulsifier (SPAN 80) and the organic solvent (dodecane) were mixed.
Prior to the reaction, both solutions were purged with nitrogen during 30 min. Then, we incorporated
the organic phase into a three-necked round bottom flask. Over this organic phase we added the
aqueous phase solution by means of a peristaltic pump with a feeding rate of 1.5 mL/min while the
forming emulsion was mechanically stirred at 475 r.p.m. This procedure derived in the formation
of aqueous phase droplets dispersed in the organic phase. These droplets act as reservoir where the
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radical polymerization reaction occurs. Finally, the polymerization was thermally initiated using a
2,2’ Azo-bis-(2-methylpropionamidine-dihydrochloride (AMPA-d) solution. (The reaction took place at
50 °C, which is the decomposition temperature of the initiator.) Immediately after adding the initiator,
the emulsion became turbid. From this stage, the polymerization reaction was allowed to continue
for 3 h under nitrogen atmosphere. After this period of time, the reaction was cooled down to room
temperature while the stirring and nitrogen flow was maintained to avoid aggregation. Finally, all
the prepared emulsions were purified by removal of organic phase by decantation and the remaining
aqueous phase was further precipitated in ethanol with subsequent washing by centrifugation at
4500 r.p.m. All samples were redispersed in deionized water and placed in dialysis bags (molecular
weight cut off = 3500) for 1 week to remove any unreacted materials. For the sake of clarity, in Table 1
the recipe and reaction conditions for the hybrid microgel synthesis are described.

Table 1. Recipe for the synthesis of the hybrid microgels

AQUEOUS PHASE ORGANIC PHASE
Acrylamide Acrylic Acid MBA AuNP Dodecane  Span 80
(Mol) (Mol) (Mol) (%wt) (mL) (8)
P(AAm-co-AAc) 0.056 277x107%  129x1073 0 30 0.5056
P(AAm-co-AAc)-5% AuNP 0.056 277x107%  129x1073 5 30 0.5056
P(AAm-co-AAc)-10% AuNP 0.056 277x107%  129x1073 10 30 0.5056

The volume of water in the aqueous phase is 10 mL. 1 wt% of AMPA-d intitiator was used.

2.3. Characterization Methods

The morphological analysis of the microgels was performed by scanning electron microscopy,
SEM (ESEM, XL30, Philips, North Billerica, MA, USA) to determine the shape, size, and dispersion
of microgels. Transmission Electron Microscopy, TEM (JEM 3000F, 300kv, JEOL, Tokyo, Japan) was
used to confirm the presence and distribution of AuNP within microgel matrix. For this analysis,
dried microgels were further dispersed in acetone (We used acetone in order to promote a rapid
evaporation of the solvent.). A drop of the dispersion was deposited in a glass wafer, waited till the
solvent evaporates, and sputter-coated with gold to minimize charging at fixed conditions for SEM
analysis. For TEM analysis a drop of the dispersion was deposited in formvar/carbon-coated grids.

For the rheological study of the hybrid microgel dispersions ARG2 (TA Instrument, New Castle,
DE, USA) stress-controlled rheometer was used. First, we determined the linear viscoelastic range
by performing strain sweep tests at a constant and non-destructive frequency of 0.5 Hz for hybrid
microgel aqueous dispersion with concentrations of 1, 2, and 5 wt%. Then, we carried out frequency
sweep tests at a constant strain of 1%, within the linear viscoelastic region. All measurements were
performed at 20 °C, the temperature at which microgels are in their collapsed state [27] and using
a 60 mm acrylic parallel plate. The temperature sweep tests were performed, from 1 to 40 °C, at a
non-destructive frequency of 0.5 Hz, and at a constant strain of 3%. The protocol used for loading the
sample were the same for all the aliquots. We used a 1 mL micropipette to add the same volume. The
plastic tip used for the loading was previously cut in order to avoid any unwanted deformation prior
to the measurement. Microgel dispersions were squeezed the same, by selecting the same gap for all
the microgel dispersions and controlling the normal force exerted to each dispersion, so that the initial
state is the same for all the samples. In order to preserve or not affect structural equilibrium of the
microgels dispersions, we did not perform any preshear prior to the strain sweep test. To ensure a
reproducibility and to obtain an average of the determined parameters we performed a minimum of
5 measurements of each microgel dispersion. To determine the critical strain from the stain sweep tests,
we selected the second point that comes out of the linearity that coincides with the >5% deviation rule.
Fractal analysis was carried out by the application of two scaling theories: Shih et al. [31] and Wu and
Morbidelli [32].
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3. Results and Discussion

3.1. Morphology

Figure 1 shows SEM (A, B, C) micrographs corresponding to P(AAm-co-AAc) microgels and
hybrid microgels containing 5% and 10% of AuNP. As observed, the synthesized P(AAm-co-AAc)
microgels are of spherical shape with diameters in the range of 200 to 500 nm (Figure 1A), which
is in agreement with the definition of microgel: intramolecularly crosslinked polymer particle with
diameter size in the range of 100 nm to 1 pm. The incorporation of AuNP did not affect the morphology
of P(AAm-co-AAc) microgels as seen in both Figure 1B,C and already envisaged in previous work [27].
The hybrid microgels are also of spherical shape with similar diameter sizes. Therefore, in terms of
morphology, microgels shape and size were not affected by the addition of AuNP, probably due to the
small quantity of added nanoparticles and their small size (5 nm) as well. Nevertheless, SEM technique
does not allow to detect AuNP.

Figure 1. Representative SEM micrographs corresponding to the samples (A) P(AAm-co-AAc),
(B) P(AAm-co-AAc)-5% AuNP, and (C) P(AAm-co-AAc)-10% AuNP.

In order to confirm the successful encapsulation of AuNP, TEM micrographs corresponding to P
(AAm-co-AAc)-10% AuNP hybrid microgel sample (Figure 1D,E) are depicted in Figure 2A-D. Those
micrographs, reprinted with permission of Elsevier, were taken from our previous work [27]. As shown
in Figure 2A, AuNP appear as black spheres in an organic matrix. In particular, in Figure 2A it is
possible to observe the atomic planes of the Au nanoparticles, besides confirming that the particles
diameter is approximately 5 + 1 nm. In Figure 2B the image of a single hybrid microgel with black
spheres can be observed. Such image is not clear enough to identify whether AuNP are located inside
the microgel matrix or on the surface. But if we focus on the Figure 2C,D (magnified from C), near the
edge of a single microgel AuNP particles (black spheres) clearly embedded inside the microgel matrix
canbe observed. This result confirmed the successful encapsulation of AuNP [27]. In order to determine
the final AuNP content we also performed thermogravimetric analysis. From TGA experiments we
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could conclude that the samples P(AAm-co-AAc)-5% AuNP and P(AAm-co-AAc)-10% AuNP have a
final AuNP content of 3% and 8%, respectively. (See Figure S1 and Table S1 of supporting information).

Figure 2. A to D figures show TEM images corresponding to the sample P(AAm-co-AAc)-10% AuNP
(Adapted from [27] with permission from, Wiley-VCH, Copyright 2010).

Regarding the influence of AuNP in the swelling ability and thermo-responsiveness, in a previous
work we demonstrated that the incorporation of AuNP shifted the volume phase transition temperature
of P(AAm-co-AAc) towards temperatures close to 37 °C [27].

As mentioned in the introductory section of the manuscript, the versatility of polymeric microgels
make them very useful for a wide and diverse spectrum of applications. In this particular case, we
developed this hybrid dual responsive microgel system so that it could be potentially used as drug
carriers for a further controlled drug release [18]. Therefore, it is crucial to understand the rheology of
the microgel aqueous dispersions so that their application could not be conditioned due to undesirable
or uncontrollable agglomerations that could occur when applied by injection, for instance, or when
circulating in the blood stream so that blood clot could be induced. Taking this into consideration, in
this work we put effort in determining the rheological properties of these hybrid microgels so that we
could better understand their structure-properties-applications relationship.

3.2. Effect of the Incorporation of AuNP in the Viscoelastic Properties of Aqueous Hybrid Microgel Dispersions

Our first step in the rheological characterization of microgel dispersion was to determine their
viscoelastic behavior. Figure 3A shows representative frequency sweep tests corresponding to
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P(AAm-co-AAc), P(AAm-co-AAc)-5% AuNP, and P(AAm-co-AAc)-10% AuNP aqueous microgel
dispersion (C = 5 wt%). As general behavior, the three microgel samples possess the elastic modulus
(full symbols) higher than the viscous modulus (empty symbols) at all the frequency ranges studied.
Having G” > G” indicates that microgel dispersion presents a solid-like behavior. Moreover, microgel
dispersions also present an elastic modulus G’ which is constant and independent of the frequency
(showing a finite value at zero frequency). These are the two conditions that define a polymer gel
rheologically. Therefore, these two facts together serve to affirm that microgel dispersions present a
gel-like behavior as it was also the case of similar systems [17,25]. In addition to these two conditions,
the three microgel samples described a minimum in the frequency dependence of G” (Figure 3A),
which is characteristic of colloidal gels, as stated by Mewis and Wagner [33]. This minimum is better
observed in the graph corresponding to the P(AAm-co-AAc) microgel (without AuNP).
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Figure 3. (A) Evolution of the elastic (G") and viscous modulus (G”) with frequency for P(AAm-co-AAc),
P(AAm-co-AAc)-5% AuNP and P(AAm-co-AAc)-10% AuNP microgel aqueous dispersions at a single
concentration of 5 wt%. (From 10 to 1 Hz measurement was performed under a constant strain of
3% and from 1 to 0.01 Hz under a constant value of 1% strain). (B) Elastic modulus plateau (G'0)
represented as a function of AuNP content, for the three different concentration of microgel dispersion:
1,2, and 5 wt%.

For a deeper analysis of the results, in Figure 3B we have collected the elastic modulus plateau
G’0 (extrapolated at zero frequency) obtained from the frequency sweep tests performed for hybrid
microgel dispersions at three different concentrations (1, 2, and 5 wt%), and represented as a function
of AuNP content within the microgel matrix. Two results can be drawn: First, that the elastic modulus
increases as the concentration of the aqueous microgel dispersions increases, and second and probably
more relevant, that the encapsulation of AuNP within the microgel matrix contributes to increase
the elastic modulus of the dispersion. For instance, if we analyze the effect of AuNP content in
the dispersions containing 5 wt% of microgel, it is observed that the encapsulation of 5% of AuNP
within microgel matrix provokes an increase of the G’ modulus one order of magnitude. When the
encapsulated AuNP increases from 5% to 10%, the elastic modulus increases also the double, that is, it
evolves from approximately 150 Pa (5% AuNP) to 260 Pa (10% AuNP). This result clearly indicates
that AuNP act as a filler reinforcing the microgel matrix. The aqueous microgel dispersions’ elastic
character is increased giving rise to a stronger gel-like system with improved viscoelastic properties.

We have confirmed that the encapsulation of AuNP contributes to the elasticity of the system
deriving in a stronger gel-like behavior compared to pure microgel dispersions. In previous studies we
could determine that the gel-like behavior was associated not only to the gel nature of the polymeric
microgels but also to the formation of certain structure (a colloidal gel) due to interactions occurring
between microgel particles within the aqueous dispersion [17,25]. In the present work we have studied
how hybrid microgel dispersions behave under strain (deformation) and evaluated the influence of
AuNP embedded in the microgel matrix. Accordingly, in Figure 4A the evolution of G" and G” with
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increasing applied strain and for decreasing applied strain is evaluated for P(AAm-co-AAc) (5 wt%

microgel concentration).
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Figure 4. Evolution of G’ (full symbols) and G” (empty symbols) as a function of % strain determined
as the strain increases (square) and as the applied strain decreases to the initial state (circle) for (A)
P(AAm-co-AAc), (B) P(AAm-co-AAc)-5% AuNP and (C) P(AAm-co-AAc)-10% AuNP microgel aqueous
dispersions at 5 wt% concentration.

If we analyze the obtained graphs, at low strains both G and G” keep constant being G" > G”.
This first stage defines the linear viscoelastic range (LVR). But as the strain increases, both G’ and G”
reach the limit of linearity at a critical strain value (y0), becoming dependent on the strain. At certain
strain value the modulus crossover occurs (G” = G”). From this point on, viscous modulus is higher
than the elastic modulus, which is indicative of the liquid-like behavior of the microgel dispersion.
When the applied strain is reduced up to the initial value, both G and G” start to increase again
until recovering their independency against the strain ending up in the gel-like behavior described
before. The fact that aqueous microgel dispersions are able to recover their initial gel-like behavior
implies the formation of some kind of structure that breaks upon deformation that restructure when
the deformation disappears [34-36]. However, the obtained absolute values of G” and G” are slightly
lower in the upturn measurement, showing an incomplete recovery or hysteresis.

When analyzing the strain dependent behavior of the hybrid microgels shown in Figure 4B,C,
a similar trend is observed. Hybrid microgel dispersions described a region in the curve at which
G’ and G” are independent of the applied strain, but as the strain increases both G” and G” become
dependent, the cross-over point is achieved and G’, G” end up decreasing. When the strain is reduced,
hybrid microgel dispersions recover the initial G’, G” values, and therefore, the initial gel-like behavior.
Interestingly, the encapsulation of 5% of AuNP within microgel matrix derived in weakened hysteresis.
But even more remarkable is the behavior described for the P(AAm-co-AAc)-10% AuNP microgel
dispersions where no hysteresis is observed. This means that, P(AAm-co-AAc)-10% AuNP hybrid
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microgel dispersion is capable to totally recover the initial colloidal gel structure, and therefore the
interactions that held the structure (cluster).

In fact, strain dependence behavior (increasing and further decreasing the applied strain)
corresponding to P(AAm-co-AAc)-10% AuNP shows two superimposed curves indicating that there is
no loss of elasticity; G" and G” recover from the imposed deformation. Therefore, hybrid microgel
dispersions are capable to totally recover the interactions between microgels and thus the initial
colloidal gel structure.

3.3. Fractal Analysis of Aqueous Hybrid Microgel Dispersions by Means of Shi et al. and Wu and Morbidelli
Scaling Theory: Effect of AuNP in the Microgel Interactions

Atthis stage, from the evaluation of the viscoelastic properties we have confirmed the reinforcement
role that AuNP have in the microgel. Additionally, the analysis of the hybrid microgel dispersions
behavior under strain put in evidence the formation of some kind of structure that breaks upon
deformation and with the ability to recover as the applied deformation decreases gradually. Previous
research regarding the rheological behavior of aqueous dispersions of poly (acrylamide-acrylic
acid) microgels already outlined their macroscopic elasticity showing that the material behaves as
a colloidal gel [17,18]. These two results are relevant for further potential applications that might
imply flow of aqueous dispersions. Indeed, shear-thinning of a colloidal suspension could enable
a more homogeneous and easy delivery of the material in the case of injectable materials [37]. And
if this behavior is complemented with the total recovery of the elastic properties immediately after
injection/deformation, this may prevent the flow of the colloidal solution and facilitate that the material
remains on the target site.

There are several studies regarding the interplay of microgel inter-particle interaction modifications
by changing particle size, surface charge (functionalization), and crosslinking degree [38—42] (most of
them used poly(N-isopropylacrylamide) PNIPAM microgels), but reports aimed to evaluate, control,
and predict its influence on the fractal structure and cluster formation through rheology are scarce.
For instance, Liao et al. [8,43] generated an in-situ formed hydrogel, using PNIPAM microgels as the
building blocks to construct injectable thermal gelling scaffold for 3D cell culture, in the presence
of Ca®* to induce changes in the inter-particle interaction. They studied their fractal structure and
concluded that both salt concentration and temperature modify the interactions among microgels [8,43].
Recently, we also attempt to modify microgels colloidal behavior through quaternization but no
relevant differences were obtained [44]. Therefore, to determine the flow behavior of the hybrid
microgel dispersions and to understand how hybrid microgels interact within the aqueous dispersion
could be as relevant as the characterization of their responsiveness. Being so, we took advantage of the
scaling theories developed by Shih et al. [31] and Wu and Morbidelli [32] and used them as a tool to
perform a fractal analysis. These two scaling theories, which are an extension of the computer model
proposed by Brown and Ball [45] are based on the fact that microgel dispersions are a collection of
flocs—fractal objects closely packed throughout the sample-. These models were recently used to study
the interactions occurring among poly(N-Isopropylacrylamide) polycationic microgels [44].

Shih et al.’s [31] models differentiated two extreme situations and unravel the intra- and inter-floc
interactions in two separate regimes: strong-link regime where inter-floc interactions are stronger than
intra-floc (among particles) interactions and weak-link regime where the elasticity is driven by the
mechanically weaker part of the system, that is the weak links between flocs. Shih et al. described each
regime based on the scaling relationship of both the elastic constant (elastic modulus plateau) and
critical deformation with concentration as shown in the following equations:

(i) Strong-link regime:

Gy ~ /10D M

yo ~ g /) @
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being ¢ the concentration, d the Euclidean dimension of the system (d = 3), Dy the fractal dimension, and

x is the fractal dimension of the aggregated backbone that has to be lower than the fractal dimension
and positive (D > x > 0) [31,46], being a reasonable value 1-1.3 [31].

(if) Weak-link regime:

G) ~ (p(d’z)/(d’Df) 3)

yo ~ (Pl/(d—Df) @)

Wu and Morbidelli extended the Shih et al. model to the case where samples belong to a transition

regime between the strong and weak link regimes. Therefore, in order to gather these two regimes

in a single model, they introduced a new parameter, microscopic elastic constant, a. This parameter

describes a range of values from 0 to 1, where a = 0, corresponds to Shih et al.’s strong-link regime

whereas @ = 1 matches the weak-link regime. Wu and Morbidelli defined the model with the following

equations:

G(’] ~ (Pﬁ/(d—Df) (5)
Yo ~ @liPD/ @00 ®)
p=(d-2)+2+x)(1-a) )

being $ an auxiliary parameter that relates « with x.

In order to perform the fractal analysis, strain sweep tests of hybrid microgels aqueous dispersions
were carried out at three different concentrations (1, 2, and 5 wt%) as shown in Figure 5: P(AAm-co-AAc)
(Figure 5A), P(AAm-co-AAc)-5% AuNP (Figure 5B), and P(AAm-co-AAc)-10% AuNP (Figure 5C).
As observed from the figure, the three samples describe an increase of G and G” with the microgel
concentration. However, the increase of microgel concentration lead to a decrease of the linear
viscoelastic range; less strain is necessary to break the formed structure within the dispersion.
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Figure 5. Strain sweep test corresponding to (A) P(AAm-co-AAc), (B) P(AAm-co-AAc)-5% AuNP, and
(C) P(AAm-co-AAc)-10% AuNP microgel aqueous dispersions at three different concentrations: 1, 2,
and 5 wt%.
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We have extracted the average elastic modulus plateau G’, and the average critical deformation y,
for each aqueous microgel dispersions at each studied concentration, and represented as a function of
the concentration in Figure 6A,B. As it was expected, both G’, and vy, exhibit a power law relationship
with the concentration that can be fitted to the form: G’ ~ C* and yy ~ CB. When evaluating the
concentration dependence of G', positive slopes are observed for the studied microgel dispersions (as
collected in Table 2). In contrast, the evolution of y( exhibit negative slopes.
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Figure 6. Double-logarithmic plot of (A) the elastic modulus plateau, G’y, and (B) critical strain, v,
as a function of the aqueous microgel concentration for the samples: P(AAm-co-AAc) (black square),
P(AAm-co-AAc)-5% AuNP (red circle) and P(AAm-co0-AAc)-10% AuNP (green triangle).

Table 2. Summary of the results obtained by applying Shi et al., and Wu and Morbidelli’s fractal models.

Samples Slopes (Figure 6A,B) Shih et al. Wu and Morbidelli Regime
P A B Df «x Df B a &

P(AAm-co-AAc) 2564016 02% 0 214£028 22+05 0634017 Transition

0.17 (weak)
P(AAm-co-AAc)-5% -0.62 + Transition

PR 3.82+0.78 022 — <0 2307 23+12 0574038 (weal)

P(AAm-co-AAc)-10% -1.18 + .
D 2.29 £ 0.06 013 119 113 1204 414+01  0.04+003 Strong-link

According to the Shih et al. scaling model [31], the fact that y exhibit a negative slope indicates
that the three systems fall into the strong-link regime, in which inter-floc interactions are stronger
than intra-floc. In the case of P(AAm-co-AAc)-5% AuNP microgel dispersion, this strong-link regime
is also evidenced in the strain hardening depicted in Figure 5B for the dispersion containing 1 wt%
of microgels. Thus, fractal dimension is obtained by applying Equations (1) and (2) of the Shih et al.
model and collected in Table 2. But, as shown in the table, results obtained with the Shih et al. model
are only valid for the P(AAm-co-AAc)-10% AuNP microgel dispersion, being this sample the one that
fulfill the requirements mentioned above (having an x value lower than the fractal dimension and
positive). In the case of P(AAm-co-AAc)-5% AuNP microgel dispersion, although 1 wt% dispersion
clearly described a strain hardening behavior, thus supporting the strong-link regime, it is observed
that upon addition of more microgels, 2 and 5 wt %, dispersions turn to strain thinning (see Figure 5B),
which evidenced a transition between the two regimes, strong- and weak-link. Consequently, in order
to evaluate the type of interactions Wu and Morbidelli’s scaling theory needed to be applied. From the
applications of Equations (5)—(7) we could obtain the fractal dimension (Df) and microscopic elastic
interaction regime (a) of the three studied microgel dispersions (Table 2). Some of the parameters
showed significant experimental errors, in particular for P(AAm-co-AAc)-5% AuNP; these results
would be more accurate with the study of more concentrations however, we have to indicate that our
intention with this experiment was to obtain semiquantitative results for comparative purposes.

The estimation of & parameter resulted in values that evolves from 0.63 for P(AAm-co-AAc) to
0.04 for P(AAm-co-AAc)-10% AuNP, indicating an evolution from a transitioning regime toward a
strong-link regime. Itis worth mentioning that there is a lack of agreement between the semi-quantitative
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strong-link regime assessed for P(AAm-co-AAc)-10% AuNP microgel dispersion through Wu and
Morbidelli’s model, and the qualitative shear thinning described in Figure 5C.

The encapsulation of AuNP within the microgel matrix contributes to increase the inter-floc
interactions, or in other words, hampered the formation of cluster or agglomerates. This result is
also in agreement with the estimation for the fractal dimension Df that varies from 2.14 to 1.2 with
the incorporation of AuNP. This remarkable decrease of the fractal dimension also indicates that the
incorporation of AuNP has changed the growth/aggregation mechanism of the aqueous dispersions.
Fractal dimension is an indication of the growth mechanism and stacking density of the particles
forming the floc. As stated in the literature two growing mechanisms are identified: reaction-limited
and diffusion-limited aggregation mechanisms. Each mechanism gives rise to different agglomerates
structures and thus, to different fractal dimensions. In the case of the reaction-limited mechanism,
this ends up in agglomerates with denser structures (Df ~ 2.0-2.2) [47,48]. For the diffusion-limited
mechanism, agglomerates form looser structures (Df ~ 1.7-1.8) [49]. Taking this into account, we can
conclude that the incorporation of AuNP has modified the growth mechanism of P(AAm-co-AAc)
micorgels, ending up in the formation of agglomerates with looser structures. It is worth mentioning
that the obtained results could also be affected by the spatial distribution of the AuNP within microgel
matrix that could be different as the content of AuNP increases [46]. This issue will be studied in
further work.

4. Conclusions

The detailed rheological study performed in this work resolves that hybrid microgel dispersions
present a gel-like behavior, besides confirming the elasticity reinforcement role of AuNP, as it was
expected. By analyzing the behavior under deformation (strain sweep tests), we confirmed the colloidal
gel structure which can break upon deformation but completely restructure as the deformation
gradually disappears. Metal nanoparticles (AuNP) also play a major role in the recovery of the
structure. From the application of the scaling theories, we also determined that the incorporation
of metal nanoparticles (AuNP) affects significantly the colloidal structure formation to the point
of modifying the growth mechanism from a reaction-limited to a diffusion-limited aggregation
mechanism with the incorporation of 10 wt% AuNP. In conclusion, the incorporation of AuNP modifies
the agglomerate growth mechanism giving rise to agglomerates with looser structures at rest that are
easily deformable.

The strategy used in this work serves as a tool to control the formation, breakage, and reformation
of agglomerates under stress through rheological characterization. Moreover, it opens a new way to
predict metal nanoparticle effect in the microgel dispersions behavior through simple stress sweep
tests, being the targeted objective. In addition, this facilitates the preparation of a more homogeneous
and easy applicable system, for instance when applied for injectable systems [37]. In addition, the
recovery of the elastic properties immediately after injection (deformation) may prevent the flow of
the colloidal solution and facilitate that the material remains on the target site [50]. In summary, the
approach presented herein is straightforward and simple, besides potentially inducing additional
functionalities to the microgel system derived from the nanoparticles responsiveness itself.

Being able to control and program the flow behavior of microgel dispersion would be extremely
helpful in order to ensure the success of their final application, in particular as drug delivery systems,
carriers, or similar. Being able to tailor how stimuli responsive microgels should behave under
deformation, and at rest, would avoid undesirable or unexpected agglomeration problems that could
limit their responsiveness or have dramatic consequences as blood clots when referring to real in-vivo
use of the smart dispersions. In conclusion, this work puts in evidence the importance of understanding
the rheological behavior and fractal structure of stimuli responsive microgels for further potential
applications that might be implied in flow/deformation of aqueous dispersions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/10/1499/s1,
Figure S1: TGA Thermograms corresponding to P(AAm-co-AAc) (black), P(AAm-co-AAc)-5% AuNP (red)
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and P(AAm-co-AAc)-10% AuNP (green). Table S1: Results corresponding to the residue obtained from
TGA experiments.
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Abstract: Background: Nanomedicine is a field of science that uses nanoscale materials for the
diagnosis and treatment of human disease. It has emerged as an important aspect of the therapeutics,
but at the same time, also raises concerns regarding the safety of the nanomaterials involved.
Recent applications of functionalized biodegradable nanomaterials have significantly improved the
safety profile of nanomedicine. Objective: Our goal is to evaluate different types of biodegradable
nanomaterials that have been functionalized for their biomedical applications. Method: In this
review, we used PubMed as our literature source and selected recently published studies on
biodegradable nanomaterials and their applications in nanomedicine. Results: We found that
biodegradable polymers are commonly functionalized for various purposes. Their property of being
naturally degraded under biological conditions allows these biodegradable nanomaterials to be used
for many biomedical purposes, including bio-imaging, targeted drug delivery, implantation and
tissue engineering. The degradability of these nanoparticles can be utilized to control cargo release,
by allowing efficient degradation of the nanomaterials at the target site while maintaining nanoparticle
integrity at off-target sites. Conclusion: While each biodegradable nanomaterial has its advantages
and disadvantages, with careful design and functionalization, biodegradable nanoparticles hold great
future in nanomedicine.

Keywords: biodegradable; nanomaterials; nanomedicine

1. Introduction

Nanotechnology is being applied in many aspects of human life, including agriculture,
transportation, electronics, communication, food industry and medicine [1-5]. Nanotechnology
is the manipulation of matter at the nanoscale (1 to 100 nm) to create new particles and devices [5].
Nanotechnology assisted medicine, known as nanomedicine, is an interdisciplinary field of science and
technology applying materials at the nanoscale for the diagnosis and treatment of human disease [6,7].
Nanomedicine has emerged as an important aspect of the therapeutic regimen for different types of
diseases as it holds great potential for personalized medicine. Nanomedicine also has very diverse
applications, including smart imaging, molecular detection, and targeted therapy [7]. Many unique
properties of nanoparticles depend on the size and shape, the surface charge and modification, and
the hydrophobicity of the nanoparticles [8]. The unique properties of nanoparticles could provide
great advantages of nanomedicine. For example, the small size of nanoparticle can allow them cross
biological barriers; different structures of nanoparticles can increase the bioavailability of non-soluble
or unstable drugs; the modifiable surface of nanoparticles can allow desired targeting capacity to the
diseased area for either imaging or specific drug delivery. Improved drug bioactivity, bioavailability
and controlled delivery are being realized as drugs can be encapsulated into nanodrug delivery
system. It is therefore deemed as a superior therapeutic approach compared to the conventional
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medicine. With the development of nanomedicine, concerns have also been raised regarding the
safety of nanomaterials involved. In the notion of improving the safety profile of nanomedicine,
biodegradable nanomaterials are gaining increasing attention in this field. Biodegradable nanomaterials
are nano-scale materials that can be naturally degraded under biological conditions in the body [9].
The degradability of the nanoparticles can be a useful property to control cargo release as the ideal
biodegradable nanoparticles require efficient degradation at the target site while remaining stable at
off-target sites [7,9]. Biodegradable nanoparticles hold great promise in drug delivery system due to a
number of reasons: they provide controlled releasing profile; they are stable in the circulation system;
they are non-toxic and non-immunogenic; they are also capable of avoiding the reticuloendothelial
system, part of the immune system in the body that takes up and clears foreign objects, thus prolonging
their circulation time [9]. The rationale for this review is that while there are several reviews on one
specific type of biodegradable nanomaterial, there is no recent systemic review on the biodegradable
nanomaterials and their applications in nanomedicine [10-14]. In this review, our objective is to
evaluate different types of biodegradable nanomaterials that are currently being investigated for their
application in different diseases.

2. Literature Search Methods

We used PubMed as our source for literature research. The key words used were “biodegradable
nanomaterial” and “nanomedicine” and the range of publication date was set within the past
10 years. Out of the 561 studies available at the time of writing, we selected the ones that we
considered to be relevant to our review, which reported functionalized biodegradable nanomaterials
and their application in nanomedicine. Subsequently, under each subsection, the specific name of the
biodegradable nanomaterial were added as a key word to fine-tune the literature search.

3. Types of Biodegradable Nanoparticles

Similar to their nondegradable counterparts, biodegradable nanoparticles can be categorized
based on their structure and arrangement of the nanomaterials, either by encapsulating the agents of
interest as nanocapsule or incorporating those agents into a nanosphere [8]. The agents of interest can
either be encapsulated in the nanoparticles or adsorbed on the surface of the nanomaterials [8]. Some
examples of classic nanocapsules include micelles and liposomes, and dendrimers are an example of
nanospheres. No matter what the structure is or how the payload is being incorporated, biodegradable
nanoparticles remain the general advantages of nanoparticles in nanomedicine, such as slow and
controlled release of the cargo and targeted delivery, which lead to enhanced therapeutic effects and
decreased side-effects, especially for certain cytotoxic drugs, with one more advantage being that
biodegradable nanomaterials decrease the cytotoxicity to the body. Further surface modifications can
also be done to improve the drug release profile and targeting efficiency.

In making biodegradable nanoparticles, polymers have shown high biocompatibility and
biosafety [15]. Polymer-based nanoparticles are solid colloidal particles with a size of 10-500 nm
and can be used to carry therapeutic agents of interest by either embedding/encapsulating the agents
within their polymeric matrix, or adsorbing/conjugating them onto the surface [15,16]. In addition, the
particle surface and size can be modified to control drug release [15]. Based on the main materials
used for the formation of the nanoparticles, polymer-based nanomaterials can be categorized into
two main groups: synthesized materials such as poly-D-L-lactide-co-glycolide (PLGA), polyactic
acid (PLA), and poly-e-caprolactone (PCL); and natural materials like chitosan. All these polymers
can undergo degradation process to be degraded into products that can be safely processed in the
body (Figure 1). The degradation rate of polymer-based nanoparticles are affected by many factors,
including internal factors such as the size, structure and molecular weight of the nanoparticles, as
well as external factors, such as pH and temperature, both of which influence the payload releasing
profile [17]. Synthetic polymers have the general advantage of relatively long drug release period,
compared to their natural polymer counterparts [18]. However, based on the type of materials being
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applied, certain disadvantages may also arise for certain nanoparticles, whether it is low drug-loading
capacity, instability, or increased fragility. The existence of different advantages and disadvantages of
different nanomaterials require careful consideration in order to choose proper nanomaterials when
designing new nanoparticles. The detailed advantages and disadvantages of each nanomaterial will
be summarized in the following sections (Table 1).
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Figure 1. The biodegradation reaction of some commonly used biodegradable nanomaterials.
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Table 1. Advantages and limitations of some biodegradable nanoparticles.

egradable Nanoparticles

Advantages

Biocompatibility

Low immunogenicity

Slow and controlled release of the cargo
Targeted delivery

Limitations

Instable if not modified

High cost of particle production
Difficult to synthesize particles that
are homogeneous in shape and size

General Enhanced therapeutic effects Relktsioay e @i
Decreased side-effects and cytotoxicity - apsulzti (o 8 c;sen oy
g/{odlﬁable size e?'\d surface to improve Difficulty in large scale production
rug r,elease,gro i v and sterilization
targeting efficiency
e Non-specific uptake by the
Hydrophobicity useful for reticuloendothelial systems
carrying low soluble drugs e  Low drug loading capacity
. Easily modifiable physical and e  Low encapsulation efficiency
PLA micelles chemical properties to obtain e  Particle
il based desirable pharmacokinetic and size-dependent immunotoxicity
olymer-base biodegradable properties e Easily affected
degradation rate
e The acidic nature of PLGA
monomers are not suitable for
Wide range of erosion times ;?é;acul;v(lr;gosl:cnlﬁes
Modifiable mechanical properties Difficult to achieve optimal
PLGA micelles Degradation rate can be changed drug release profile P
by adjusting the ratio of PLA:PGA non-linear, dose-dependent
and their molecular weights P P !
and easily altered
biodistribution
and pharmacokinetics
Degradation does not produce
acidic byproducts L. .
PCL nanoparticles Slow degradation rate, ideal for ° iI:ISy drrggi\:tl;(l’i:ty (Lot WL
long-term implantation device P
Versatile mechanical properties
Good absorbability, permeability, ° Very sensitive to
and moisture retention envu-onm.ental temperature
Chitosan nanoparticles R e Degradation rate affected by
Low toxicit environmental pH
ow toxiaty e Poor long-term stability
High degree of branching and
polyvalency, with very high L. X
surface-to-volume ratio, enabling ° CY“_"OX‘C“Y e CRem during
high drug carrying efficiency the interactions w1tlh cell
Dendrimers Capable of carrying drugs with T Gl O
oor solubility charge and modifications made
i{igh Tt sy on the surface of the dendrimer
Useful as MRI imaging agent
Self-assembly, enabling easy
drug loading
High loading efficiency
Protect encapsulated drugs from
early inactivation, degradation e  Fast clearance rate
Lipid-based Liposomes and dilution in the circulation e Low stability

Can be formulated into different
forms for various routes

of administration

Easily functionalized with
surface modification

e  Complex production method
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3.1. Micelles

A micelle is defined as a collection of amphiphilic molecules that can self-assemble in water
into a spherical vesicle [19]. Micelles can be formed by either lipid- or polymer-based amphiphilic
molecules [20-22]. Lipid-based micelles are composed of small molecules that have a hydrophilic head
group and a hydrophobic tail, which is the hydrocarbon portion of long fatty acids [23]. Polymer-based
micelles are formed with polymers of alternating hydrophilic, such as poly(ethylene oxide) (PEO),
and hydrophobic blocks, such as poly(propylene oxide) (PPO), poly(lactic acid) (PLA), or other
biocompatible and hydrophobic polyethers or polyesters [23] (Figure 2). Polymeric micelles range
from 10 to 100nm in size and have a narrow size-distribution [17,24]. Self-assembly of the single
chains of amphiphilic molecules occurs when they reach certain concentrations, which are defined as
the critical micelle concentration (CMC) [17]. CMC is an important parameter to assess the stability
of micelles as micelles with lower CMC are more thermodynamically stable [17]. The molecules of
micelles are self-assembled in a way that the core is hydrophobic whereas the shell is hydrophilic [17].
The hydrophobic core allows encapsulation of poorly soluble drugs whereas the hydrophilic shell
increases circulation time and structural stability to enable controlled and sustained release of the
drugs, though their circulation time is shorter than that of liposomes due to their smaller size [20,22].

N o
T X

\ Palymer or lipid 8 lipid \ Molecules such as Poly{amidoamine)

Figure 2. Examples of applications of nanomaterials in different nanoparticles.
3.1.1. Polylactic Acid (PLA) Micelles

Poly(D,L-lactic acid) (PLA) is a type of biodegradable nanomaterial that is widely used in
nanomedicine. PLA is produced from the monomer of lactic acid (LA), which is obtained from glucose
fermentation [25]. In the process of synthesizing PLA, LA is converted to lactide and eventually to
PLA [25]. Under physiological conditions, PLA can be hydrolyzed into lactic acid, and eventually
secreted out of the body [26,27].

PLA is relatively hydrophobic, and is therefore commonly used for implants (such as stents
or screws for bone fixations), medical sutures, as well as drug delivery micelles as it improves oral
bioavailability of hydrophobic drugs [10,11]. One of the advantages of using PLA to make micelles is that
its physical and chemical properties, such as size, shape, molecular weight and liquid-to-gas ratio, can
all be easily altered to obtain desirable pharmacokinetic and biodegradable properties [11]. However,
limitations also exist for PLA nanoparticles, such as non-specific uptake by the reticuloendothelial
systems, as well as low drug loading capacity and low encapsulation efficiency [11]. Although PLA
generally elicits low immunotoxicity, it has been shown that the size of PLA nanoparticles affects their
immunotoxicity- the smaller the nanoparticles, the more immunotoxic they are [28].

As PLA degrades primarily by hydrolysis while the polymer degradation rate is determined
by its reactivity with water, any factors that can change the reactivity can affect the degradation
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rate [10]. Although the release of the drug in micelles is mainly controlled by the rate of diffusion of
the drug from the micellar core and the rate of biodegradation of the micelles, other factors such as the
compatibility between the drug and core forming block of copolymer, the amount of drug loaded, the
molecular volume of the drug, and the length of the core forming block also affect the drug release
profile [29]. A general consideration when choosing PLA as micelle block is to match the mechanical
properties and the degradation rate to the need of the application [10]. Meanwhile modifications of
the nanoparticles have also been made for better delivery efficiency. For example, micelle-templated
Polylactic-co-glycolic acid (PLGA) nanoparticles have been developed for hydrophobic drug delivery
with increased stability and loading capacity [21].

3.1.2. Polylactic-Co-Glycolic Acid (PLGA) Micelles

Polylactic-co-glycolic acid (PLGA) is one of the best characterized biodegradable polymers that is
frequently used for drug delivery as it can be hydrolyzed in the body to produce metabolite monomers
lactic acid and glycolic acid, and eventually degraded into non-toxic products (i.e., water and carbon
dioxide) that can easily be eliminated from the body [8,30,31]. PLGA is a copolymer of hydrophobic
polylactic acid (PLA) and hydrophilic polyglycolic acid (PGA) [32]. PGA is also a biodegradable
material that can be degraded into glycolic acid, which is a natural metabolite [33]. For this reason,
PGA has been most commonly used in the production of resorbable sutures [33].

As a copolymer, PLGA has a wide range of erosion time and modifiable mechanical properties [31,
32]. The degradation rate of PLGA can be changed by adjusting the ratio of PLA:PGA and their
molecular weights in order to control the release of incorporated drugs [31,32]. These characteristics
make PLGA a very attractive type of material for drug delivery [31,32]. Different approaches of loading
systems exist for PLGA-based nanoparticle therapeutics, including protein encapsulation, protein
adsorption, and nucleic acid loading [12,34].

Despite the fact that more than three decades have passed since PLGA first received the approval
from the Food and Drug Administration (FDA), there are still only 19 long releasing approved products
containing PLGA [35,36]. The slow development of long releasing PLGA drug carriers are attributed
to the challenge that regardless of its many modifiable properties, the acidic PLGA monomers are
not suitable for certain drugs and bioactive molecules [8]. Another major challenge of formulating
PLGA containing drugs still lies in the difficulty of achieving the desired drug release profile [36].
The biodistribution and pharmacokinetics of PLGA are non-linear, dose-dependent, and easily affected
by different factors including the hydrophilicity, the inter-hydrolytic group chemical interactions, the
crystallinity as well as the volume to surface ratio of PLGA [31].

3.1.3. Modification of Micelles

Poly-ethylene-glycol (PEG) is commonly used to modify the surface of nanoparticles to enable
long-term circulation [8]. The process of incorporating PEG onto the surface of a nanoparticle is
known as PEGylation [8]. PEGylation has been incorporated for the development of various block
copolymers [31]. PEG-b-PLA micelles are used as a platform for the systemic multi-drug delivery
of poorly water soluble anticancer agents because PEGylation stabilizes micelles and improves
encapsulation capacity [37]. PEG-PLGA copolymers can form nanospheres, micelles and hydrogels,
making them great biodegradable nanomaterials for the construction of nanodrug delivery system [38].
Depending on the structural differences, PEG-PLGA copolymers can have characteristics suitable for
different loading agents, enabling multi-drug loading capacity, further improving their therapeutic
efficacy [38]. For examples, PLGA-b-PEG-b-PLGA is a thermosensitive copolymer that can transition
from solution into gel at body temperature for multi-drug delivery of both hydrophobic and hydrophilic
anticancer agents [37]. Several such PEG-PLGA copolymer composed multi-drug delivery systems
have been approved by the FDA as neoadjuvant therapy for cancer treatment [37].

In some micelles, functionalized PEG layers are added as the hydrophilic outer shell to attain
receptor-mediated drug and gene delivery through PEG-conjugated ligands with a minimal non-specific
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interaction with other proteins [39]. Moreover, in order to meet the needs of delivering different
types of drugs, other types of micelles have also been developed [40]. For example, in addition to
conventional micelles with a hydrophobic core and a hydrophilic shell, there are also reverse micelles
with a hydrophilic core and a hydrophobic shell to ensure sustained drug release through the hydrogen
bond between the drug and the core [40]. In addition, since tumors have lower pH compared to healthy
tissues, micelles can also be functionalized by adding peptides responsive to pH change for effective
cancer imaging and therapy [41]. All these modifications enable pre-clinical evaluation and clinical
translation of emerging agents [37].

3.2. Poly-e-Caprolactone (PCL) Nanoparticles

Poly-e-caprolactone (PCL) is a polymer member of the aliphatic polyester family that is typically
obtained by polymerization processes using a monomer and an initiator [13]. PCL can also be
biodegraded, by hydrolysis of its ester linkage, into 6-hydroxycaprioc acid and then into acetyl-CoA,
which eventually becomes water and carbon dioxide via the citric acid cycle [42,43]. Particularly, unlike
PLA and PLGA, the degradation of which produce acidic products that further catalyze the polymer
degradation process, the degradation of PCL does not produce acidic byproducts, making PCL a more
favorable nanomaterial for the development of long-term implantable devices for its slow degradation
rate [8,17]. Cholic acid can functionalize branched PCL with different molecular weights to meet the
need of different nanodrug delivery systems, as higher molecular weight of the polymer matrix results
in a slower drug release rate [44].

Since PEGylation of nanoparticles can be used to reduce immunogenicity and toxicity, prolong
circulation time, change bio-distribution and optimize nanoparticle activities, copolymers of hydrophilic
PEG and hydrophobic PCL can yield high biocompatibility and biodegradability [45]. The high
biocompatibility, biodegradability, long circulation time and easy modification of surface properties of
micelles composed of PEG-PCL di-block copolymers make them favorable candidates as nanodrug
delivery systems [45].

3.3. Chitosan Nanoparticles

Derived from natural biopolymer chitin, chitosan is a copolymer of D-glucosamine and
N-acetylglucosamine bonded via the (3(1-4) linkages [16,46]. It can be degraded in vivo by several
enzymes, mainly by lysozyme, a protease that ubiquitously exists in mammalian tissues [46].
Lysozyme hydrolyses the 3(1-4) linkages between N-acetylglucosamine and glucosamine in chitosan
to produce oligosaccharides, which can then either be excreted or be part of glycosaminoglycans or
glycoproteins [46,47].

Chitosan has good absorbability, permeability, moisture retention and are easily degradable [15].
It shows low toxicity in both in vitro and in vivo models [14]. However, it is very sensitive to
environmental temperature and is recommended to be stored at low temperatures [47]. Generally,
the drug delivery system of chitosan nanoparticles is similar to the PLGA system, but the chitosan
system is more pH dependent [14]. Chitosan nanoparticles have been applied in many site specific
drug delivery systems via different administrative routes, including oral, nasal, and pulmonary drug
delivery systems [14]. The mucoadhesive properties of chitosan nanoparticles increase the absorption
rate of the drugs in the intestine [14].

PEG can be incorporated to increase the stability of the chitosan nanoparticles [46].
Chitosan oligosaccharide can also be functionalized to be a “switch on” imaging agent by
conjugating with aggregation induced emission active tetraphenylethene (TPE) and lipophilic—cationic
triphenylphosphonium (TPP) molecules [48]. Once chitosan self-assembles, TPE provides self-assembly
induced fluorescence and TPP helps the nanoparticle enter into the cell by lipid-raft endocytosis [48].

Since the environmental pH affects the degradation rate of chitosan, considerations need to be
made when designing chitosan nanoparticles for their encapsulated drugs to be effectively released at
the diseased site, especially when the microenvironment of the drug releasing site is acidic, for example,
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the acidic tumor site [46]. Other pH variables can also limit the development of chitosan nanoparticles.
For example, the orientation of (3(1-4) linkages of chitosan can change under physiological pH
depending on the crosslinkers used in the formation of chitosan nanoparticles [46]. The change in
orientation can decrease the accessibility of the 3(1-4) linkages to lysozyme, which can then lead to
limited degradation of nanoparticles, since the breaking of the 3(1-4) linkages by lysozyme is essential
to the degradation of chitosan nanoparticles (Figure 1) [46]. In addition, poor long-term stability is a
major drawback for large manufacture of chitosan nanoparticles [46]. Therefore, further investigations
are still needed to fully understand the mechanisms of the interactions between chitosan and lysozyme
when designing chitosan nanoparticles.

3.4. Dendrimers

Dendrimers are the smallest of nanocarriers that present as sphere-shaped and are structurally
similar to branching polymer chains [49]. They are between 1 nm to 100 nm of diameter in size [50].
These radially symmetric molecules with well-defined, homogeneous, and monodisperse structure
consisting of tree-like branches are analogous to protein, enzymes, and viruses, and can be easily
functionalized [51]. Because their amphiphilic copolymers have both hydrophilic and hydrophobic
monomer units, they can be used to carry drugs with poor solubility [49]. Drugs can be incorporated
into dendrimers by covalent binding, electrostatic interactions or encapsulation [50]. The branch
structure gives dendrimers a very high surface-to-volume ratio, enabling them to increase drug carrying
efficiency [49]. In addition, their high degree of branching, polyvalency, biocompatibility, high water
solubility, and low immunogenicity make dendrimers excellent vehicles for safely and effectively
transporting drugs, and they are particularly attractive as MRI imaging agents [50,52].

Dendrimers are transported into and across cells via endocytic pathways [52]. Depending on
the charge and modifications made on the surface of dendrimers, cytotoxicity may occur during
the interactions with cell membrane [50]. Poly(amidoamine) (PAMAM) dendrimers are the most
commonly used dendrimer in nanomedicine [50]. PAMAM has been applied in many drug or gene
delivery systems and can be administered through various routes [50]. It can also be applied in
the treatment of inflammatory diseases such as atherosclerosis and rheumatoid arthritis because
its structure exerts anti-inflammatory activity [50]. Furthermore, arginine functionalized peptide
dendrimers can condense plasmid DNA and protect it from nuclease digestion, which can serve as
potential gene delivery vehicles [53].

3.5. Lipid-Based Nanoparticles

Besides polymer-based nanoparticles, lipid-based nanoparticles such as liposomes have also
been employed in the drug delivery system for decades. As lipid is generally considered safe in the
human body, for example, lipoproteins are natural nanoparticles that are found inside the human body,
lipid-based nanoparticles have been under development as drug delivery systems [24]. Liposomes are
spherical vesicles ranging from 10 to 1000 nm that consist of one or more phospholipid bilayers [24].
The phospholipid can be naturally occurring or synthetic phospholipids such as phosphatidylcholine
(PC), phosphatidylethanolamine (PE), phosphatidylserine, and phosphatidylglycerol [54]. Cholesterol
is generally added to stabilize the lipid bilayers of liposomes [54]. The aqueous core of liposomes can
load and hold hydrophilic agents while its lipid bilayers can load hydrophobic agents [55].

Due to the similarities between the composition of liposome and that of cell membranes, liposomes
are considered more biocompatible than other synthetic materials [55]. They are non-hemolytic,
non-toxic, non-immunogenic, biocompatible and biodegradable [49]. Liposomes can self-assemble,
which enables easy drug loading. They can carry large drug payloads and protect their encapsulated
drugs from early inactivation, degradation and dilution in the circulation and can be formulated into
different forms for different routes of administration [49,56]. Liposomes can be applied in a wide range
of areas. They can not only be utilized to carry low molecular weight drugs, imaging agents, peptides
or nucleic acids, but also serve as part of surgical implants for tissue repair, or as biosensors [56-59].
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In addition to PEGylation and size alteration, liposomes can also be functionalized by attaching
certain chemistry functional groups, peptides, antibodies, or acids to their surface to improve cell
targeting efficiency [55,60]. Similar to the antigen-antibody complex formed between the antibody
conjugated to the nanoparticles and the antigen presented on the surface of the cell, chemistry functional
groups conjugated to the surface of the nanoparticles can form strong covalent bonds with metabolically
labelled cell surface glycans [60]. Such reaction is known as “click” chemistry [60]. Compared with
antigen-antibody complex, the “click” chemistry requires fewer functional groups, and form stronger
bonds to allow sufficient time for the encapsulated nano-drugs to be internalized into the cells [60].
Recently, Boyd'’s groups functionalized liposomes containing drug nanocrystals using PEGylation and
attachment of azide functional groups to improve drug loading capacity and to achieve cell-targeted
delivery [60].

However, while liposomes have high loading efficiency, their low stability, fast clearance
rate and a complex method of fabrication limit their potential in industrial scale fabrication [24].
To overcome the challenges faced by liposomes, solid lipid nanoparticles (SLNs) and nanostructured
lipid carriers (NLCs) have subsequently been developed [24]. SLNs and NLCs have higher stability
and lower toxicity compared to polymeric nanoparticles due to their smaller size and natural
materials [24]. However, their low encapsulation efficiency hinders their potential to be widely
pursued in the biomedical field [61]. Since both lipid-based and polymer-based nanoparticles have their
own limitations, lipid-polymer hybrid nanoparticles have recently been developed to provide wider
opportunities for the biomedical applications [62]. New polymer liposomes such as electrostatically
crosslinked polymer-liposomes have also been developed [63]. These pH-sensitive copolymer
methoxy poly(ethylene glycol)-block-poly(methacrylic acid)-cholesterol (mPEG-b-P(MAAc)-chol) and
crosslinking reagent poly(ethylene glycol) end-capped with lysine (PEG-Lys2) were crosslinked into
polymer-liposomes through electrostatic interactions [63]. These polymer-liposomes are stable under
physiological conditions, but breaks down under acidic condition- similar to tumor microenvironment-
to rapidly release their payloads, offering a new approach for anti-cancer therapies [63].

3.6. Other Natural Materials

Similarly, other natural biodegradable materials such as gelatin are also widely used in the
nanomedicine field. Gelatin is a denatured protein that can be obtained either by partial acid or alkaline
hydrolysis or by thermal or enzymatic degradation of animal collagen protein [64]. Derived from
collagen, the most abundant protein in animals, gelatin does not produce any harmful by-products
upon enzymatic degradation in the body [64]. Gelatin is considered as GRAS (generally regarded as
safe) by the FDA [65]. Because gelatin is stable, easily modifiable and biodegradable, it is involved in
the development of many clinical applications, including drug delivery system and hydrogels [64].
Right now the challenge that limits gelatin nanomedicine production is to make commercial gelatin
nanoparticles homogenous in size [64].

4. Applications of Biodegradable Nanoparticles

Depending on the size, shape and composition/structure of the nanoparticles, different
nanoparticles have different encapsulation efficiency, pharmacokinetics, and releasing mechanism.
For example, the administration and encapsulation efficiency, as well as stability are different for
nanoparticles that are composed of PGLA and those of PCL [8]. With the add-on targeting properties
of these biodegradable nanoparticles, biomedical applications such as imaging as well as targeted
drug delivery have been greatly advanced. However, in the clinical application of the biodegradable
nanoparticles, while the safety profile of these nanoparticles has improved due to the biodegradability
of the nanomaterials used, for the very reason, general challenges persist regarding the circulation
time as well as the drug incorporating and/or releasing efficiency as they need to compete with the
degradation rate of the nanomaterials.
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4.1. Imaging

One of the early applications of nanomedicine involves the use of nanomaterials as contrast
agents in biomedical imaging for diagnosis purpose, as the easy modification and targeting property of
nanoparticles enable them to localize the tissue of interest and visualize with high resolution [7]. These
nanoparticles are applied in many imaging modalities such as computed tomography (CT), magnetic
resonance imaging (MRI), positron emission tomography, fluorescence imaging and photoacoustic
imaging [7]. Targeted delivery by nanocarriers can greatly reduce the concentration of contrast
agents, reducing the risk of contrast-induced kidney injury [66]. Gold nanoparticles are central in the
development of imaging contrast agents [7]. However, if the nanoparticle itself cannot be biodegraded,
long-term safety concern still remains. For instance, although metal nanoparticles with surface plasmon
resonance in the near-infrared region (NIR) were of great interest for imaging, not being biodegradable
raised concerns for the long-term safety of these nano-agents [67]. In 2010, a platform was first
developed to synthesize metal/polymer biodegradable nanoclusters smaller than 100 nm with strong
NIR absorbance for multimodal application [67]. With the safety issue gaining greater attention in
the development of nano-imaging contrast agents, imaging agents underwent further development.
Soon after that, biodegradable polydisulfide dendrimer nanoclusters were developed as MRI contrast
agents to overcome safety concerns related to nephrogenic systemic fibrosis [68].

Photoacoustic imaging has also emerged as a promising imaging platform with a high tissue
penetration depth [69,70]. It applies both NIR laser and ultrasound for the imaging purpose. The use of
polymers made it possible to develop tunable and biodegradable gold nanoparticles as contrast agents
for both CT and photoacoustic imaging [71]. Recently, not only polymers, but also natural materials are
being engineered as biodegradable imaging agents. Fathi etal. have recently developed a photoacoustic
imaging nanoprobe from nanoprecipitation of biliverdin, a naturally occurring heme-based pigment,
which can be completely biodegraded to biliverdin reductase, a ubiquitous enzyme found in the
body [69]. Excitation at near-infrared wavelengths leads to a strong photoacoustic signal, while
excitation with ultraviolet wavelengths results in fluorescence emission [69]. In vivo experiments
demonstrated that these nanoparticles accumulate in lymph nodes, suggesting that they can be used
as a means to detect metastasized cancer [69]. Similarly, MTP1, a tumor metastasis targeting peptide,
has been employed to modify the indocyanine green (ICG)-loaded PEG-PLGA micelles for targeted
imaging of cervical cancer and metastasis [72].

One major factor that limits the efficacy of particle-based agents is their rapid sequestration by the
mononuclear phagocytic system [73]. Even though low-fouling polymers such as PEG can reduce the
immune recognition and clearance, these nondegradable polymers can accumulate in the human body
and may cause adverse effects after prolonged use [73]. To overcome this challenge, Bonnard et al.
used a recombined protein with the amino acid repeat proline, alanine, and serine (PAS) cross-linked
into particles with lysine (K) and polyglutamic acid (E) [73]. The obtained PASKE particles have a
prolonged circulation time and can be rapidly degraded in the cell’s lysosomal compartment [73].
When combined with near-infrared fluorescent molecules and an anti-glycoprotein IIb/IIla single-chain
antibody targeting activated platelets, the PASKE nanoparticles was able to image carotid artery
thrombosis in a mouse model, demonstrating its potential as a promising biodegradable tool for
molecular imaging of vascular diseases [73].

Not only in cancer field, nano-technology assisted imaging has also been applied in atherosclerosis
and other cardiovascular disease [74,75]. With the help of a tumor homing peptide, micelles have
been shown effective in targeting not only the tumor site, but also at the plaques of atherosclerosis.
The targeting property is realized by adding a peptide that homes to plaques- a clot-binding peptide
cysteine-arginine-glutamic acid-lysine-alanine (CREKA) [76]. When CREKA is directly bound to the
MRI contrast agent, it has been shown to be effective in detecting breast tumor [77]. Depending on the
loading agents, micelles can help diagnose atherosclerosis if loaded with dyes, and decrease the plaque
size if loaded with drugs [76]. This peptide was identified as a tumor-homing peptide by in vivo
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phage library screening, and subsequently it was shown to bind to clotted plasma proteins in the blood
vessels and stroma of tumors [76].

4.2. Theranostics

A new concept- theranostics- the ability of “see and treat”- has become a well sought-after model
in developing new multifunctional nanomedicine. These smart nanoparticles combine imaging agents,
payload drugs and targeting moieties to accomplish diagnosis together with therapy delivery [7]. They
can be engineered to be triggered in response to environmental changes such as pH, temperature,
light, and ultrasound [7]. Some smart PLGA-based nanoparticles have been developed, including
PH-responsive, thermos-sensitive and light-responsive nanoparticles [78]. In cancer treatment, many
biodegradable polyacrylamide nanocarriers are applied for theranostics [79-81]. Nanovesicles are
being developed for photoacoustic imaging and photothermal therapy (PTT), a therapeutic method
that induces cell death using the heat energy converted from absorbed light energy, to enable minimum
invasive cancer therapy [82]. The disulfide bond at the terminus of PEG-b-PCL copolymer can allow
dense packing of gold nanoparticles, therefore enabling simultaneous photoacoustic imaging as well
as enhanced PTT [82]. The designs of the nanoparticles have also been continuously improved
to enhance biodegradability and efficacy of PTT [83]. Using biodegradable photonic melanoidin
nanoparticles, Lee et al. were able to image lymph nodes and GI track, and to perform tumor ablation
and photothermal lipolysis [84]. Recently, biomimetic mineralization method has also been applied
to develop biodegradable multifunctional anti-tumor nanoparticles. Using this concept, Fu et al.
developed a biodegradable manganese-doped calcium phosphate nanoparticle that can be used both
as an MRI contract agent and an anti-tumor drug [85].

Applying 3D printing technology, Ceylan et al. designed a gelatin hydrogel-based, magnetically
powered and controlled microswimmer, responsive to the pathological markers in its microenvironment
for theranostic cargo delivery in cancer diagnosis and treatment [86]. This microswimmer can be
biodegraded by matrix metalloproteinase-2 (MMP-2) enzyme, an enzyme that is highly expressed in
breast cancer [86]. At normal physiological concentrations, MMP-2 can degrade the microswimmer
to soluble nontoxic molecules [86]. If the MMP-2 concentration reaches pathological level, the
microswimmer rapidly responds by swelling and thereby boosting the release of the embedded
cargo molecules [86]. Banik et al. recently reported a multifunctional dual-targeted HDL-mimicking
PLGA nanocomplex with both mitochondria and macrophage-targeting surface functionalities loaded
with MRI contrast agent to achieve target-specific MRI contrast enhancement as well as lipid removal
property for the treatment of atherosclerosis [87].

4.3. Targeted Delivery System

Nanomedicine using biodegradable polymeric nanoparticles as drug delivery systems have been
engineered to treat cancer via multiple approaches: to target cancer cells, or the blood vessels that
supply the nutrients and oxygen that support tumor growth, or immune cells to promote anti-cancer
immunotherapy [88]. The use of biodegradable nanoparticles for targeted anti-cancer therapies yielded
some clinical trials [88]. The encapsulation approach using PLGA can help prolong the circulating
time of drugs that are unstable under the physiological condition and to minimize the side effects of
certain drugs [30]. For example, 9-Nitrocamptothecin (9-NC) is a family of anticancer agents with low
stability at biological pH and low water solubility [89]. PLGA encapsulation improves the drug release
profile of 9-NC up to 160 h [89].

Similarly, in the field of cardiovascular disease, targeted nanodrug delivery system is under
active investigation. To minimize the adverse effects while maximizing the drug effects, nanoparticles
could to be superior as drug delivery systems compared to conventional drugs. For the treatment
of cardiovascular disease (CVDs), current goals are focused on restoring normal blood flow to the
heart as well as the prevention of recurrent cardiovascular insults [20]. Antithrombotic therapy is
the first-line treatments for the prevention of CVDs, but they also significantly increase the risk of
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bleeding [20]. It remains a great challenge to effectively balance the ischemic risk reduction and the
risk of bleeding [90]. Situations like these call for the need of developing nanomedicine that can target
the disease area for drug delivery yet minimizing the side effects. Several drugs are delivered via the
liposome drug delivery system for the treatment of angina pectoris. Takahama et al. encapsulated
amiodarone, an anti-arrhythmic drug, in conventional liposomes to treat rat models that had undergone
cardiac ischemic/reperfusion procedure, and showed reduced morality rate in the treated group that
was due to lethal arrhythmia and the negative hemodynamic changes- the common side effects of
amiodarone [91]. PLA has also been applied to encapsulate the drug for restenosis [49]. Several
anti-inflammatory nanomedicines have been developed for targeted treatment of atherosclerosis,
ischemia/reperfusion and post myocardial infarction left ventricular remodeling [32]. However, so
far the targeted therapy in cardiovascular diseases using nanomaterial-based drug delivery vehicles
have only shown effectiveness in preclinical settings [92]. Limitations lie in the gap in the knowledge
of clinical safety, the requirement of composition purity and long-term stability of payload, as well
as challenges and cost in scaled up production [93]. Recently, by scaling up the animal models from
murine to rabbit and porcine, Muldler’s group has taken the imaging-assisted nanotherapy one step
closer to be realized in clinical settings [94].

4.3.1. Antioxidant Delivery

Oxidative stress has been associated with cytotoxic effects of cellular exposure to engineered
nanomaterials [95]. After entering human body, changes in structural and physicochemical properties
of nanoparticles can lead to changes in biological activities including the generation of reactive
oxygen species (ROS) [96]. In this respect, if the nano-drug delivery system can deliver agents that
combat oxidative stress, it can alleviate cell injury induced by excessive ROS. Kang’s group has
developed a new type of nanoparticle, named PVAX, which was formulated from copolyoxalate
containing vanillyl alcohol (VA), an antioxidant extracted from natural herbs [97,98]. VA and the
H,0,-responsive peroxalate ester linkages are incorporated covalently in the backbone of PVAX [97,98].
When encountered high levels of H,O, at the sites of ischemia/reperfusion (I/R), PVAX is degraded
and releases VA, exerting anti-inflammatory and anti-apoptotic activities [97,98]. PVAX has shown
effectiveness in different types of I/R injuries, including hind limb I/R, liver I/R as well as cardiac
I/R [97,98]. Andrabi et al. used biodegradable nanoparticles (nano-SOD/CAT) to encapsulate the
antioxidant enzymes superoxide dismutase (SOD) and catalase (CAT) to effectively deliver those
enzymes at the lesion site to protect mitochondria from oxidative stress, therefore protecting the spinal
cord from secondary injury [99]. Tapeinos et al. have developed biodegradable PLGA microspheres
coated with collagen type I and MnO, nanoparticles to scavenge ROS and protect cells from apoptosis
induced by oxidative stress [100]. Many other nanoparticles targeting oxidative stress as a theranostic
strategy for CVD have also been actively developed and evaluated [101].

4.3.2. Gene Therapy

Gene therapy is a type a therapeutic approach that seeks to modify the expression of certain genes
in order to alter certain biological properties, which has gained significant amount of interest in recent
years [102]. Whether by replacing the disease-causing gene with a healthy gene, or inactivating the
disease-causing gene, or introducing a new or modified gene to treat the existing disease, gene therapy
requires precise targeting [102]. With the help of nanoparticles for targeted delivery, we are getting
closer to the realization of gene therapy being used in the clinical setting.

Cationic PEG-PLA nanoparticles is used as a major delivery system to deliver small
interference RNA (siRNA) [11]. PEG-PLA nanoparticles encapsulating siRNA can enter the cells to
perform gene-specific knockdown [103]. However, challenges still remain for these biodegradable
nanoparticle-assisted anti-cancer therapies to come to realization in the clinics. CALAA-01, an anti-solid
tumor nanoparticle containing siRNA, showed great potential in its phase I clinical trial (NCT00689065),
was terminated after phase Ib as two of the five patients enrolled had experienced dose-limiting
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toxicities [104,105]. CRLX101, another anti-tumor targeted nanoparticle for various cancers, continues
to show promising results and its clinical trial (NCT02769962) is still actively recruiting patients [106].
In 2019, the first ever siRNA nanodrug for hereditary amyloidosis, Onpattro, was approved by the
FDA [107]. Onpattro encapsulates the therapeutic siRNA moiety into a lipid nanoparticle, and delivers
it directly to the liver to prevent the body from producing the disease-causing amyloid proteins [107].

Similarly, research on stem cell therapy utilizing nanoparticles is also on the rise. Because of the
small size and target specificity of the nanoparticles, scientists are aiming to treat some neurological
diseases using this strategy [108].

4.3.3. Oral Drug Delivery

Another active area of research using biodegradable nanomaterials is to make it possible for
certain drugs that are normally either poorly or erratically absorbed in the digestive system to be
administered orally. This approach can ease the administration process of many biologics, proteins
and peptides. For example, insulin is a peptide that is digested in the stomach [109]. Almost a century
after the discovery of insulin, it can still only be administered via subcutaneous injection, adding not
only physical discomfort and infection risks, but also psychological burdens to the diabetic patients.
Research has been underway to make oral administration of insulin possible in order improve the
quality of life of the diabetic patients [109]. A specific formulation of 1.6% zinc insulin in PLGA was
developed in 2010 in an effort to realize the oral administration of insulin [109]. Although this PLGA
nanoparticle encapsulating insulin only showed 11.4% of the efficacy of zinc insulin via intraperitoneal
delivery, it still shed light to a possible future of oral administration of insulin [109]. More recently,
combinations of different biodegradable nanomaterials, including chitosan, have also been applied in
the development of oral delivery system of insulin [110,111]. Some phase I/II clinical trials are also
underway [110].

4.4. Implantable Device with Biodegradable Materials

Continuous efforts have been putting forward to improve the outcomes of implantable devices
using biodegradable materials. Biodegradable nanoparticles not only are employed in the nanodrug
delivery systems but can also be incorporated in the implantable devices such as orthopedic
fixation devices (including fracture-fixation pins and plates, interference screws, suture anchors,
craniomaxillofacial fixation devices and tacks for meniscal repair), and biodegradable stents for
percutaneous coronary intervention [112,113]. A number of these devices have already been approved
and are available in the market [112]. The biodegradable nanoparticles enable the implanted devices
to gradually degrade while the host tissues undergo constructive remodeling, eventually replacing the
implant [112].

Significant progress has been made especially in interventional cardiology [114]. New drug-eluting
stents have been developed to not only minimize neointimal hyperplasia and reduce restenosis after
revascularization, but also minimize stent thrombosis, a problem that was observed at higher frequency
with the first generation stents [114]. Recently, Lih et al. developed a new approach to prevent
acid-induced inflammatory responses associated with biodegradable PLGA, by neutralizing the
acidic environment using oligo(lactide)-grafted magnesium hydroxide (Mg(OH),) nanoparticles [115].
They demonstrated in porcine models that incorporating the modified Mg(OH), nanoparticles within
degradable coatings on drug-eluting arterial stents could efficiently attenuate the inflammatory response
and in-stent intimal thickening [115]. Their results suggested that modifications of biodegradable
nanoparticles could be useful to broaden the applicability and improve clinical success of biodegradable
devices used in various biomedical fields. Biodegradable stents were invented with the intention to
replace bare metal stents due to the high risk of in-stent restenosis using the metal materials [116].
However, great challenge still persists to achieve the right balance of the polymer, drug and degradation
rate in order to avoid acute or chronic recoil and maintain vessel patency after stent implantation [116].
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Taken together, biodegradable nanomaterials have shown many advantages in various biomedical
applications. Here in Table 2 we highlight some of the above mentioned advantages to illustrate the
ability of these biodegradable nanomaterials in meeting different clinical needs.

Table 2. Biomedical applications of biodegradable nanomaterials.

Advantages of Biodegradable

. References
Nanomaterials

Purpose Application

MRI e Reduced contrast load

Imaging I e  Stronger signals [66-76]
photoacoustic imaging Torgeted i .
argeted imaging

. . e  Safely facilitate real-time therapeutic
pho‘(oacoustlc maging and

Theranostics efficacy towards individualized [78-87]
photothermal therapy treatment strategies
e Encapsulation of
hydrophobic molecules
e Reduced premature degradation
Drug delivery e Improved drug uptake [88-101]
e Sustained drug concentrations within
the therapeutic window
e Reduced side effects
Targeted
Delivery(carried by
liposomes, p(.)l%/rneric e  Protect DNA from
d dr\‘ar\opartlc es, lles enzymatic degradation
endrimers, or micelles) Gene therapy e Reduced rejection from host [102-107]
immune system
. ) e Controlled release of antigen/ligand
Antigen delivery e  Protect the antigen load (112]
e Reduced vessel occlusion, restenosis,
or late stent thrombosis
Stents e Improved lesion imaging [112]
e No need for a secondary
surgical removal
e No need for a secondary procedure to
Implants Mesh remove the mesh [112]

e Low immunogenicity and toxicity

e Excellent biocompatibility Predictable
biodegradation rates

e Good mechanical properties

Suture [112]

5. Current Status of Biodegradable Nanomaterials and Challenges Ahead

Nanotoxicity, defined as toxicity induced by nanomaterials, is still an important discipline of
research as the human body is being increasingly exposed to foreign materials at a nanoscale with the
development of nanomedicine either intentionally or unintentionally [95]. Even with biodegradable
nanomaterials, safety assessment remains as one of the top priorities in the application of nanomedicine.
The toxicity of nanomaterials has been largely decreased with the application of biodegradable
materials, even when sometimes the toxicity of the payload is unavoidable for some treatments [117].
However, it needs to be noted that not all biodegradable materials are deemed safe for application
in humans. Even with biodegradability, some nanoparticles may still have undesired effects on
the blood coagulation system due to their physiochemical properties such as size, charge and
hydrophobicity [118]. The PLGA and PLA for clinical applications are manufactured under current
good manufacturing practice protocols regulation by the FDA to ensure efficacy, safety, and stability
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for pharmaceuticals [11]. However, poly-alkyl-cyanoacrylate (PAC), for instance, can be degraded
by esterases in the body but the degradation process produces toxic components [8,119]. Given the
relatively short history of nanomedicine, the long-term effects of newly developed nanoparticles still
need to be carefully evaluated.

The bio-distribution and pharmacokinetics of nanoparticles are largely dependent on the size,
shape and the surface charge of the nanoparticles applied [117,120]. The early challenge of premature
denaturation and undesired biodistribution of nanoparticles due to non-specific protein adsorption
forming a protein corona around the material when being exposed to the biological environment
has been solved by PEGylation [121]. However, it is still crucial to control the degradation rate
of the nanomaterials and the payload’s releasing profile since these biodegradable nanomaterials
will eventually be degraded. The choice of nanomaterial also influences the outcome of certain
nanotherapeutics. For example, PCL has a much lower encapsulation efficiency for taxol, an anti-cancer
drug, compared to PLGA (20% vs. 100%) [122]. However, PCL nanoparticles have better therapeutic
efficiency and stability than PLGA nanoparticles [122].

There is continuous advancement of the nanotechnologies using biodegradable materials in
nanomedicine. Literature search using the PubMed database revealed that about 60% of all the studies
on biodegradable nanomaterials in nanomedicine were from the past 5 years. However, the translation
of different novel biodegradable nanoparticle designs into clinical settings remains a huge challenge.
Current nanoparticle production methods are still constrained by several limitations, including the
relatively high cost of particle production with difficulty in synthesizing particles that are homogeneous
in shape and size; the low drug encapsulation efficiency; the difficulty in large scale production and
sterilization; and the lack of reliable method for releasing profile measurement with the potential
problem of high initial burst release or incomplete drug release [11]. Furthermore, there is still huge
unknown regarding the correlation between nanoparticles’” properties and their in vivo behaviors,
their long-term stability, and how would some residual materials used for nanoparticle modification
affect the human body [11]. As many nanoparticles have their unique structures and compositions
which lead to their unique properties, there is also unmet need to develop standardized test protocols
as well as reference particles for validation [11].

All these challenges call for the need to collect comprehensive information of biodegradable
nanomaterials, drugs, as well as human data for the optimal modification and application of
the nanoparticles and drugs. Even with this systemic review, we are still at risk of falling in the
underreporting bias category as the studies were screened and selected manually. Using machine
learning and artificial intelligence (AI), the properties of different nanomaterials and different
combinations can be screened and the behavior of combinatorial nano-bio interface can be
predicted [123,124]. The screening and model development might also lead to new discoveries
of potential biodegradable nanomaterials and nanoparticle designs. Therefore, as for the future of the
development of biodegradable nanomaterials in nanomedicine, machine learning and Al will be a great
asset to the realization of efficient bench to bedside translation as well as personalized nanomedicine.
Given the fast development of this field in the past few years, it is likely that in the near future, more
newly developed biodegradable nanoparticles, especially multimodal nanoparticles, will be evaluated
in clinical trials for their potential translational use.

6. Conclusions

In this review, we discussed different types of biodegradable nanomaterials and their applications
in the biomedical field. These materials have demonstrated superiority compared to non-degradable
counterparts and hold great translational potential in various clinical settings. There is still great
challenge in developing nanomedicine and more biodegradable nanomaterials remain to be explored
and validated for their potential clinical use.
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Abstract: With the continuous increase in the production of electronic devices, large amounts of
electronic waste (E-waste) are routinely being discarded into the environment. This causes serious
environmental and ecological problems because of the non-degradable polymers, released hazardous
chemicals, and toxic heavy metals. The appearance of biodegradable polymers, which can be degraded
or dissolved into the surrounding environment with no pollution, is promising for effectively relieving
the environmental burden. Additionally, biodegradable polymers are usually biocompatible, which
enables electronics to be used in implantable biomedical applications. However, for some specific
application requirements, such as flexibility, electric conductivity, dielectric property, gas and water
vapor barrier, most biodegradable polymers are inadequate. Recent research has focused on the
preparation of nanocomposites by incorporating nanofillers into biopolymers, so as to endow
them with functional characteristics, while simultaneously maintaining effective biodegradability
and biocompatibility. As such, bionanocomposites have broad application prospects in electronic
devices. In this paper, emergent biodegradable and biocompatible polymers used as insulators or
(semi)conductors are first reviewed, followed by biodegradable and biocompatible nanocomposites
applied in electronics as substrates, (semi)conductors and dielectrics, as well as electronic packaging,
which is highlighted with specific examples. To finish, future directions of the biodegradable and
biocompatible nanocomposites, as well as the challenges, that must be overcome are discussed.

Keywords: biodegradable; biocompatible; electronics; nanocomposites

1. Introduction

Electronic products have enhanced our lives and brought about changes in almost all areas,
including communications, manufacturing, entertainment, and health care [1]. With the rapid renewal
of electronic products, such as smartphones and tablets, the life of electronic products is becoming
shorter. As a result, an increasing amount of electronic waste (E-waste) is routinely discarded [2,3].

Nanomaterials 2019, 9, 950; doi:10.3390/nan09070950 www.mdpi.com/journal/nanomaterials

125



Nanomaterials 2019, 9, 950

The fastest growing type of E-waste is solid waste. Not only is solid E-waste comprised of a large
amount of non-degradable polymers, but it also releases hazardous chemicals and toxic heavy metals,
both of which are damaging to the environment and ecology [4,5]. For certain electronic products,
this damage would start with raw material procurement and continue throughout the whole life
cycle [2].

Biodegradable electronics may be an effective solution for E-waste management, since they can
be degraded or dissolved into the surrounding environment with no pollution. This endows the
electronics with environmental safety and disposability [6-8], by simultaneously decreasing the cost
for recycling operations and the health risks associated with harmful emissions [9-12].

Additionally, biodegradable materials are usually biocompatible, which enables electronics to be
used in implantable biomedical applications. Biocompatibility allows the materials to directly contact
tissues or skin without generating adverse effects [13-17]. Furthermore, electronics which are both
biodegradable and biocompatible can be dissolved or resorbed safely by human body at controlled
rates after treatment or diagnosis is completed. Eliminating the need for a second surgery to retrieve
the device simultaneously decreases the associated infection risks [18].

Besides biodegradability and biocompatibility, some other characteristics, including flexibility,
mechanical properties, electric conductivity, and gas and vapor barrier properties, are also essential
for specific applications in electronics. However, many polymers cannot completely meet these
performance requirements. Therefore, recent research has focused on incorporating nanofillers with
excellent properties into polymers so as to improve their performance capabilities [19-22].

This paper aims to carefully demonstrate the development and potential of the biodegradable and
biocompatible nanocomposites in electronic applications. It will first review emergent biodegradable
and biocompatible polymers used as insulators or (semi)conductors, and then highlight specific
examples of nanocomposites used in electronics as substrates, conductors, semiconductors, and
dielectrics, as well as electronic packaging [23].

2. Biodegradable and Biocompatible Polymers

Biopolymers are the basis of biodegradable and biocompatible nanocomposites. They can be
classified as natural-based polymers and synthetic polymers [13]. Natural-based polymers refer to
those which come from nature. Table 1 shows an overview of biodegradable and biocompatible
polymers used to fabricate electronics. In this section, biodegradable and biocompatible polymers will
be introduced according to their conductivity, since the electrical property directly determines their
application directions.

Table 1. Summary of biopolymers mentioned in this review.

Category Polymer Material Electrical Property I;zizi:;‘:;‘;t/ Applications
Cellulose Insulator Both Substrate [24,25]; Dielectric [26]
Natural Polymers Silk Insulator Both Substrate [27,28]; Dielectric [29]
o4 Shellac Insulator Both Substrate [30]; Dielectric [30,31]
Gelatin Insulator Both Substrate [32,33]; Dielectric [34-36]
Poly(vinyl alcohol) (PVA) Insulator Biocompatible Substrate [37,38]; Dielectric [39,40]
Polydimethylsiloxane (PDMS) Insulator Biocompatible Substrate [41]; Dielectric [42-45]
Polylactide (PLA) Insulator Both Substrate [46-48]; Dielectric [49]
Polycaprolactone (PCL) Insulator Both Dielectric [49]
Synthetic Polymer  Poly(glycerol-co-sebacate) (PGS) Insulator Both Dielectric [50]
Poly(lactli})cfé;gi};colm acid) Insulator Both Substrate [51]; Dielectric [52]
Polyaniline (PANI) Conductor (doped) Biocompatible Conductor [53]
Polypyrrole (PPy) Conductor (doped) Biocompatible Conductor [54]
Poly(3,4—eﬂ'\y(/%)eé\];gl%(ythwphene) Conductor (doped) Biocompatible Conductor [55]
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2.1. Insulated Polymers

Cellulose, as a macromolecule polysaccharide composed of glucose, is the oldest and cheapest
biodegradable natural source polymer. It is inexpensive, biodegradable, abundant, easily available,
and lightweight, and thus is considered to be a potential substitute for the substrate materials of various
electronic devices, including organic field-effect transistors (OFETs), organic light-emitting diodes
(OLEDs), and solar cells [56-60]. For example, Zhang et al. [61] introduced a MoS, phototransistor
with a flexible and transparent paper substrate (fabricated from cellulose), as shown in Figure 1.
The phototransistor has a high transparency with an average transmittance of 82%. Aside from its use
as a substrate, cellulose can also be used to fabricate dielectrics [26,62,63]. Dai et al. [64] fabricated
a class of all solid-state ionic dielectrics using cellulose nanopaper. These dielectrics show high
transparency, low surface roughness, good thermal durability, and excellent mechanical properties.
The successful applications of cellulose as substrates and dielectric materials demonstrate its potential
for use in flexible, environmentally friendly and biodegradable electronic devices.
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Figure 1. Three-dimensional schematic and cross-sectional view of the MoS, phototransistor, fabricated
on flexible and transparent cellulose nanopaper. Reproduced with permission from [61], RSC, 2016.

Silk is a polypeptide polymer mainly composed of fibroin and sericin [65]. Because of its
outstanding mechanical properties, flexibility, processability, and chemical stability, silk is an ideal
backbone for flexible and stretchable electronics [66]. Moreover, silk is non-toxic, completely
biodegradable and bioresorbable. It can also be safely implanted into the human body with no
immune response, which allows it to be used for implantable electronic therapeutic devices. Kim
et al. [67] successfully fabricated an ultrathin electronic sensor array on silk, and tested its performance
in vivo by placing it onto exposed brain tissue. The silk was safely dissolved and resorbed, forming a
conformal coating on folded brain tissue with the sensor array. Other studies have also demonstrated
the successful application of silk as a substrate in implantable electronics [28,68] and food sensors [69].
Applications of silk in dielectrics were also reported [29,70-77]. Liang et al. [70] fabricated organic
thin-film transistors (OTFTs) with silk as their dielectric layer. The silk dielectric layer annealed at
40 °C, and had the smallest particles and least aggregation. The mobility of the OTFTs was 2.06 X 1073
em? V1571 and the highest on/off ratio was 10°.

Shellac is a natural resin collected from the secretion of the female lac bug after they ingest the sap
of their host trees. Shellac can not only be extracted through a variety of polar organic solutions, but it
can also be synthesized from a multitude of compositional grades and shades [78,79]. Similar to the
aforementioned biopolymers, shellac is biodegradable and can be used as an electronic substrate and a
dielectric [30]. Irimia-Vladu et al. [80] reported an organic thin-film transistor (OTFT), which is built on
a smooth and uniform shellac film substrate prepared by drop-casting. The OTFT exhibits a mobility
of 1072 em? V-1 571, partially attributed to the outstanding barrier and insulation properties of the
shellac film substrate. In addition, shellac also shows excellent dielectric properties. Baek et al. [31]
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fabricated semiconducting copolymer-based OFETs with shellac and poly(4-vinylphenol) (PVP) as
the dielectric materials. The shellac dielectric layer facilitated electron transport at the interface with
copolymer channels, endowing the OFETs with superior performances.

Gelatin is another protein-based material, derived from the degradation of collagen in connective
tissues, such as animal skin, bone, sarcolemma, and muscle. It is fully biocompatible and biodegradable
and most commonly used for oral drug capsules [81]. Nowadays, gelatin is also the basis of many
substrates and dielectrics of high-performance electronics [32-35]. Electronics mounted on hard gelatin
substrates can be easily ingested for specific biomedical applications. When used as the gate dielectric
in oxide FETS, gelatin could yield a specific capacitance over 0.93 uF cm™2 as a result of the formation
of electric-double-layers [35].

In addition to natural-based polymers, some synthetic polymers also possess excellent
biodegradability and biocompatibility. Poly(vinyl alcohol) (PVA) is one such synthetic polymer and has
been widely used in the substrates and dielectrics of electronics [37,38,82,83]. Kim et al. [84] reported
an integrated device on the surface of a thin polydimethylsiloxane (PDMS) foil with a water-soluble
PVA substrate designed to measure the electrical signals produced by human body. The integrated
device includes a set of multifunctional sensors, transistors, capacitors, photo-detectors, oscillators,
light-emitting diodes, radio-frequency inductors, and wireless power transmitter coils [85-89]. After
the integrated device is mounted on skin, the PVA substrate can easily be washed away. The device also
can be peeled off. Furthermore, Afsharimani and Nysten [39] prepared PVA thin films by spin-coating
and utilized them as polymer gate dielectrics to fabricate transistors. The transistors show ambipolar
behavior with hole and electron mobilities in a low voltage range, indicating a promising potential
future in dielectrics.

PDMS is a transparent elastic polymer with excellent biocompatibility [90-92]. It has been
approved by the US National Heart, Lung, and Blood Institute to be a discriminatory tool for validating
the evaluation of biomaterials [38]. Because of its elasticity and biocompatibility, PDMS has been
widely used in flexible electronics, and it shows great potential in implantable electronics [93-97].
Delivopoulos et al. [41] developed an implantable monitoring device to record and distinguish two
types of bladder afferent activity. The device could survive under immersion in warm saline for
three months, exhibiting excellent stability. Disappointingly, PDMS cannot biodegrade easily, greatly
limiting its applications.

In addition to the abovementioned polymers, there are some other insulated biodegradable or
biocompatible polymers that can be used in electronics, such as starch [98,99], chitosan [100,101],
albumen [102], and poly (glycerol-co-sebacate) (PGS) [103], which will not be introduced in detail.

Generally, almost all the insulated biopolymers can be used to fabricate both substrates and
dielectrics. When used as substrates, biopolymers should be flexible, lightweight, and processable.
However, incorporating nanofillers into substrate materials would seriously decrease the flexibility of
the substrate, which is the developing direction for stretchable electronics. Thus, nanofillers are not
usually added.

When used as dielectrics, biopolymers must exhibit a significant dielectric property. However,
biopolymers cannot always satisfy the requirements of a standard dielectric layer in electronics. Adding
certain nanofillers into the biopolymer matrix would significantly improve the dielectric properties.
This application will be carefully reviewed in the following section.

2.2. Conductive and Semiconductive Polymers

The active materials in electronic devices are usually semiconducting to achieve a certain degree
of controllable conductivity, which is the basic principle of most electronics. A conductive or
semiconductive polymer is a kind of polymer material with a conjugated 7-bond, which can change
the polymer from an insulator to a conductor by chemical or electrochemical doping. The basis
of the electrical conductivity in conjugated polymers is the delocalization of electrons along the
polymer backbone, through the overlap of m-orbitals as well as m-m stacking between polymer
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chains. Compared with inorganic (semi)conductors, the main advantages of conjugated polymers are
mechanical flexibility and lower cost in processing, which allows for inexpensive manufacturing [104].
Many highly conjugated polymers have been developed and applied for (semi)conductive components
in various electronics [105].

In addition to electronic conductivity, ionic conductivity also exists in certain polymers, such as
melanin and chitosan. Ionic-conducting materials, extensively researched for fuel cell applications,
have recently been recognized as having great potential in biocompatible electronics. Additionally,
many conducting polymers which can conduct both ionic and electronic currents are extremely well
suited to be bioelectronic interface materials. A demonstration of a proton-conducting chitosan
thin-film transistor device controlled by the electronic field effect of a gate is a functional realization of
the electronic/protonic interface [106].

Melanin is a bio-pigment in animals, plants, and protozoa, formed by a series of chemical
reactions of tyrosine or 3,4-dihydroxyphenylalanine. It is a biodegradable and biocompatible natural
polymer exhibiting charge transport properties [107-110], which are believed to possess a mixed
protonic/electronic property. The protonic/electronic property is influenced by redox reactions, which
can be manipulated by changing the hydration state of the material [111]. When prepared into films,
the conductivity of melanin reaches the order of 108Scmtina dehydrated state, and up to 10735s
in a fully hydrated state. Bettinger et al. [107] demonstrated a tissue engineering application
with melanin as the biodegradable semiconducting material. The melanin film in its fully hydrated
state possesses a conductivity of 7 x 107> S cm~!. The fabricated melanin implant exhibits a similar
inflammatory response compared with the silicone implant, and it can be completely degraded in vivo
after eight weeks, which makes it more promising.

At present, while the application of (semi)conductive natural polymers is still limited, that of
synthetic (semi)conductive polymers is relatively mature, such as polyaniline (PANI), polypyrrole (PPy),
poly(3,4-ethylenedioxythiophene) (PEDOT). These conjugated polymers exhibit good biocompatibility
in biological applications, but their biodegradability is relatively poor. One strategy to combat
this is to blend conjugated polymers with biodegradable, insulating polymers to fabricate partially
biodegradable composites. The relative composition can be varied to maximize electric conductivity
and minimize the proportion of the non-degradable conjugated component.

PANI has attracted great attention because of its high electric conductivity. Beyond that it also has
other beneficial characteristics, including facile synthesis, excellent thermal and environmental stability,
controllable electric conductivity, appealing electrochemical properties, and reversible doping/dedoping
characteristics [112]. PANI has promising future applications in flexible electronics, such as elastic
electrodes and strain-sensors [113-115]. For example, Huang et al. [116] developed a smart pH
self-adjusting switching system using a layer-structured silver nanowire/PANI nanocomposite film,
which was fabricated via an easy vertical spinning method. The as-prepared nanocomposite film
shows a high electric conductivity of 1.03 x 10* S cm™! at the silver nanowire areal density of 0.84 mg
cm 2. In addition to electric conductivity, PANI also shows good biocompatibility to cells and tissues,
which has been demonstrated in vitro [53] and in vivo [117].

PPy is among the first-studied conductive polymers and has been used widely in bioelectronics
and biosensors. It is usually prepared by the oxidation of pyrrole, which can be achieved using ferric
chloride or electrochemical polymerization. In the oxidation process, the conductivity of PPy can
be greatly affected by the conditions and reagents because dopants could offer additional properties.
For example, introducing poly(glutamic acid) as a dopant into PPy would provide pendant carboxylic
acid groups, which would further improve electrical conductivity [118]. Similar to PANI, PPy also
shows good biocompatibility both in vitro and in vivo [119], but suffers from poor biodegradability.

PEDOT is a conductive polymer based on 3,4-ethylenedioxythiophene (EDOT) monomer. It is
produced by oxidation, starting with the preparation of the radical cation of EDOT monomer,
which attacks a neutral EDOT, followed by deprotonation. It has optical transparency in its
conducting state, high stability, and moderate band gap and low redox potential [120,121]. PEDOT

cm”

129



Nanomaterials 2019, 9, 950

nanotubes with interfacial conducting properties were successfully utilized for neural recording [122].
Richardson-Burns et al. [123] demonstrated the electrochemical polymerization of PEDOT around
living neuronal cells with no toxic effects. Furthermore, PEDOT combined with poly(styrene-sulfonate)
(PSS) (PEDOT:PSS) has proven to be an excellent system with good conductivity, good stability, high
optical transparency, and low toxicity. Thus, it is widely used in electronic circuits, electrostatic
packaging, OLEDs, sensing, and photovoltaic devices [124-126]. Yang et al. [127] prepared silver
nanowire (AgNW)-PEDOT:PSS composite transparent flexible electrodes (FTEs) through a Mayer rod
coating method. The AgNW-PEDOT:PSS composite FTEs exhibited high optoelectrical properties,
with a sheet resistance of 12 Omega sq~! and a transmittance of 96% at 550 nm. Unfortunately, the
biodegradability of PEDOT is also low.

In general, melanin is the only conductive polymer that exhibits both biodegradability and
biocompatibility, but its availability and mechanical properties are not sufficient, which limits its
broad application. Synthesized polymers with electric properties, including PANI, PPy, and PEDOT,
are biocompatible but not biodegradable. Thus, the application of bare (semi)conductive biopolymers
in electronic devices is greatly limited. To obtain (semi)conductive biomaterials with excellent
biodegradability, incorporating conductive nanofillers into biodegradable biopolymers is an efficient
solution. This field of research will be carefully reviewed in the following section.

3. Applications of Nanocomposites for Electronics

3.1. Substrates

Electronic devices usually consist of a solid substrate and several functional components, such as
semiconducting layers, dielectric layers, electrodes, and capsulations. All of these components can
be fabricated with biopolymers, replacing the traditional polymers, which are not environmentally
friendly. The substrate’s role is to support other layers. As such, it is thicker and larger, and generates
more E-waste. It also commonly electrically isolates the electronics to prevent undesirable crosstalk,
and thus the substrate material is usually insulated. Figure 2 shows some electronic devices whose
substrates were fabricated with different insulated biodegradable or biocompatible polymers.
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Figure 2. (a) Organic photovoltaic circuits fabricated on various paper substrates. Reproduced with
permission from [60], Wiley-VCH, 2011. (b) split ring resonators fabricated on the silk substrate,
wrapped on an apple. Reproduced with permission from [69], Wiley-VCH, 2012. (c) biodegradable
transistors fabricated on shellac substrate. Reproduced with permission from [80], Wiley-VCH,
2012. (d) pressure sensor with polydimethylsiloxane (PDMS) substrate, mounted on rat spinal cord.
Reproduced with permission from [41], RSC, 2012. (e) schematic device structure and optical image of
the transient organic solar cells with poly(vinyl alcohol) (PVA) substrates. Reproduced with permission
from [82], RSC, 2017.

Flexibility is of paramount importance for the substrates of stretchable electronics. Generally,
adding nanofillers into substrate materials would seriously decrease the flexibility of the substrate,
thus, substrate material is usually pure polymer without nanofillers. The most common biodegradable
nanomaterial applied in substrates is nanocellulose (NC). Depending on the preparation methods, NCs
can be classified as cellulose nanocrystals (CNCs) or cellulose nanofibrils (CNFs) [128-130]. NCs possess
a large variety of superior characteristics, such as biodegradability, environmental sustainability,
inherent renewability, simplified disposal, distinctive morphology, outstanding chemical-modification
capabilities, and extraordinary mechanical strength [128,131-135]. They have attracted great attention
in recent years [131,136-139]. Because of their diverse properties, morphologies, and forms, NCs have
great potential in a variety of applications, including biomaterial engineering, batteries and solar cells,
textiles and clothing, food, packaging industries, and electronic devices [140-144].

In the field of electronics, many devices with NCs as substrates have been reported. Park et al. [145]
displayed a flexible, transparent, and nontoxic phototransistor for detecting visible light, which was
fabricated on biodegradable CNF substrates. They carried out mechanical bending tests with radii
ranging from 100 to 5 mm and cyclic bending tests of up to 2000 cycles at a fixed radius of 5 mm.
The bending test proved excellent operational stability. Combined with the phototransistors’ flexibility,
transparency, and biodegradability, this report indicates the significant potential of NCs as low-cost and
environmentally friendly sensors. Cheng et al. [146] synthesized O-(2,3-Dihydroxypropyl) cellulose
(DHPC) by the homogeneous etherification of cellulose in 7 wt.% NaOH/12 wt.% urea aqueous solution,
and then introduced stiff tunicate cellulose nanocrystals (TCNCs) into the DHPC, in order to construct
tough nanocomposite papers. Owing to the excellent interfacial compatibility between TCNCs and
DHPC, the nanocomposite papers had smooth surfaces, high transparency, and excellent mechanical
properties, enabling them to be used as the substrates of biodegradable and wearable electronics.
A fabrication schematic of the cellulose-based nanocomposite papers and their properties is shown in
Figure 3.
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Figure 3. (a) The fabrication process of cellulose-based nanocomposite papers; (b) transmission
electron microscope (TEM) image of tunicate cellulose nanocrystals (TCNCs); (c) TEM image of P10;

(d) photograph of P10; (e) optical transmittance of neat O-(2,3-Dihydroxypropyl) cellulose (DHPC) and
nanocomposite papers under UV-vis light. Reproduced with permission from [146], ACS, 2018.

Jung et al. [147] utilized biodegradable and flexible CNF papers as substrates and constructed many
electronic devices, including flexible microwave and digital electronics, gallium arsenide microwave
devices, and consumer wireless workhorses. Figure 4 shows the fabrication process of GaAs devices
built on CNF papers.

RF interconnect

Figure 4. The fabrication process of GaAs devices built on cellulose nanofibril (CNF) paper. Reproduced
with permission from [147], NPG, 2015.

3.2. Conductors and Semiconductors

Many biodegradable or biocompatible polymers, including melanin, PANI, PPy, and PPDOT can
be used as conductors or semiconductors in electronic devices. Nevertheless, the conductivities of these
polymers are usually not sufficiently efficient. To address this problem, some functional nanofillers
have been incorporated into conductive polymers to improve their conductivities. Nanofillers have
even been added into insulated polymers to endow them with conductivities [148,149]. Among these
nanofillers, graphene and carbon nanotubes (CNTs) are most widely used [150-152].

Graphene is a single layer of hybridized carbon atoms arranged in a two-dimensional lattice, which
can be manufactured by peeling graphite nanosheets. It has outstanding thermal, optical, mechanical,
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and electrical properties, attributed to its special structure [153-156]. The carrier mobility of graphene
at room temperature is about 15,000 cm? V=1 s71, 10 times higher than that of silicon. The excellent
conductivity makes it an efficient nanofiller to improve the electrical conductivity of polymers.

Wang et al. [157] reported a healable and multifunctional E-tattoo based on a graphene/silk
fibroin (SF)/Ca%* combination. The flexible E-tattoos are fabricated by printing or writing with a
graphene/SF/Ca®* suspension. The graphene sheets are uniformly distributed in the matrix, forming
an electrically conductive path, which can sensitively respond to the changes of the surrounding
environment, including strain, temperature, and humidity. This property enables the E-tattoo to
be used as a sensor, monitoring these variables with high sensitivity, fast response, and excellent
stability. In addition, the E-tattoo exhibits excellent healable properties. After being damaged by water,
the E-tattoo can remarkably and completely heal in only 0.3 s, as a result of the effective reformation of
hydrogen and coordination bonds at the fractured interface. The fabrication process and applications
of E-tattoos as humidity and temperature sensors are shown in Figure 5.
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Figure 5. (a) The fabrication illustration of a Gr/silk fibroin (SF)/Ca®* E-tattoo; (b) E-tattoo mounted on
the forearm and its variations in stretched, compressed, and twisted states; (c) E-tattoo mounted on the
upper lip for monitoring respiration; (d) comparison of the relative resistance between unbroken and
healed humidity sensors; (e) E-tattoo mounted on the hand for monitoring temperature; (f) ccomparison
of relative resistance between unbroken and healed temperature sensors. Reproduced with permission
from [157], Wiley-VCH, 2019.

Ling et al. [158] also utilized graphene to develop novel conductive nanocomposites and to
fabricate sensors. They used SF as a matrix and prepared graphene/SF nanocomposites through a
uniformly dispersed and highly stable graphene/SF suspension system. The prepared graphene/SF
nanocomposites maintain not only the electronic advantages of graphene but also the mechanical
properties of SE. Their electrical resistances are sensitive to deformation, body movement, humidity,
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and changes in the chemical environment, showing a promising future for effective applications as
wearable sensors, intelligent skins, and human-machine interfaces.

Similarly, Scaffaro et al. [159] prepared a piezoresistive sensor by exploiting amphiphilic graphene
oxide (GO) to endow the polylactide (PLA)-poly (ethylene-glycol) (PEG) blends with electrical
properties sensitive to changes in pressure and strain. The responsivity of the biodegradable pressure
sensor is 35 A MPa ™! from 0.6 to 8.5 MPa, and 19 HA MPa~! from 8.5 to 25 MPa, while in lower pressure
ranges (around 0.16-0.45 MPa) the responsivity reaches 220 pA MPa~!. Additionally, the presence of
GO acts as a compatibilizer, providing stiffness and strength without any negative impact on toughness.
It provides the stability of mechanical properties for up to 40 days.

CNTs, as one-dimensional nanomaterials, have abnormal mechanical, electrical, and chemical
properties. Recently, in an in-depth study, CNTs revealed broad prospective applications. CNTs
are formed by crimping graphene sheets, and can be classified into single-walled CNTs (SWCNTs)
and multi-walled CNTs (MWCNTs), according to the number of layers of the graphene sheets [160].
The P-electrons of the carbon atoms on CNTs form a wide system of delocalized 7 bonds, endowing
CNTs with special electrical properties due to the significant conjugation effect. According to theoretical
prediction, the conductivity of CNTs depends on their diameter and the helical angle of the wall. When
the diameter of CNTs is greater than 6 nm, their conductivity is relatively lower; when less than 6 nm,
CNTs can be regarded as one-dimensional quantum wires with good conductivity. Their excellent
properties make CNTs desirable for high-strength, conductive nanocomposites based on sustainable
resources and polymer materials [161,162]. Many efforts have been made to utilize CNTs by preparing
conductive nanocomposites and then using them in biodegradable electronic devices [163-168].

Dionigi et al. [169] prepared a conductive nanocomposite with SF and SWCNTs using a novel wet
templating method, which combines the excellent mechanical properties and biocompatibility of SF
with the electric conductivity and stiffness of SWCNTs. The prepared SF-SWCNT nanocomposites
exhibit a periodic structure in which SWCNTs are regularly and uniformly distributed in the SF
matrix. The film based on the SE-SWCNT nanocomposites possesses a conductivity only one order of
magnitude lower than the bare SWCNTs. Remarkably, the SE-SWCNT nanocomposite enables the
growth of primary rat Dorsal Root Ganglion neurons. Figure 6 displays the fabrication process of the
nSF-SWCNT film and its electrical properties.

Sivanjineyulu et al. [170] prepared poly(butylene succinate) (PBS)/PLA blend-based
nanocomposites with CNTs as reinforcing nanofillers. The electrical resistivity values of PBS, PLA,
or their blends are all higher than 1013 square‘l, illustrating that they are electrically insulated. When
CNT is added into the PBS/PLA blend, the electrical resistivity is greatly decreased. Even with only a 3
phr CNT loading, the electrical resistivity of the blend decreased by up to 11 orders of magnitude as a
result of the formation of a semi-conductive network structure in the nanocomposite system.

Valentini et al. [168] reported a photo-responsive device with a semiconducting polymer film built
on semitransparent and conductive biodegradable poly(3-hydroxybutyrate) (PHB)/CNT substrates.
The biodegradable PHB/CNT nanocomposite can be prepared using SWCNTs or MWCNTs through a
simple solvent-casting approach. The electrical resistance value measured on the PHB-SWCNT sample
is around 3 x 107 Ohm, while that on the PHB-MWCNT sample is around 2 x 108 Ohm.
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Figure 6. (a) Schematic illustration of the fabrication process of the porous SE-SWCNT films; (b) device,
including two gold pads which contact the film; (c) comparison of the I-V characteristics at 0.3 V for the
SE-SWCNT and SWCNT films. Reproduced with permission from [169], RSC, 2014.

In addition to adding graphene or CNTs as nanofillers into polymer matrices independently, some
researchers also added both graphene and CNTs simultaneously into a polymer’s matrix. For example,
Miao et al. [55] reported a biodegradable and flexible transparent electrode, in which the prepared
conductive nanocomposites had a 3D interconnected SWCNT-pristine graphene (PG)-PEDOT network
architecture and was structured using Nacre-inspired interface designs. The one-dimensional SWCNT
and the two-dimensional PG sheets were tightly cross-linked at the junction interface by PEDOT
chains. The fabrication process of the transparent electrode is shown in Figure 7. The formation of
the SWCNT-PG-PEDOT continuously conductive network results in a low electrical resistance, as
well as excellent flexibility. Even after hundreds of bending cycles, the electrical resistance of the
electrode only increases by less than 3%. Moreover, the fabricated electrode exhibits an outstanding
optoelectronic property: typically, a sheet resistance of 46 Q) square™! with a transmittance of 83.5% at
a typical wavelength of 550 nm. More importantly, the conductive nanocomposites are incorporated
with an edible starch-chitosan substrate, which leads to perfect biodegradability: it could be rapidly
degraded in a lysozyme solution at room temperature, with no toxic residues produced.

Chen et al. [171] prepared Polycaprolactone (PCL)/MWCNT nanocomposites by blending GO
sheets and MWCNTs into PCL, where GO acts as an adjuvant for regulating the dispersion state of
MWCNTs and thus balances the electrical and mechanical properties of the nanocomposites. Strong
-1t interactions between MWCNTs and GO nanosheets make it easy for MWCNTs to be adsorbed onto
the surfaces of GO nanosheets, thereby forming GO/MWCNT hybrids, which hinder the aggregation
of MWCNTs in PCL. Based on this mechanism, the dispersion of GO/MWCNT hybrids in PCL is
greatly affected by the GO/MWCNT ratio. The dispersion states of MWCNTs in PCL were divided into
PCL/MWCNT, PCL/GO/MWCNT (1/4), and PCL/GO/MWCNT (2/1) in their research, representing
severe, low, and almost no aggregation of MWCNTs, respectively. Among the three dispersion states,
the PCL/GO/MWCNT nanocomposites with a GO/MWCNT ratio of 2/1 showed the best MWCNT
dispersion in PCL matrix, and thus the highest tensile strength and elongation at break. However,
the PCL/GO/MWCNT (1/4) nanocomposites achieved the best electrical conductivity. This is attributed
to the relatively low MWCNT aggregation.
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Figure 7. Fabrication process of the biodegradable and flexible 3D interconnected single-walled
carbon nanotubes-pristine graphene-poly(3,4-ethylenedioxythiophene) (SWCNT-PG-PEDOT) based
transparent electrode. Reproduced with permission from [55], ACS, 2018.

Other nanofillers. Aside from carbon nanotubes and graphene, metal nanowires can also improve
the conductivity of the nanocomposites. Li et al. [172] reported biodegradable poly(citrates-siloxane)
(PCS) elastomers reinforced by ultralong copper sulfide nanowires (CSNWs). The CSNWs were
uniformly distributed throughout the PCS matrix because of the hydrophobic-hydrophobic interaction
between them. The content of the CSNWs directly influences the electric conductivity of the
nanocomposites, which could reach a high value of 5 x 107 S cm™! when the addition content
of CSNWs is 30%. PCS-CSNW also exhibits a high degree of biocompatibility, which decreases
the inflammatory reaction of cells. Additionally, it possesses a unique photo-luminescent property
and strong near-infrared (NIR) photo-thermal capacity, which allows in vivo thermal imaging and
biodegradation tracking with high resolution. PCS-CSNW could assist in the effective killing of
cancer cells via a selective NIR-induced photo-thermal therapy [173]. Therefore, PCS-CSNW is
a promising material in the area of next-generation implanted electronics, tissue engineering or
regenerative medicine for biomedical applications. A processing illustration and physicochemical
structure characterizations of the PCS-CSNW nanocomposites are shown in Figure 8.
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Figure 8. A processing illustration and physicochemical structure characterizations of the
poly(citrates-siloxane)-copper sulfide nanowires (PCS-CSNW) nanocomposites: (a) processing
illustration and potential applications for biomedicine; (b) scanning electron microscope (SEM)
images; (c) energy dispersion spectrum (EDS) spectrum; (d) X-ray diffraction (XRD) patterns; (e) Fourier
transform infrared (FTIR) spectra between 4000 and 650 cm ™. Reproduced with permission from [172],
Elsevier, 2019.

Not all nanofillers in conductive nanocomposites are designed to improve electrical properties.
They may also be used only to strengthen materials, and electrical conductivity is instead achieved
by conductive polymers. Han et al. [112] reported conductive hybrid elastomers fabricated with
a natural rubber (NR) matrix and nanostructured CNF-PANI complexes, in which PANI provides
the conductivity, while CNFs strengthen the material. The CNE-PANI complexes were prepared via
oxidative polymerization of aniline monomers on CNF surface, and then evenly dispersed into NR
latex to fabricate CNF-PANI/NR elastomers using latex co-coagulation. The presence of CNFs in the
nanocomposites constructs a reinforcing network and simultaneously supports the 3D conductive
network in NR matrix. The fabricated bio-based elastomers with homogeneous structures showed
inherent flexibility, improved mechanical properties, decent stretchability, low density, and desired
electric conductivity (up to 8.95 x 1071 S m™!). Then, the elastomer was used to fabricate a strain
sensor with high sensitivity and repeatability, which could monitor the motion of the human body
in real time. The elastomer-based electrode with 20 phr of PANI presented superior electrochemical
properties. Its specific capacitance could reach a maximum of 110 F g~! with a relatively low capacitance
degradation of 22% after 1200 cycles at a current density of 0.3 A g™!. The processing illustration of the
conductive CNF-PANI/NR elastomers and their properties are shown in Figure 9.
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Figure 9. The processing illustration of the conductive cellulose nanofibril-polyaniline/natural
rubber (CNF-PANI/NR) elastomers and their properties: (a) processing illustration of the conductive
CNEF-PANI/NR hybrid elastomers; (b) flexibility of the CNF-PANI/NR elastomers; (c) bendability of the
CNF-PANI/NR elastomers; (d) stretchability of the CNF-PANI/NR elastomers; (e) conductivity of the
CNEF-PANI/NR elastomers. Reproduced with permission from [112], Elsevier, 2019.

Aside from the nanocomposites previously discussed, there are many other biodegradable and
biocompatible nanocomposites used to enhance electronic conductors, which will not be carefully
discussed here [174-180].

3.3. Dielectrics

Dielectric materials are usually electrically insulated and can be polarized when an electric field is
applied. Under the action of an electric field, the electric charges in dielectric materials will slightly
deviate from their equilibrium positions, rather than flowing and forming current as in conductive
materials. The slight movement of positive and negative charges produces an internal electric field
opposite to the direction of the applied eternal electric field, thereby reducing the total electric field
in the dielectric material. For example, the dielectric layer in OFETs produces induced electric
charges in the semiconducting channel when the gate voltage is applied. The dielectric constant and
breakdown voltage of the dielectric layer are two crucial parameters that must be carefully considered
for low-voltage operation and long-time stability [1].

Many naturally-based and synthesized substrate materials can be used to make dielectrics,
such as cellulose, silk, shellac, gelatin, PVA, PDMS, PGS, Poly(lactic-co-glycolic acid) (PLGA), PCL,
and PLA. Regarding dielectric polymers, adding a small amount of nanofillers into them to prepare
nanocomposites would further enhance their dielectric performance. The chemical structure, surface
morphology, and preparation method, as well as the additives, all have an effect on the dielectric
properties of the nanocomposites [39,181-183]. Conductive and high dielectric constant nanofillers,
such as CNTs, GO, Al,O3, and SiO,, all have the potential to improve dielectric performance.
Kashi et al. [184] investigated the effect of graphene nanosheets on the dielectric performance of
biodegradable nanocomposites and found that the presence of graphene nanosheets could heighten
the dielectric constant of polymers to a large extent.
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Deshmukh et al. [185] prepared bio-based nanocomposites by blending cellulose acetate (CA)
with Al,O3 nanoparticles (Al;O3 NPs) and investigated the microstructure, morphology, thermal, and
dielectric properties of the CA/Al,O3 nanocomposites. In the solution blending process, the Al,O3
NPs were uniformly dispersed in the CA matrix and showed good intermolecular interaction.
The incorporation of Al;O3 NPs significantly enhanced the dielectric properties of CA. For instance,
in the condition of 50 Hz and 30 °C, when loaded with 25 wt.% Al,Oj3, the dielectric constant increased
from 8.63 to 27.57 and the dielectric loss increased from 0.26 to 0.64. However, the values of tan b for
all the samples were all very low (below 1).

Zeng et al. [186] reported flexible dielectric papers based on biodegradable CNFs and CNTs for
dielectric energy storage. They successfully prepared highly ordered, homogeneous CNF/CNT papers
through a simple vacuum-assisted self-assembly technique. When the CNT loading was 4.5 wt.%, the
dielectric constant of the CNF/CNT paper was 3198 at a frequency of 1.0 kHz, which is far higher than
15 for the neat CNF paper. The significant enhancement resulted from the formation of microcapacitor
networks in the papers by neighboring conductive CNTs and insulating CNFs. The excellent dielectric
constant also improved the dielectric energy storage capability (0.81 + 0.1 ] cm™3). In addition,
the CNF/CNT papers showed a high degree of flexibility and enhanced mechanical strength. The
preparation process and dielectric properties of the CNF/CNT papers are shown in Figure 10.
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Figure 10. (a) Preparation process of the CNF/CNT papers; (b,c) frequency dependence of dielectric

constant and loss of the CNF/CNT papers with different CNT loadings. Reproduced with permission

from [186], RSC, 2016.

Choudhary [187] prepared polymer nanocomposite films with a biodegradable polymer blend
matrix of PVA and poly(vinyl pyrrolidone) (PVP) and dispersed amorphous silica (5iO,) nanoparticles
using the aqueous solution-cast method. It was found that the presence of the dispersed SiO,
nanoparticles in the PVA-PVP blend matrix decreased the size of PVA crystallites, and forced the
surface morphology of the nanocomposite films to turn from smooth to relatively rough. The dielectric
constant of the nanocomposite films decreased as the SiO, content increased to 3 wt.%. However,
when the SiO, content was 5 wt.%, the dielectric constant was close to that of the pure polymer blend
matrix. Additionally, temperature had an effect on the dielectric constant. The dielectric constant of
the nanocomposite film increased non-linearly with the increase of temperature.

Deshmukh et al. [188] also prepared SiO, nanoparticle-reinforced PVA and PVP blend
nanocomposite films. SiO, nanoparticles were homogeneously dispersed in the PVA/PVP blend
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matrix in a solution-blending process. The dielectric constant and dielectric loss of the PVA/PVP/SiO,
nanocomposite films were tested under a frequency range of 1072 Hz to 20 MHz and temperature
range of 40-150 °C. In the testing conditions, the dielectric constants of the prepared nanocomposites
were higher than those of PVA/PVP blends. With 25 wt.% SiO, content, the dielectric constant reached
a maximum of 125 (1072 Hz, 150 °C) and the dielectric loss was 1.1 (1072 Hz, 70 °C). Deshmukh et al.
obtained better dielectric properties compared to Choudhary [187], with the same PVA/PVP/SiO,
system. The results reported by Deshmukh et al. show that SiO, could significantly improve the
dielectric properties of polymers, and the solution-casting method they utilized has great potential for
flexible organic electronics.

Deshmukh et al. [183] fabricated flexible dielectric nanocomposites, which are composed of water
soluble PPy (WPPy), PVA, and GO, and then characterized them at different GO contents (0.5-3 wt.%).
Because of the presence of GO and its uniform dispersion in the polymer matrix, the nanocomposites
show a significant improvement in the dielectric constant with low dielectric loss. With a GO loading
of 3 wt.%, frequency of 50 Hz, and temperature of 150 °C, the dielectric constant increased from 27.93
for WPPy/PVA blend to 155.18 for nanocomposites, and the dielectric loss increased from 2.01 for
WPPy/PVA blend to 4.71 for nanocomposites.

As can be seen from the above references in this section, adding nanofillers, such as CNTs,
GO, Al,O3, and SiO,, into polymers can enhance the dielectric properties of those polymers.
With biocompatible and biodegradable polymer matricies, the newly developed nanocomposites
would enable the feasible fabrication of dielectrics with high-performance capabilities, flexibility,
and environmental friendliness.

4. Electronics Packaging

Unlike substrates, (semi)conductors, or dielectrics, materials for electronics packaging require
different functions for various operational environments, such as cyclical mechanical bending, aqueous
solutions, elevated temperatures, electromagnetic shielding, electrostatic prevention. Most polymeric
substrate materials, such as PLGA, PCL, parylene-c, and poly(vinyl acetate) PVAc, can be used to form
strain-resistant packaging layers to prevent the rapid degradation of devices [52,189-192].

One particular concern is to ensure that the packaging materials are able to repel gas and
water vapor over a period of several months, because many conjugated organic compounds used as
(semi)conductors are easy to oxidize and lose their function in ambient and aqueous environments.
Therefore, the gas and water vapor barrier property is the most important consideration in the
packaging of electronics. Biodegradable polymers are likely be used to meet this demand due to their
high crystallinity, high hydrophobicity, and facile processing [193]. An adequate packaging polymer is
poly(L-lactide) (PLLA), which satisfies the aforementioned demand and can be easily prepared by melt
casting or using ordinary organic solvents. Adding nanofillers into polymers is an efficient method
to enhance gas and vapor barrier properties, and many nanofillers, including organophilic layered
double hydroxides (OLDH) nanosheets [194-196], montmorillonite [197], and GO [198], have been
used for this purpose.

Xie et al. [194] incorporated OLDH nanosheets into a biodegradable PVA matrix via a solution
casting method and prepared PVA/OLDH films. The OLDH nanosheets, which were intercalated with
aliphatic long-chain molecules as reinforcing agents, were homogeneously dispersed in PVA matrix
and formed strong interfacial interactions with the PVA chains, resulting in significant enhancements
of optical property, mechanical performance, thermal stability, and water vapor barrier property. Even
when only 0.5 wt.% OLDH was loaded in PVA, water vapor permeability could decrease by 24.22%.
The significant improvement of the water vapor barrier property results from the homogeneous
dispersion of OLDH nanosheets, which causes the paths for water vapor diffusion to be tortuous and
thus decreases the water vapor permeability. The experiments demonstrated that the PVA/OLDH
nanocomposite films have a wide variety of potential applications in the field of electronics packaging.
A schematic illustration for the preparation of PVA/OLDH films is shown in Figure 11.

140



Nanomaterials 2019, 9, 950

xR ) [
+ + 4 N
debshddiide Y i
. ‘I‘E;E_}n 1
PDP PVA Y
l + PVA molecules
S \\..;_\\
. - —_ 1 y N \ =i
L ( / QLDH 3
QOLDH CLDH loading (%)

Figure 11. (a) Processing of the PVA/organophilic layered double hydroxides (OLDH) films; (b) water
vapor permeability variation as a function of OLDH loading. Reproduced with permission from [194],
Springer, 2017.

Xie et al. [195] synthesized a series of biodegradable nanocomposite films based on poly(butylene
adipate-co-terephthalate) (PBAT), and reinforced them with OLDH nanosheets. The OLDH nanosheets
were pre-synthesized by solvent-free high-energy ball milling and dispersed uniformly in the PBAT
matrix. Compared with pure PBAT films, PBAT/OLDH films with 1 wt.% OLDH loading exhibited
improved thermal, optical, mechanical, and water vapor barrier properties, including a 37% reduction
in haze and a 41.9% increase in nominal tensile strain at break. The feasibility of scale-up production,
outstanding processability, manufacturing scalability, mechanical property, optical transparency,
and water vapor barrier properties indicate a promising future application of the PBAT/OLDH
nanocomposite films as biodegradable packaging films. Figure 12 shows the schematic illustration of
the fabrication process for the PBAT/OLDH nanocomposite films.

Biodegradable food packaging application
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Seribirininine

MAPK Raw material blends

' High-energy ball milling

2 " .:“' Melt blending . ' . Melt blowing
cEEEER w

Scale-up OLDH  PBAT particles PBAT/OLDH master-batches PBAT/OLDH films

Figure 12. Fabrication process for the poly(butylene adipate-co-terephthalate) (PBAT)/OLDH
nanocomposite films. Reproduced with permission from [195], ACS, 2018.

Aside from the OLDH nanosheets, montmorillonite is another commonly used nanofiller
for the improvement of barrier performance. Wang and Jing [197] prepared biodegradable
montmorillonite/chitosan nanocomposites and coated them onto the traditional package paper so as to
expand the potential application of the paper. They found that montmorillonite/chitosan nanocomposite
showed superior water vapor barrier properties, especially with a high montmorillonite and dispersant
content, dispersion rate, and coating weight. In addition, the montmorillonite/chitosan nanocomposite
coated with a lower content of montmorillonite or with a higher dispersion speed and dispersant
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content had better smoothness and elongation. However, the addition of OLDH nanosheets had a bad
impact on the formation process.

GOs can also be used as nanofillers for enhancing the gas and water vapor barrier performance
of polymer systems. Ren et al. [198] introduced an extremely low amount of GO nanosheets into
biodegradable poly(butylene adipate-co-terephthalate) (PBAT) and the barrier performance was
significantly improved. The permeability coefficients of oxygen and water vapor decreased, exceeding
70% and 36% with a GO nanosheet loading of 0.35 vol.%. The enhanced barrier performance was
attributed to the excellent impermeability and homogeneous dispersion of GO nanosheets, as well as
the strong interfacial adhesion between the GO nanosheets and PBAT matrix.

In addition to having a gas and water barrier, some special electronic devices need be packaged
with materials having electromagnetic shielding and antistatic functions. In the electromagnetic
shielding field of electronics packaging, nanocomposites have great advantages compared with
pure polymers because of the addition of conductive nanofillers [199-202]. For example, Kuang
et al. [201] developed lightweight high-strength PLLA/MWCNT nanocomposites foams with an
efficient, environmentally friendly, and inexpensive method, using a pressure-induced flow technique
and solid-state supercritical CO, foaming. The nanocomposite foams have a density aslow as 0.3 g
cm™3, possess an electric conductivity of 3.4 S m™!, and an electromagnetic interference (EMI) shielding
efficiency (SE) of around 23 dB in the range of 8.00-12.48 GHz. The corresponding average specific
EMI SE reaches 77 dB g~ cm?®, far exceeding those of metals and many carbon-based composites
with similar densities and thickness. Absorption was proven to be the major mechanism of EMI
shielding for the PLLA/MWCNT nanocomposite foams, which is shown in Figure 13. In addition,
the nanocomposite foams also show superior compressive stress. The prepared biodegradable
PLLA/MWCNT nanocomposites foams are suitable for EMI shielding in electronics packaging.
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Figure 13. (a) Fabrication process of the lightweight poly(L-lactide)/single-walled carbon nanotubes
(PLLA/MWCNT) nanocomposite foams using a combinatorial technology of pressure induced flow
processing and Sc-CO, foaming; (b) electromagnetic interference (EMI), shielding efficiency (SE)
of PLLA/MWCNT nanocomposite foams in the frequency ranges of 8.00-12.48 GHz; (c) schematic
illustration of electromagnetic microwave dissipation in the PLLA/MWCNT nanocomposite foams.
Reproduced with permission from [201], Elsevier, 2016.

In antistatic aspects of packaging, nanocomposites also have great advantages compared with

pure polymers. Shih et al. [203] prepared PBS/MWCNT nanocomposites through a melt-blending
method. The MWCNTs were firstly modified with N,N’-dicyclohexylcarbodiimide (DCC) dehydrating
agents, and then uniformly dispersed in organic solvents. The PBS/MWCNT nanocomposites
were subsequently prepared via the facile melt-blending process. The prepared PBS/MWCNT
nanocomposites exhibit a surface resistivity of 7.30 x 10° (0, 10° folds lower in value compared with
the neat PBS sample. At an MWCNTs loading of 3 wt.%, the PBS/MWCNT nanocomposites showed an
excellent anti-static capacity, indicating a promising potential in electronic packaging materials for
anti-static function. Figure 14 shows the results of anti-static test.

PBS +
Iwt% CNT-C18

Figure 14. Anti-static test by Shih et al. Reproduced with permission from [203], Elsevier, 2008.
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5. Summary and Outlook

Biodegradable nanocomposites have been widely investigated and used for fabricating components
of green electronics, and provide an efficient solution for E-waste management and environment
protection. Furthermore, green electronics also exhibit promising potential for biomedical applications
of transient electronic devices. Although functional nanomaterials have significantly enhanced
the overall performances of biodegradable polymers, some particular characteristics, including
electric conductivity and flexibility, as well as biodegradability and biocompatibility, still need be
further improved.

Flexibility mainly depends on the properties of the polymer matrix. Synthetic polymers display
superiority in flexibility, as well as better conformal contact between the implantable electronics and
dynamic tissue surface, but they generally suffer from worse biodegradability or biocompatibility.
To achieve an excellent performance for all the requirements still remains an arduous challenge.
Developing novel polymers derived from natural materials with enhanced mechanical properties or
blending the natural-based polymers and synthetic polymers together may be feasible methods for
future improvement.

Electric conductivity is affected by both the polymer matrix and nanofillers. Synthetic conjugated
polymers are usually not biodegradable, and thus a conjugation-breaking degradation strategy through
mechanisms such as oxidation, ultraviolet (UV) exposure, or enzymes, without affecting conductivities
is crucial. However, the trade-off between material degradability and device stability is difficult to
balance. Natural-based conductive polymers can be easily biodegradable, but they suffer unsatisfied
conductivity and bad mechanical properties, which seriously limits their applications. Adding
functional nanofillers, such as graphene and CNT5, into a polymer matrix can significantly enhance the
electric conductivity. The electric conductivity is deeply affected by the dispersion state of nanofillers in
the polymer matrix as well as the interfacial morphology, which has been studied by many researchers
and will still be an important research direction.
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Abstract: 3D printing by fused deposition modelling (FDM) enables rapid prototyping and fabrication
of parts with complex geometries. Unfortunately, most materials suitable for FDM 3D printing
are non-degradable, petroleum-based polymers. The current ecological crisis caused by plastic
waste has produced great interest in biodegradable materials for many applications, including 3D
printing. Poly(lactic acid) (PLA), in particular, has been extensively investigated for FDM applications.
However, most biodegradable polymers, including PLA, have insufficient mechanical properties
for many applications. One approach to overcoming this challenge is to introduce additives that
enhance the mechanical properties of PLA while maintaining FDM 3D printability. This review
focuses on PLA-based nanocomposites with cellulose, metal-based nanoparticles, continuous fibers,
carbon-based nanoparticles, or other additives. These additives impact both the physical properties
and printability of the resulting nanocomposites. We also detail the optimal conditions for using
these materials in FDM 3D printing. These approaches demonstrate the promise of developing
nanocomposites that are both biodegradable and mechanically robust.

Keywords: 3D printing; poly(lactic acid) (PLA); additive manufacturing (AM); fused deposition
modeling (FDM); cellulose; carbon nanoparticles

1. Introduction

Additive manufacturing (3D printing) enables rapid prototyping, convenient customization,
and unique capabilities, while democratizing the manufacturing process in ways that are only just
beginning to be leveraged on a large scale [1-3]. These burgeoning manufacturing trends, however,
also intersect with growing concerns about the ecological impact of the materials used in manufacturing.
As pollution from plastic waste grows worldwide, developing materials that are biodegradable and
bio-renewable becomes increasingly important [4-6]. Unfortunately, most materials commonly used
for 3D printing are neither.

One of the most common methods of 3D printing—fused deposition modeling (FDM), also known
as fused filament fabrication—uses layer-by-layer addition of polymeric materials to form a completed
piece. This addition is facilitated by computer-aided design, which instructs the printer where to add
polymer [7]. FDM involves drawing a filament through a heated extrusion head, which deposits the
molten polymer onto a bed where the 3D-printed part forms [7,8]. The FDM process requires specific
parameters for drawability and processability that influence not only the filament production but also
the layer deposition during printing [9]. For viable printing, the extruded material must have a low
melting temperature and fast solidification time [7].

The printability and strength of printed parts also relies on good adhesion between layers and
a homogeneous distribution of any additives [10]. Uniform distribution of additives ensures that
agglomerates do not clog the printing apparatus or cause weak points in the printed material [11].
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Compounding the complex nature of FDM 3D printing, various printing parameters—raster angle,
raster width, layer thickness, build orientation, infill density and pattern, feed rate, and air gap—
also have large effects on the quality and mechanical properties of FDM-printed parts [12-17].

Several polymers can be readily printed by FDM including acrylonitrile butadiene styrene (ABS),
polycarbonate (PC), and poly(lactic) acid (PLA) [18]. Of these polymers, only PLA is biodegradable,
and of the limited number of biodegradable polymers evaluated for 3D printing, PLA is by far the most
common. However, its limited mechanical properties hinder its use in many applications, particularly in
industrial settings. Additionally, PLA is insulating, which precludes its use in conducting parts [19].
To address each of these issues, various additives have been incorporated into PLA to increase its
strength and conductivity. In this review we delve into different additives that enhance mechanical,
thermal, or electrical properties while maintaining the biodegradability of the resulting PLA/additive
nanocomposite. These nanocomposites exemplify the possibility of developing biodegradable materials
while maintaining key physical properties required for industrial applications.

2. Poly(Lactic Acid) (PLA): 3D Printing Properties

PLA is popular for 3D printing due to its affordability, renewability (e.g., derived from corn or
sugar cane), and biocompatibility [7,20,21]. PLA contains repeating lactic acid units as depicted in
Figure 1, and can include both D- and L-stereoisomers, or be enantiomerically pure (e.g., PLLA contains
only L stereocenters). PLA in conjunction with FDM produces 3D scaffolds that degrade via hydrolysis
to lactic acid, a common biologically produced molecule [22,23]. PLA biodegradation depends on pH
(degrading faster in highly acidic or basic media), temperature, autocatalytic behavior (catalysis by the
lactic acid formed during degradation), and the degree to which water enters the matrix [23]. PLA also
retains good mechanical strength while remaining processable through melt mixing, solution mixing,
injection molding, and 3D printing [21]. However, several drawbacks limit its industrial use
such as brittleness, poor thermal stability, low crystallinity, low elongation at break, poor impact
strength, low heat-distortion temperature, and limited drawability [9,21,24]. These drawbacks,
especially the slow crystallization, deter the replacement of fossil-based thermoplastics with PLA [25].
To increase the functionality of PLA, researchers have introduced additives such as cellulose,
metals, carbon, continuous fibers, and others to modulate properties such as thermal conductivity,
electrical conductivity, mechanical strength, viscosity, and degradation time [9,26].
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Figure 1. Poly(lactic acid) conformers.

FDM 3D printing parameters affect the printed materials and printing process. Manufacturing time
and costs are directly linked to such parameters: production time (and therefore cost) decreases with
increasing feed rate and layer thickness. Chacén et al. investigated the effects of these parameters on the
properties of neat PLA FDM-printed tensile bars as depicted in Figure 2 [27]. Increasing layer thickness
increased tensile and flexural strength for upright printed tensile bars. However, on-edge and flat
printed tensile bars had only slight differences in the tensile and flexural strength [27,28]. Decreasing feed
rate decreased tensile and flexural strength in upright samples but had limited effects on materials
produced by on-edge and flat printing orientations. For all samples, the ductility decreased as layer
thickness increased. Overall, on-edge orientation produced the best mechanical performance, ductility,
and stiffness. Moreover, if an on-edge orientation is used, high layer thickness and low feed rate
maximize ductility [27]. Tensile properties increased with infill density regardless of infill pattern,
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including concentric infill patterns (which produced the greatest tensile strength), grid patterns,
and tri-hexagonal patterns [29,30].

b

Figure 2. (a) Flat, on-edge, and up right printing orientation of tensile bars. (b) Processing parameters

of tensile bars. Reproduced with permission from [27], Elseveir, 2017.

Thermal processing conditions also play a key role in sample material properties. For example,
samples made with low build platform temperatures have increased mechanical properties,
increased interfacial strength, larger crystal size, and lower crystallinity [31-33]. Additionally,
post-printing annealing at 120 °C removes internal stresses, changes the crystallinity, removes the &
form (a more disorganized crystalline structure), and improves the storage modulus, especially in
samples with large layer thickness [31]. The surface structure and friction can also be modulated by
changing printing parameters [34].

Traditionally, PLA is sold as filaments for FDM with colorants and additives already incorporated.
These additives can have profound effects on the properties of the resulting printed material.
For example, Cicala et al. observed a marked difference in elasticity among various commercial PLA
samples, demonstrating the effect of different additives on mechanical properties [35]. Importantly,
Cicala et al. determined that polymers with high viscosity print with increased precision because
of their resistance to flow after printing, which allows them to hold their shape and minimize voids
between printed layers [35]. Cuiffo et al. investigated commercial PLA samples with calcium carbonate
additives and found that the CaCOs concentrated in the voids of the 3D-printed materials after FDM
printing [36]. Additionally, these PLA samples underwent minor chemical reactions during the FDM
process, as shown by changes in the Fourier transform infrared (FTIR) stretches for the C=0, C-O-C,
-CHj3, and -OH functional groups, and by deviations in the cold crystallization (T¢c) and melting
(Tm) temperatures [36].

Neat PLA has a Tg of 55-65 °C [36,37] and Tr, of 173-178 °C [36], which enables FDM printing.
While the thermal and mechanical properties of PLA are appropriate for FDM 3D printing, they are
often inappropriate for many applications, which require a different set of properties. To achieve such
materials, while maintaining the renewability and degradability of PLA, new additives have been
explored beyond those typical of commercial samples. These additives have resulted in a range of new
materials that show promise for applications beyond the capabilities of neat PLA.

3. Cellulose-Based Additives

An increasingly attractive nanofiller for PLA-based materials is cellulose. Cellulose, a biodegradable
material, is the most abundant natural polymer shown in Figure 3, and forms a fully
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biodegradable nanocomposite when incorporated into PLA [7]. Cellulose nanocrystals (CNCs),
in particular, attract attention as an additive because of their strength, low weight, transparency,
and biocompatibility [24]. While the addition of cellulose may increase mechanical properties,
the crystallinity and hydrophobicity of CNCs hinder their incorporation into the PLA matrix.
The crystallinity of CNCs, approximately 54-88%, accounts for their high tensile modulus (105-250 GPa),
which is greater than that of both glass fiber and steel wire [7,20]. This crystallinity also allows cellulose
to act as a nucleating agent in the PLA matrix, increasing PLA/CNC crystallinity and affecting
mechanical properties [7].

OH
OH
% _HO or
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Figure 3. Cellulose chemical structure.

Kumar et al. evaluated the properties of 1, 2, 5, and 10 wt % PLA/CNC composites [7].
They indicate that the crystallinity, melting temperature, and glass transition temperatures change
with the introduction of CNCs. The optimal incorporation, 1 wt % CNCs in PLA, had the highest cold
crystallization and an increased elastic modulus of 4550 MPa compared to 3030 MPa for neat PLA
FDM-printed materials [7]. Importantly, all samples, regardless of CNC incorporation, retain a constant
and steady viscosity at the extruder shear rate, allowing for 3D printing without clogging the extrusion
head. The yield strength of 1 wt % CNC also increased to 61.07 MPa compared to 51.4 MPa for neat
PLA. However, there was a 2.8% drop in strain at break for 1 wt % PLA/CNC compared to neat PLA,
indicating that the orientation of the CNCs allows for absorption of the load, but reduced strain [7].

Other forms of cellulose have also been incorporated into PLA to enhance mechanical
properties [38]. For example, previous studies indicate that incorporating cellulose nanowhiskers
(CNWs) silylated with (3-mercaptopropyl) trimethoxysilane into PLA nanocomposites increases
the elongation at break 250.8% compared to neat PLA [39]. The silylation reaction functionalizes
the hydroxyl groups on cellulose, increasing CNW compatibility with PLA. Functionalization also
modifies the usable temperatures of the PLA/CNW nanocomposite. The addition of silane A-151
increased the Tax to 304.4 °C [24]. Importantly, the concentration of A-151 must be high enough,
at least 8 wt %, to fully coat the CNWSs and create an even surface. While silylation increased the
compatibility of the PLA and CNWs, the tensile strength and tensile modulus decreased minimally with
increasing silane concentration. However, the elongation at break increased significantly (from 12.3%
to 213.8%) with increasing silane concentration. The stiffness also increased with silane addition.
In general, the tensile strength and tensile modulus increase with silylation of CNWs; however,
the thermal properties, including the glass transition temperature, crystallinity, melting temperature,
and crystallization temperature, decrease after silylation.

Cellulose nanofibers (CNFs) have also been investigated in the context of PLA 3D printing.
Interestingly, the method of 3D printing affects the mechanical properties of CNF-containing PLA
nanocomposites [40]. Specifically, the strength and modulus of FDM-printed neat PLA is 49 and
41% lower than its compression molded counterparts. With the addition of CNFs, at just 1 wt %,
the strength and modulus of 3D-printed PLA/CNFs increased by 84% and 63% compared to PLA,
respectively [40]. Incorporating CNFs into PLA significantly decreased voids and facilitated nucleation
and crystallization, leading to increased matrix crystallinity. This higher crystallinity and reduction of
defects caused overall increased mechanical properties.

Another cellulose-based derivative, industrial hemp hurd (HH), is a lignocellulose byproduct of the
cannabis industry. HH contains 18-24% hemicellulose, 21-24% lignin, and 48% cellulose [41]. Xiao et al.
introduced HH into PLA in the presence of toughening agent poly(butylene adipate-co-terephthalate)
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(PBAT) and interfacial modifier ethylene-methyl acrylate-glycidyl methacrylate (EGMA) terpolymer.
The polymer matrices were all 87 wt % PLA and 13 wt % PBAT with 10-40 phr HH. Increasing HH
concentration increased the complex viscosity, indicating a decrease in melt flow and 3D printability.
The PLA/HH nanocomposites also showed increased shear-thinning behavior with increasing HH
loading, which assists in 3D printability. Storage and loss moduli also increased with increasing
HH content, especially at low frequencies, due to inhibition of chain mobility [41]. Contrastingly,
the tand and angular frequency decreased with increasing HH loading. Interestingly, the addition of
HH did not affect the thermal transitions such as Tg and Tr, but did increase the cold crystallization
temperature, indicating that increasing HH decreased crystallization enthalpy. With increased loading
of HH the fracture surfaces showed less interfacial adhesion, indicating that HH decreased interfacial
adhesion of polymer surfaces. HH also increased surface roughness and darkened the color of
the composite. Overall, both the flexural strength and tensile strength decreased with increasing
HH loading. Nevertheless, PLA/HH-30 had an impact strength comparable to commercial PLA
FDM samples [41].

Poly(3-hydroxybutyrate) (PHB) has been incorporated into PLA/CNC nanocomposites through
single-step blending with a crosslinking agent, dicumyl peroxide, which caused increased adhesion
between the PLA and PHB phases and increased dispersion of CNCs. After 3D printing, the polymers
align parallel to the extrusion direction indicating that FDM 3D printing changed the distribution
and orientation of the CNCs. While the initial FDM printing of the nanocomposite caused some
aggregation of CNCs, reprocessing those printed materials produced good dispersion of CNCs in the
copolymer matrix [21].

PLA/PHB nanocomposites also facilitate introducing recycled cellulose in the form of pinewood
fibers [42]. These PLA/PHB/wood composites are processable from 210 to 230 °C. This narrow
window enables PLA/PHB melting without degradation of the wood nanofibers. This low print
temperature not only makes the polymer desirable for home printing applications but also lowers
the energy, and therefore cost, associated with printing. While CNCs improve mechanical properties,
the PLA/PHB/wood nanocomposites show a 35% decrease in strength and 41% decrease in stiffness
compared to neat PLA. The tensile strength was also low, not exceeding 21 MPa [42].

Adding plasticizers such as poly(ethylene glycol) (PEG) into PLA may increase ductility and
toughness, but often decreases strength and stiffness [20]. These drawbacks may be mitigated by
introducing nucleating agents, such as CNCs or CNFs, which increase the crystallinity of the PLA/PEG
matrix and thus increase the strength and stiffness. Adding CNFs and CNCs gives significantly higher
crystallinity than neat PLA or commercially available PLA/talc nanocomposites [20].

Solvent effects on CNC dispersion have recently been investigated in both amorphous and
semi-crystalline PLA samples. Thermodynamic analysis identified dimethyl sulfoxide/tetrahydrofuran
(DMSO/THF) as an optimal solvent system to incorporate CNCs into PLA because it can both dissolve
the PLA and distribute the CNCs [43]. In semi-crystalline PLA nanocomposites, the CNCs distribute
effectively but in amorphous nanocomposites the CNCs aggregate [43]. With the addition of CNCs,
the storage modulus and complex viscosity increase. Significantly, residual solvent in the nanocomposite
matrices caused dramatic decreases in complex viscosity (1 to 2 orders of magnitude) [43].

Cellulose in the form of wood fiber also increases the mechanical properties of PLA. Adding wood
fiber to the PLA filament and subsequent FDM 3D printing produced materials with increased stiffness
(18%), toughness (44%), thermal conductivity (23%), fracture strain (15%), strength (9%), and decreased
density (10%) [44]. In FDM 3D printing, the printer typically prints line by line, with subsequent
layers depositing directly on top of the previous layer. However, with the introduction of “isomixed”
printing, a printing method where the printer prints crosshatched layers with each subsequent layer
rotated by 45 degrees such that each new layer lies not perfectly on top but askew from each other
as seen in Figure 4, there is an increase in properties. Isomixed microarchitectures of PLA/wood
fiber nanocomposites show a 91% increase in stiffness and 48% increase in strength compared to
neat PLA [44].
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Figure 4. Depiction of rotation and crosshatched 3D printing pattern utilized to increase mechanical
properties of 3D-printed materials. Reproduced with permission from [44], Wiley, 2020.

Cellulose, in the form of lignocellulosic fillers (LCFs), has also been incorporated into PLA/graphene
nanoplatelet (GNP) nanocomposites to reduce the required GNP content and increase the mechanical
properties of the materials. The introduction of both LCFs and GNPs allowed for good dispersion in the
PLA matrix. Further, the introduction of these nanoparticles in combination increased nanocomposite
stiffness up to 55%, elongation at break up to 35% and tensile strength up to 48% [45]. These results
indicate that the introduction of GNPs and LCFs mitigate the reduced mechanical properties often
found with natural fibers while strengthening the matrix. Varying the ratio of GNP to LCF modulated
the degradation from 8% to 70% after just 900 h submersion in an alkaline environment and 1% to 30%
in a neutral environment, indicating that this formulation can be tuned for many applications and
degradation rates [45].

4. Metal-Based Additives

Metal additives can increase the mechanical and antibacterial properties of PLA nanocomposites.
For example, Bayraktar et al. loaded silver nanowires into PLA, through solution mixing, as an
antibacterial agent [46]. During processing, the suspended silver nanowires aligned in the direction of
shear force homogeneously but broke down. Specifically, the shear force and heat required for 3D
printing broke the nanowires into smaller particles but conserved the surface morphology. TGA showed
that the nanowires influence the degradation of the PLA matrix: They increased the degradation
temperature, increased crystallinity before printing, decreased Tg, decreased crystallinity after printing,
and did not change Tp, [46]. Interestingly, the concentration of nanowires decreased after printing,
indicating that some silver nanowires stuck to the inside of the polymer extrusion nozzle. Overall,
the addition of silver nanowires added a barrier to degradation of the PLA/Ag nanocomposite while
adding an antibacterial property, killing 100% of both S. aureus and E. coli for all concentrations of
silver nanowires studied [46]. More recent studies on introducing silver nanoparticles indicate that
composites with no significant change in bulk properties can be formed with an addition of 0.01-5 wt %
silver nanoparticles. At all loadings of silver nanoparticles studied, these new PLA/Ag nanocomposites
showed antimicrobial properties against E. coli, P. aeruginosa, and S. aureus [47].

Many industrial applications cannot use FDM-printed parts because fractures occur between
layers due to poor interfacial adhesion and low surface quality [48]. Therefore, modifying FDM PLA
nanocomposites to increase this surface quality may increase industrial use of these nanocomposites.
Incorporating aluminum into nanocomposites produces air-cooled heat exchangers with high thermal
conductivity at a low cost. These PLA/Al composites, when laser polished, show increased
surface quality, decreased surface roughness, increased storage modulus, decreased loss tangent,
increased tensile strength, and increased Young’s modulus [48]. These enhanced properties arise
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from the polymers becoming molten on the surface and reforming into a much more dense and
interconnected structure during laser polishing.

Similarly, copper fiber can be incorporated into a PLA matrix. Copper fiber/PLA composites
contain uneven surface morphologies after FDM 3D printing due to the layer-by-layer addition,
which often leaves ridges in the surface of printed materials. To ameliorate the effects of this surface
structure, laser polishing is employed to melt the polymer matrix at the surface, producing a smoother
surface [49]. The surface roughness decreases over 90% after laser treatment to 0.87 um So with a
5 W laser of 200 um (ideal parameters) as seen in Figure 5. This polishing also significantly improved
the glass transition, storage modulus, Young’s modulus (34.2%), loss modulus, and tensile strength
(52.98%) of Cu/PLA due to strong interfacial adhesion between PLA and Cu fibers after treatment [49].

Laser polishing
direction

Figure 5. Poly(lactic acid) (PLA)/copper fiber surfaces (A,B) before laser treatment showing gaps, voids,
and uneven surface morphology and (C) after 5 W laser treatment with a 175 um beam. Reproduced
with permission from [49], Wiley, 2020.

Hybrid FDM (HFDM) methods incorporate metal meshes into the matrix of PLA. In these methods,
a tensile bar is printed, wire mesh is laid on top of that piece, and a top layer is then printed, encasing the
copper mesh into the 3D-printed materials and forming a composite. These composites show increased
resistance to tearing, fracture load, and flexural strength [50]. Interestingly, in three-point flexural
tests neat PLA shows a clean break at the point where force is applied. In contrast, PLA/Cu HFDM
materials experience striations (small cracks) throughout the matrix rather than a clean break at the
point of force application [50].

Introducing wood, as particleboard wood flours (PWF), into PLA nanocomposites would create a
fully biodegradable and strong nanocomposite while maintaining the aesthetic appearance of wood.
However, introducing PWF into PLA does not produce a glossy appearance or antibacterial properties.
Therefore, micrometer copper—zinc (mCu-Zn) alloys have been introduced [51]. First, PWF was treated
with hydrogen peroxide under alkaline conditions to remove cellulose, which may degrade at high
processing temperatures and cause the material to discolor or lose strength [51]. Maximum mechanical
properties occurred when 5 wt % PWF was introduced into the PLA matrix. The addition of mCu-Zn
increased the thermal properties of PLA/PWF nanocomposites and, with an introduction of 2 wt %
mCu-Zn, and produced glossy, antibacterial nanocomposites [51].

Adding magnesium into PLA matrices can improve mechanical properties while remaining
completely biodegradable and bioresorbable [52]. Adding magnesium also increases the PLA
degradation rate, reducing the time it exists in the environment [53-56]. Importantly, homogenous
magnesium distribution is not readily achieved, but increases with addition of vitamin E.
This PLA/Mg/vitamin E filament enabled printing of surgical implant screws [52].

More recently magnesium has been incorporated into PLLA matrices in the form of MgO
nanowhiskers. The functionalization of magnesium to magnesium oxide increased the dispersion of
the nanoparticles and improved the mechanical properties [57,58]. These MgO nanowhisker-containing
materials undergo in vivo degradation, which is modulated by the amount of MgO incorporated and
the molecular weight of PLLA in the matrix. With the incorporation of MgO, an increase in bone
cells occurs, likely due to the positive effect of the Mg?* degradation product on osteogenesis [57].
This finding indicates that increased MgO content increased desirable properties for bone implants.
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Magnesium oxide nanowhiskers modified with stearic acid improve strength and toughness of
PLLA nanocomposites. The addition of stearic acid increases PLA compatibility, and while some
aggregation of nanowhiskers in the PLLA nanocomposite occurs, no significant cavities resulted [59].
At a nanowhisker content of 1 wt %, the PLLA/MgO nanocomposites increase the tensile strength by
17% and Young’s modulus by 78% compared to neat PLLA. The introduction of MgO nanocomposites
also promoted nucleation, increasing crystallinity and decreasing the Tec [59].

To further understand in vivo and in vitro degradation, the shape effect of magnesium oxide
(nanowhiskers versus nanoparticles) was explored [60]. Introducing MgO in any form significantly
accelerated degradation by accelerating water uptake into the polymer. After water uptake,
the polymer first loses the nanocrystalline regions, followed by degradation of the crystalline
regions [60]. Importantly, the addition of nanowhiskers increased the degradation rate more than
the introduction of nanoparticles. In previous studies, modulating the MgO nanowhiskers content
in PLLA nanocomposites modulated the degradation rate with an increase in degradation occurring
with increased MgO nanowhisker content [61]. The introduction of MgO nanowhiskers also increased
the cytocompatibility of the PLLA composites as seen through increased cell counts, consistent with
previous studies on unfunctionalized magnesium [55,61].

To further compatibilize magnesium with the PLA matrix, the surface of Mg nanoparticles has
been modified with adsorption dispersants. Polyethyleneimine (PEI) and cetyltrimethylammonium
bromide (CTAB) were added in aqueous suspension and facilitated the ionic interactions of PLA and Mg
nanoparticles. The introduction of PEI and CTAB enabled good dispersion in the PLA matrix as seen
in Figure 6 [53]. In 3D-printed samples, PEI and PLA become covalently bonded through amide bonds,
likely resulting from the temperatures required for printing. The addition of surface-functionalized Mg
nanoparticles increased the Young’s modulus and strength when compared to neat PLA. The matrix
then improves the extrusion and printability of PLA by compatibilizing the magnesium and PLA and
eliminating nozzle clogging [53].

Figure 6. Compatibilized magnesium nanoparticle PLA filaments. (A) Fused deposition modelling
(FDM) 3D-printed scaffold, (B) layer structure of scaffold, (C) cross section of individual layer showing
magnesium dispersion. Reproduced with permission from [53], Elsevier, 2020.

5. Continuous Fibers

Recently, introducing continuous fibers into PLA matrices has been explored. These fibers made
of carbon, flax, pineapple leaf, and others are strong uninterrupted materials, which can increase
mechanical properties [62]. Adding these continuous fibers, if used in conjunction with FDM 3D
printing, occurs in the extrusion head when the polymer matrix is molten. Figure 7 depicts one
common method for entrapping continuous fibers where the molten polymer completely surrounds
the fiber [63].
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Figure 7. FDM 3D printing apparatus with continuous fibers. Reproduced with permission from [63],
Elsevier, 2016.

Carbon fiber-reinforced (CFR) PLA matrices have the capacity for increased materials properties.
Importantly, effectively impregnating the carbon fiber into the PLA matrix and forming the composite
material requires a temperature of 200-230 °C. This temperature allows adequate flow of PLA while
limiting the liquid-like and gravity-dependent flow properties when exiting the feed head [63].
The addition of 27% carbon fiber in CFR PLA composites increased the flexural strength of the
composite to 335 MPa and flexural modulus to 30 GPa. Decreased layer thickness in FDM printed
parts, and thus increased contact pressure and increased lamination between layers, caused increased
flexural strength [63].

New methods for CFR PLA formation require optimization of printing parameters. The printing
of continuous fibers requires that the carbon fiber remain at optimal tensions to reduce problems from
wavy fibers in FDM 3D-printed materials [64]. For this reason, an “embedding on the component”
method has been employed. This method allows the computer to control the PLA filament and carbon
fiber filament speed when entering the extrusion head. This method, along with PVA pretreatment of
carbon fibers, has increased the tensile strength by 35% and bending strength by 108% compared to
neat PLA [64]. The failure methods of this composite, when exposed to external stress, are primarily
delamination-induced matrix cracking and delamination. Importantly, the PLA/carbon fiber interface
is well bonded with little delamination before cracking of the PLA matrix [64]. Interestingly,
continuous carbon fiber-containing PLA composites printed with square-shaped nozzle outlets
have increased fracture toughness and decreased bonded areas compared to those printed with a
circular extrusion nozzle [65].

Further insights into the strengthening mechanism of CFR PLA composites came through studying
the fiber-matrix bonding interface strength, relative fiber content, and failure form of FDM-printed
materials through field emission scanning electron microscopy [66]. With increased layer height
(from 0.2 to 0.4 mm) and extrusion width (0.86 to 1.5 mm), tensile properties decreased, largely due
to the increased concentration of PLA in comparison to carbon fiber content. Tensile properties also
decreased slightly with increased temperature (from 190 to 230 °C) and increased feed rate (50 to
400 mm/min) [66]. Interestingly, the main failure mode for continuous carbon fiber-reinforced PLA is
fiber pull-out caused by interface failure, meaning that the carbon fiber releases from the PLA matrix
and pulls through the polymer rather than fracturing with the PLA as depicted in Figure 8. Pull-out is
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directly affected by the cohesion of the carbon fiber/PLA interface, indicating that increased adhesion
would increase tensile properties [66].

De-bonding between  Fiber pull-out Cu Fiber
two filaments

Fiber breakage Filament PLA matrix
delamination
Figure 8. Depiction of fibers in FDM 3D-printed material and the different defects that occur with
stress including fiber pull-out, filament delamination, debonding, and fiber breakage. Reproduced with
permission from [49], Wiley, 2020.

Other continuous fibers also lend themselves to incorporation into polymer matrices. Flax fibers
are among the strongest natural fibers and therefore a good option for introducing into PLA while
maintaining biodegradability [67]. When coated with PLA, the twisted nature of the flax yarn causes
imperfect impregnation and fiber-rich areas with minimal bonding to the PLA matrix. Even though
imperfect binding occurred between the yarn and PLA matrix, the resulting composite exhibited good
tensile behavior [67]. Further probing of slicing parameters, including layer height and number of
layers, on FDM-printed parts determined that these parameters affect the properties of the continuous
flax fiber/PLA composites [68]. Decreasing layer height from 0.6 to 0.2 mm increased stiffness and
strength by over 210%, decreased porosity, and decreased layer thickness. Interestingly, layer thickness
is determined, in part, by the width and compressibility of the flax yarn as the flax yarn must be within
the PLA matrix. Increasing the number of layers (1 to 10) increased compaction ratio, tensile modulus
(over 50%), and tensile strength (over 73%) [68]. For manufacturing, curved and bending 3D-printed
parts, the introduction of continuous flax fibers increased the curved bending force by 39% and stiffness
by 115% for FDM materials compared to the flat-slicing method of 3D printing (printing with supports
where each layer is printed flat rather than printing onto an already curved area) [69].

Other natural fibers have also been incorporated into PLA matrices. Pineapple leaf fiber is
currently used for wallpaper, textiles, and rope. This fiber has a diameter ranging from 0.1 to 0.5 mm,
length ranging from 55 to 75 cm, tensile strength between 170 and 1627 MPa, and an elongation before
break of 0.8 to 2.4% [70]. Interestingly, the pineapple leaf fibers do not require functionalization and can
feed through a typical FDM setup with the PLA filament rather than the embedding method required
for other continuous fibers depicted in Figure 8. Increasing the feed rate increased the tensile strength
and decreased the printing time at 200 and 205 °C. At 210 °C increasing the feed rate decreased the
tensile strength. Increasing the extrusion temperature from 200 to 210 °C increased the tensile strength
from 85.30 MPa to 101.51 MPa at a feed rate of 15 mm/s [70].

The addition of continuous fibers brings into question the recyclability and biodegradability of the
resulting new composites. Recycling the continuous carbon-impregnated PLA through melting and
then introducing virgin PLA increased the mechanical properties and increased flexural strength by 25%
compared to the original 3D-printed material, due to the improved interfacial properties compared to
the first printing process. Since the continuous fiber does not break though tensile testing and does not
pull out, this recycling process is a non-downgrade recycling process, the first for continuous fibers [71].
With good material recovery, 100% carbon fiber and 73% PLA, this recycling process represents an
exciting step forward toward recyclable, high-quality PLA composites. While this process is by no
means low energy (67.7 MJ/kg for recycling and 66 MJ/kg for remanufacturing), it is a promising
approach towards recyclable materials [71].
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Fiberglass, another widely used industrial continuous fiber, is used in everything from boat hulls
to wind turbine blades. Recently, these turbine blades have been broken down, after decommissioning
of the turbine, to collect the fiberglass fibers inside. These fibers are then embedded in PLA matrices for
FDM 3D printing [72]. Addition of 5 wt % recycled fiberglass in FDM-printed materials increased the
elastic modulus 16% and strength 10% compared to neat PLA. The Young’s modulus also increased 8%,
to 3.35 GPa [72]. This increase in mechanical properties indicates that the PLA/fiberglass composites
are a viable option for repurposing fiberglass materials.

6. Carbon-Based Additives

Carbon-based additives can be incorporated into PLA to increase thermal/electrical conductivity
and mechanical properties [73]. The most common carbon-based additives include carbon nanotubes
(CNTs), multiwalled carbon nanotubes (MWCNTs), and graphene nanoplatelets (GNPs) [8,74].
Such modifications, however, increase the risk that the additive will reduce or eliminate the
biodegradability of the PLA matrix. Another concern, especially with carbon-based additives, is that
the degradation byproducts contain hazardous particles. However, a study by Ivanov et al. indicates
that PLA/carbon nanocomposites biodegrade into safe byproducts under standard degradation
conditions [11,75-77].

Adding CNTs—cylindrical sheets of graphene—into PLA affects the mechanical and conductive
properties of the material. Including CNTs in any concentration reduces the melting temperature of PLA
and inhibits crystallization, indicating that adding CNTs adversely affects FDM printing. While CNTs
may hinder the printing process, the addition of only 6 wt % CNT increased the tensile strength of
PLA/CNT 64% and flexural strength 29% [78]. The electrical resistivity of these nanocomposites also
increased to between 1012 (O/sq and 10% Q/sq with CNT content from 0 to 8 wt % [78]. To achieve the best
electrical conductivity in the PLA/CNT nanocomposites studied, a high extrusion nozzle temperature,
large layer thickness, and small filling velocity were employed [78]. In a related study, increasing the
CNT content was found to increase the degree of crystallinity of PLA/CNT nanocomposites, likely due
to the small defects on CNT surfaces, which become nucleating sites. The addition of 3 wt % CNTs
produced a material with a surface resistivity of 10° /m?, indicating that these printed materials have
resistance similar to the human body [79]. This resistance proves that the CNTs are well ordered after
printing and that these PLA/CNT nanocomposites may be usable as thermal resistance plastics [79].

MWCNTs—CNTs with multiple concentric layers—and GNPs (graphene sheets) have been
introduced into PLA through solution blending and melt mixing. In both melt-mixed and
solution-blended samples, increasing the GNP content caused aggregation. In mixed GNP/MWCNT
materials, this aggregation likely results from the MWCNTs adsorbing onto the surface of
GNPs. Agglomerates of approximately 50 nm appear even at the lowest studied concentration
of GNPs/MWCNTs in solution-blended nanocomposites. However, the melt-mixed nanocomposites of
PLA/1.5 wt % GNP/4.5 wt % MWCNT show no aggregation [74]. Formation of the PLA/GNP/MWCNT
nanocomposites into filaments is a necessity for FDM printing and thus the nanocomposite must
retain good rheological and mechanical properties during extrusion into a filament. The viscosity
of nanocomposites doubled in the 6 wt % materials compared to neat PLA. To achieve electrical
conductivity, PLA nanocomposites require 1.5-3 wt % and 3-6 wt % for MWCNTs and GNPs,
respectively. Interestingly, the electrical conductivity was greater in melt-mixed nanocomposites
compared to their solution-blended counterparts because of the increased surface contact area of
nanoparticles when introduced via melt-mixing. Overall, the melt-mixed polymers gave better
rheological properties, higher electrical conductivity, stronger electromagnetic shielding, and were
easier to process than those produced by solution blending [74]. Further examination of the thermal
and electrical conductivity of GNP and MWCNT nanocomposites determined that the addition of 12%
GNPs increased thermal conductivity by 263%, compared to 99% with MWCNTs and 190% with a
bifiller system [8]. Improved thermal properties were also seen with MWCNT, GNP, and a bifiller
composition of up to 4.54 S/m, 6.57 S/m, and 0.95 S/m respectively [8].
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Batakliev et al. found that better mechanical properties occur with the addition of 6 wt %
MWCNTs or GNPs compared to 1.5, 3, 8, and 12 wt % [80]. Initially, the Young’s modulus of GNP/PLA
nanocomposites remains largely unchanged for all GNP-loaded samples due to their high degree of
exfoliation. Compared to neat PLA, the tested nanocomposites showed a 20-50% increase in elasticity
and 30-50% increase in hardness resulting from the good dispersion of GNPs and MWCNTs [80].
When compared to neat PLA, the best mechanical properties in this study come from bifiller systems
with equal concentrations, specifically a 12 wt % total concentration (6 wt % GNP/ 6 wt % MWCNT) [80].

Introducing carbon-based additives also enables printing electrically conductive parts. To conduct
electricity the nanocomposite must pass the percolation threshold, the transition from a conductive
to insulating polymer, while remaining viable for 3D printing [11]. MWCNT-containing systems
did not show aggregation at 6 wt %; however, GNP systems at the same concentration showed
agglomeration, likely due to m—mt and Van der Waals interactions between the graphene sheets.
Bifiller PLA/GNP/MWCNT materials have increased dispersion, which increased the electrical
conductivity 7-8 decades compared to neat PLA to a value of 8.4 x 1073 S/m. Importantly, all samples
over 3wt % total monofiller or bifiller concentration pass the percolation threshold, allowing for electrical
conductivity [11]. If heat is not dissipated in electrically conductive materials, the lifetime of the printed
materials diminishes. Thermal conductivity depends on several factors including heating temperature,
polymer crystallinity, and orientation of macromolecules [11]. In these polymer nanocomposites,
the thermal conductivity increased linearly with increasing filler content, while thermal diffusivity also
increased [11].

While previous nanocomposites containing MWCNTs and GNPs showed enhanced mechanical
properties, the agglomeration of nanoparticles causes issues such as nozzle clogging or inconsistent
mechanical properties throughout the matrix [81]. Oxidizing the MWCNT surface introduces hydroxyl
groups, leading to better incorporation into the PLA matrix. The low flow index and high initial viscosity,
even at a low loading of 1.5 wt %, indicate that the oxidized MWCNT-containing nanocomposites show
high dispersion. Interestingly, MWCNTs with higher specific surface area, 250-300 m?/g compared
to 110 mz/g, have about two times better dispersion. In contrast, GNP nanoparticles show low
dispersion and cause 12% (aspect ratio 500) and 25% (aspect ratio 240) reductions of strength and
elongation [81]. In contrast, the strength and elongation for oxidized MWCNT samples only slightly
decreased (at 12 wt % loading) [81]. The thermal conductivity of PLA/GNP nanocomposites increased
with the addition of GNPs more than with the introduction of oxidized MWCNTs [81]. This data
indicates that oxidation of MWCNTs increases dispersion while decreasing the mechanical properties
of the nanocomposite.

The creep behavior—the tendency to deform under stress—of 3D-printed PLA nanocomposites
impacts their viability and long-term strength. Bustillos et al. studied PLA/graphene 3D-printed
materials that contained a good dispersion of GNPs, porous structure, and a well-defined pore-size
gradient as depicted in Figure 9 [82]. The PLA/GNP printed materials showed a higher cooling and
nucleation rate compared to neat PLA due to the introduction of GNP nanoparticles with higher thermal
conductivity. The fast cooling causes thermal strain mismatch between the GNPs and PLA matrix,
causing poor interlayer and intralayer bonding. The printed material and filament also show a lower Tg
compared to neat PLA; however, the 3D-printed material had a 12% higher Tg than its corresponding
filament, indicating the 3D printing process increases the interactions between graphene and PLA.
GNP-containing samples also showed a higher nucleation rate and a corresponding decrease in the
Tec. Crystallinity also decreased about 8% in the 3D-printed PLA/GNP material, which was attributed
to the rapid cooling and therefore increased amorphization [82]. The GNP-reinforced samples also
showed an increase in hardness (18%), elastic modulus (11%), and resistance to displacement (25%).
The permanent deformation also decreased: After elongation, neat PLA samples only recover 25%
compared to the 43% recovery of the PLA/GNP nanocomposite. Overall, adding GNPs to the PLA
matrix caused a 20.5% decrease in creep displacement, 14% increase in wear resistance, and overall
increase of mechanical properties [82].
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Figure 9. Integration of graphene nanoparticles into FDM 3D-printed PLA. (a) Neat PLA after FDM 3D
printing. (b) PLA/graphene nanocomposite after FDM 3D printing. (c) PLA and (d) PLA/graphene
fractured cross-sectional microstructure. Reproduced with permission from [82], Wiley, 2018.

Incorporating additional chemicals, such as L-arginine, into PLA/GNP matrices decreases phase
separation and increases GNP dispersion in the matrix. For example, at 2 wt % L-Arg/GNP loadings,
limited agglomeration occurs; however, increasing GNP concentration increases agglomeration.
3D-printed materials produced from solution-mixed filaments of these composites [83]. The fracture
surfaces of the 3D-printed structures occur in the interlayer space, indicating good adhesion and
interlayer homogeneity. The elongation at break of these PLA nanocomposites increased from 8.3% to
14.8%, indicating that the introduction of GNPs decreased the brittleness of the polymer and transformed
it into a more ductile material by transferring stress and preventing cracking. Both the flexural strength
and tensile strength also increase with increased L-Arg [83]. The enhanced mechanical properties are
presumably caused by the polar groups on the GNP surface; however, at GNP concentrations greater
than 2 wt %, increased concentration decreases mechanical properties. When GNP content is held
constant, the matrices containing L-Arg have higher Tg, stronger interfacial binding, and lower Tp,.
The crystallinity of 2 wt % PLA/L-Arg/GNP samples also increased to 16.74%, almost six times that of
neat PLA. At the optimal loading of 2 wt %, the degradation temperature increased by 60 °C [83].

The printing parameters, including infill and layer thickness, also affect mechanical properties of
PLA/GNP FDM-printed materials. Tensile strength and flexural strength increased with increasing
layer thickness and infill to a maximum of 33.7 and 60.9 MPa, respectively, with a layer thickness of
0.27 mm and infill of 78% [84]. The impact energy reached a maximum value of 70.9 J/m with an infill
of 50% and layer thickness of 0.20 mm [84]. Interestingly, the impact energy decreased with increasing
infill and layer thickness until the midpoint of each factor after which it increased.

Modification of MWCNTs and graphene through oxygen plasma etching (OPE) increases oxidation
and exfoliation on their surface, which leads to better incorporation and increased in vivo viability.
Introducing these OPE MWCNTs into PLA decreased mechanical properties, increased cell adhesion,
and increased cell viability [85]. While the introduction of graphene oxide and MWCNT oxides
decreased the elongation-at-break and tensile strength compared to neat PLA, the mechanical
performance remained sufficient for bone implants. Importantly, the introduction of graphene
oxide and MWCNT oxide nanoparticles significantly increased the osteoblast ALP cell activity in vitro
and significantly increased bone cell activity in vivo [85].
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While the addition of carbon nanoparticles into PLA matrices has increased the mechanical
properties significantly in many cases, a key barrier remains to FDM-printed part acceptance in
industrial applications: fractures at the layer interface. Interlayer cracking accounts for a large portion
of breaks in FDM parts and therefore is one of the key reasons that FDM parts are not used industrially.
Microwave irradiation can strengthen the interlayer adhesion after printing by melting the layers
together, increasing the fracture strength by 275% [86].

7. Other Additives

Additives for PLA reinforcement are not limited to the materials previously described.
Other additives including nanoclay, silica, other polymers, and various biodegradable
bioderived powders have been incorporated into PLA to form biodegradable and well-dispersed
PLA nanocomposites.

Nanoclay has been added to PLA to enhance its properties. These samples, PLA 4032D (T, 170 °C,
1.5% D-isomer) and PLA 2003D (T, 150 °C, 4% D-isomer), were processed at varying nozzle
temperatures to determine the effect of nozzle temperature on clay-containing nanocomposites
at different crystallinities [9]. Adding nanoclay increased the storage modulus of all samples, indicating
the effectiveness of the nanoclay in strengthening the composite. Specifically, dynamic mechanical
analysis (DMA) showed an increase in the storage modulus at 35 °C of 8 and 23% for PLA 4032 and PLA
2003 nanoclay composites. Nanoclay also acted as a nucleating agent, as shown by differential scanning
calorimetry (DSC), and increased the thermal stability of composites. All printed samples were largely
amorphous. Printing temperatures, when increased, increased the transparency of the PLA/clay
nanocomposites. The increased nozzle temperature also increased brittleness of 3D-printed parts.

Adding silica, collected as sand from local beaches, leads to enhanced thermostatics,
which increases handling and quality performance of thermoplastic polymers. Silica, one of the
most abundant inorganic ceramics, is a good choice for incorporation into polymer matrices due to its
low cost and good mechanical properties [87]. Incorporating silica during recycling not only increases
the tensile strength to 121.03 MPa (with a 10 wt % addition) but also increases toughness, yield stress,
and ductility [87]. The improved mechanical properties promote recycling of PLA while retaining
their biodegradability.

Lyu et al. took an alternative approach to toughen the PLA matrix [88]: incorporating poly
(butylene-adipate-co-terephthalate) (PBAT) into PLA-g-GMA (PLA grafted with glycidyl methacrylate)
and PLA systems. PLA-g-GMA was added as a compatibilizer to stabilize the interface between the PLA
and PBAT. All samples containing PLA-g-GMA compatibilizer showed an island phase morphology
indicating increased homogeneity and surface compatibility. ~Samples without PLA-g-GMA
compatibilizer had low viscosity with easily seen crystalline sections, indicating that without
compatibilizer PBAT and PLA are completely incompatible and, therefore, PLA cannot hinder
the PBAT crystallization. With the addition of only 10 wt % compatibilizer the viscosity increased and
no PBAT crystalline region were visible.

The introduction of secondary polymers, such as polyhydroxybutyrate (PHB), enables mechanical
properties to be tuned without reducing biocompatibility or biodegradability. PHB, a biocompatible,
biodegradable, and sustainable polyester, is compatible with PLA [89]. Importantly, the amount of
water absorbed into the polymer matrix from the environment affects 3D printability by affecting the
viscosity. Also, if parts are dried after printing at 80 °C for 60 min, the materials become much more
stable than their non-dried counterparts. Interestingly, printing shape also affects long term stability
and material properties [89].

Polyhedral oligomeric silsesquioxane (POSS), another biocompatible and non-toxic polymer
nanoparticle, also increases the flexural strength (22%), flexural modulus (9%), and fracture
toughness (117%) of 3D-printed PLA/POSS nanocomposites compared to neat PLA [90]. PLA/POSS
nanocomposites were formed through melt-mixing of pre-dried samples and then extrusion and
FDM 3D printing, resulting in a good distribution of nanoparticles in the PLA matrix. Importantly,
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the addition of POSS allowed the samples to remain in a phosphate buffered saline solution at 37 °C for
120 days with little mechanical or physical deterioration, suggesting their potential use for longer-term
medical implants [90].

Eggshell powder, functionalized with calcium phenylphosphonate, provides nucleation sites
when incorporated into PLA matrices. This addition of eggshells, in combination with PEG plasticizer,
occurs through melt blending [91]. Incorporating both functionalized eggshell and PEG into the PLA
matrix produces a significantly increased nucleation and crystallization rate [91]. Further investigation
into the addition of eggshell into PLA showed that eggshells modified with CaO-oleic acid show
good dispersion and higher impact strength and elongation at break compared with unmodified or
propionic acid modified eggshell composites [92]. These materials also show wider melt-processing
windows than neat PLA [92]. Further analysis indicated that the incorporation of eggshell into PLA
increases the Young’s modulus, thermal resistance, and plasticity [93].

8. Conclusions

PLA is an important biodegradable polymer produced from some of the most renewable feedstocks
available. While PLA is useful in FDM 3D printing, its drawbacks—brittleness, poor thermal
stability, low crystallization, low elongation at break, poor impact strength, low heat distortion
temperature, and limited drawability—reduce its prevalence as an industrial material. Therefore,
additives have been incorporated into PLA to form nanocomposites with enhanced mechanical,
electrical, or thermal properties.

Cellulose is commonly incorporated into PLA matrices to enhance the mechanical properties
while maintaining complete biodegradability. Key findings include:

e Silylation of cellulose increases the cellulose-PLA compatibility and results in increased
tensile strength and tensile modulus but decreased glass transition temperature, crystallinity,
melting temperature, and crystallization temperature [24].

e Adding cellulose decreases the processable temperatures due to cellulose thermal degradation [24].

e The incorporation of CNFs into PLA decreases voids, increases crystallinity, and decreases defects
during the FDM 3D printing process [40].

e When aggregation occurs with cellulose-based additives, recycling and reprinting that material
may lead to good dispersion [21].

e  Printing in an “isomixed” orientation produces materials that are stronger and have increased
stiffness [44].

Metal-based additives have also been explored because of their ability to increase strength,
promote bone cell growth, and prevent bacterial growth. The incorporation of various metals,
including silver, aluminum, copper, and magnesium, has increased mechanical and antibacterial
properties. Specifically:

e Atall concentrations, PLA/Ag nanowire nanocomposites show antimicrobial properties against
E. coli, P. aeruginosa, and S. aureus [47].

e PLA/Al nanocomposites show increased surface quality, decreased surface roughness,
increased storage modulus, decreased loss tangent, increased tensile strength, and increased
Young’s modulus after laser polishing [48].

e  The introduction of mCu-Zn into PLA/wood flour nanocomposites increases the aesthetic
appearance by creating a glossy finish while also increasing the antibacterial properties [51].

e The distribution of magnesium nanoparticles increased with the addition of vitamin E, addition of
stearic acid, the oxidation of the magnesium to magnesium oxide, or the functionalization of
magnesium with PEI and CTAB [53].

e The Mg2+ ions released during PLA/MgO degradation increased bone cell growth [57].
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Continuous fibers, another PLA additive, are long strands of microscale fibers that allow for increased
mechanical strength. While these fibers have incredible strength, they suffer from a lack of compatibility
with the PLA matrix; however, many advances in continuous fibers have occurred, specifically:

e  Carbon fiber-reinforced PLA shows increased flexural strength, flexural modulus, delamination
between layers, and contact pressure, but decreased layer thickness [63].

e The failure modes of carbon fiber/PLA nanocomposites are delamination, delamination-induced
matrix cracking, or pull out [64].

e Carbon fiber-reinforced PLA has greater fracture toughness when extruded through square shaped
extruder nozzles rather than circular [65].

e  Tensile properties decrease with increased layer height and extrusion width [66].

e  Carbon fiber-reinforced PLA matrices are not only partially biodegradable but are almost fully
recyclable [71].

Carbon-based additives—including carbon nanotubes (CNTs), multiwalled carbon nanotubes
(MWCNTs), and graphene nanoplatelets (GNPs)—increase the thermal, electrical, and mechanical
properties of PLA nanocomposites. Key findings include:

e Increased CNT content increases degree of crystallinity in PLA/CNT nanocomposites [79].

e Nanocomposites of PLA/1.5% GNP/4.5% MWCNT show no aggregation and are, therefore,
viable for FDM 3D printing [74].

e GNP addition increases thermal conductivity more than adding the same concentration
of MWCNTs [80].

e Oxidizing MWCNT surfaces enables better incorporation into the PLA matrix with
limited agglomeration [81].

e Introducing GNPs decreases creep, decreases wear resistance, and increases overall mechanical
properties of PLA [82].

e  L-arginine acts as a compatibilizer for GNPs and PLA, increasing the dispersion of GNPs in the
PLA matrix [83].

e  Oxygen plasma etching of MWCNTs increases the PLA/MWCNT nanocomposite cell adhesion
in vivo, while maintaining adequate mechanical properties for bone implants [85].

While incorporating additives into PLA matrices has improved the mechanical properties of PLA
nanocomposites, more advances are needed before PLA nanocomposites overtake petroleum-based
materials in terms of ease of use and mechanical robustness. Current PLA composites often lack good
dispersion and do not accommodate large loadings of nanomaterials in the PLA matrix. This problem
has been partially addressed by functionalizing nanoparticles, which enables better surface contact area.

Moving forward, this field would benefit from further exploration of functionalized nanoparticles,
specifically introducing functionalities that would stabilize the nanoparticle/PLA interface. Additionally,
new additives and new combinations of additives should also be explored. Ultimately, these composites
have the potential to replace environmentally harmful, non-degradable materials in a variety of
applications, thereby offering a viable approach to a more environmentally responsible future.
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