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Abstract:

Poly lactic acid (PLA) was reinforced halloysite nanotubes (HNTS) in this study. To improve
dispersion and interfacial adhesion of HNTs within the PLA matrix, HNTs were surface
modified with 3-aminopropyltriethoxysilane (ASP) prior to compounding with PLA.
PLA/ASP-HNTs nanocomposites were characterised by differential scanning calorimetry
(DSC), Fourier transfer infrared spectroscopy (FTIR), surface wettability, thermogravimetric
analysis (TGA), transmission electron microscopy (TEM) and tensile testing. The
hemocompatibility and cytocompatibility of PLA and PLA composites were investigated and
the in vitro degradation process of PLA/ASP-HNTs composites was investigated for a period
of 6 months by gel permeation chromatography (GPC), FTIR, weight loss measurement, DSC
and tensile testing. Results: PLA and all PLA composites were blood compatibile and non-
cytotoxic. TEM analysis revealed that HNTs agglomeration in PLA matrix was reduced by
surface treatment with ASP. ASP-HNTSs had better reinforcing effect than unmodified HNTs
evidenced by tensile testing. ASP-HNTs appeared to increase the hydrolytic degradation
process as measured by weight measurement. PLA/ASP-HNTs composites displayed 12.1%
weight loss and 30.6% average molecular weight reduction while retaining 74% of Young’s
modulus by the 24" week of degradation. Based on this data, the reinforcement of PLA using
ASP-HNTs may prove beneficial for applications such as biodegradable stents.
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1. Introduction

Polylactic acid (PLA) is one of the strongest polymers in the biodegradable polymer category,
and it has excellent biodegradability and good biocompatibility [1]. It has a long history in
medical applications, such as biodegradable sutures in the repair of the Achilles tendon (e.g.
Bio-Anchor, Bio-PushLock) [2,3], bone fixation devices (e.g. SmartNail, SmartScrew) [3,4],
anti-adhesive tissue barriers (e.g. Surgiwrap®, REPEL-CV®) [5]. Poly L-lactic acid (PLLA), a
type of PLA that only contains L-lactic acid, has been used for fully biodegradable coronary
stents (e.g. Absorb BVS).

Fully biodegradable coronary stents, which provide transient vessel support with drug delivery
capability, and degrade away after service without the long-term limitation of metallic stents,
appear to be an ideal option to treat coronary heart disease. Currently, at least 28 companies
are developing fully biodegradable stents [6]. Absorb biodegradable vascular scaffold (BVS)
from Abbott has been approved by US Food and Drug Administration (FDA), and becomes
the first commercially available biodegradable coronary stent in USA [7]. However, a very
recent investigation of Absorb BVS among cardiologists conducted by cardiovascular research
foundation (CRF) revealed that the thick strut of Absorb BVS may increase the risk of scaffold
thrombosis [8]. Compared to metallic stents, polymeric stents tend to have thicker strut to
withstand the minimal pressure from the artery wall of 300mmHg [9]. Absorb BVS has a strut
thickness of 150 um [7], while Synergy which is made from Platinum Chromium Alloy has a
strut thickness of 74 um [10]. The strut thickness directly links to stent performance and
restenosis rate [11].

To achieve a thinner stent strut, a reinforced biodegradable polymer composite is a potential
solution. PLA and high-aspect-ratio halloysite nanotubes (HNTs) were melt blended in our
previous study, and it was found that HNTSs significantly increased stiffness and Young’s
modulus of PLA. However, morphological analysis carried out using SEM indicated that
complete intercalation did not occur as large microrange particles were clearly visible in the
photomicrograph. Additionally, the void content in the composites increased with increasing
HNTSs content and gaps were observed between PLA and HNTs by SEM [12].

A desirable interfacial affinity between HNTs and PLA is a crucial factor for enhanced
performance of PLA/HNTSs nanocomposites. HNTSs have certain advantages over plate clays
such as montmorillonite, hectorite and saponite, which are strongly stacked to each other, but
HNTs still remain difficult to achieve a good dispersion in the polymer matrix and tend to form
micro-sized aggregates [13]. It is also reported that the relatively low content of hydroxyl
groups on the surfaces of HNTs makes it easily to be dispersed in non-polar polymers using
shear force due to the interactions between the HNTs and the polymer backbone, but this
natural hydrophobicity of HNTSs is not sufficient for interfacial adhesion in composite systems
[14]. Hence, various surface treatment and modification of HNTs have been investigated.
Prashantha et al. investigated unmodified HNTs and quaternary ammonium salt treated (QM-
HNTSs) compounded with polypropylene, and found that a better dispersion in the case of QM-
HNTs compared to unmodified HNTs [15]. Haroosh et al. also reported that a better dispersion
was obtained in the case of 3-aminopropyltriethoxysilane modified HNTs compared to
unmodified HNTs in compounding with PLA/Polycaprolactone [16]. Deng et al. modified
HNTs with potassium acetate and reported improved mechanical properties in HNTs/epoxy
composite [17].

In this current study, 3-aminopropyltriethoxysilane (ASP or APTES) with chemical structure
of HoN(CH_)3Si(OCH2CHz3)s was used to reduce the surface hydroxyl group content on the
surface of HNTs. The amino groups of ASP was introduced to HNTSs by grafting ASP in Al-
OH bond in the internal lumen surface of HNTs forming covalent Al-O-Si bonds between ASP
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and HNTSs [14,18], and PLA interacted with siloxane groups of HNTSs via hydrogen bonding
[19]. ASP modified HNTs can promote good adhesion by improving the degree of crosslinking
in the interface region and offer a suitable bonding between HNTs and PLA. ASP is a silane
coupling agent and often used as intermediate to bond organic polymers to inorganic materials,
such as fillers, glass, by adding amino groups, which can crosslink and immobilise molecules
[18]. ASP treated glass surface has been reported to be superior to untreated glass surface for
coating with extracellular matrix protein when used as a cell culture substrate to observe cell
physiology and behaviour [20]. The effect of ASP modified HNTs on PLA/ASP-HNTs
composites was investigated via tensile testing, differential scanning calorimetry (DSC),
fourier transfer infrared spectroscopy (FTIR), thermogravimetric analysis (TGA) and
transmision electron microscopy (TEM). In addition, blood compatibility and cytotoxicity of
PLA and PLA composites were studied according to 1SO-10993 and ASTM standard 756
through hemolysis test and MTT assay [21-23]. Finally, a period of 24 weeks In vitro
degradation of PLA/ASP-HNTs composites was carried out in this study.

2. Materials and methods
2.1 Materials

PLA was obtained from NatureWorks LLC in US, Ingeo biopolymer 7032D. Halloysite
nanotube (HNTs) was supplied by Applied Minerals in US, DRAGONITE-HP. 3-
aminopropyltriethoxysilane was received from TCI chemicals in Japan. Chloroform and
methanol were purchased from Sigma-Aldrich in US. All materials were used as received.

2.2 HNTs modifications

The grafting of ASP onto HNTs is illustrated in figurel, ASP was joined to the surface hydroxyl
groups of HNTs [16,24,25]. Firstly, 300ml chloroform and 150ml methanol was mixed to form
450ml solvent solution in a fume hood, and 30ml ASP was added to this solution. Secondly,
30g HNTs were added to the solution and ultra-sonicated for an hour at room temperature.
Then the mixture was put on the hot plate at 120°C, 1000 rpm stirring for 6 hours to form
chemical bonding between HNTs and ASP. Thereafter, HNTs were filtered and washed twice
with chloroform/methanol solution to remove the untreated HNTs, and the resultant ASP
treated HNTs were left to dry for 3 days to let the solution evaporate completely. Finally, ASP
treated HNTs were milled down by Retsch ball mill.
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Figure 1: Sketch of ASP modification mechanism and interaction between HNTs and PLA.
2.3 Blends compounding

Composite films of PLA, PLA/HNTSs 1wt%, PLA/HNTs 2wt%, PLA/HNTSs 5wt%, PLA/ASP-
HNTs 1wt%, PLA/ASP-HNTs 2wt% and PLA/ASP-HNTs 5wt% were prepared with mass
fractions of 0, 1, 2, and 5wt% of HNTs and 1, 2, and 5wt% of ASP-HNTS respectively in the



PLA matrix. The thickness of all the films was below 1mm. All the composites were melt
compounded using an a MP 19 TC 25 laboratory scale co-rotating twin-screw extruder (APV
Baker, Newcastle-under-Lyme, UK) having 16 mm diameter screws and a length-diameter
ratio L/D of 25/1, at temperature profile of 170/190/180/170/160/110/50°C, with a screw speed
of 35 rpm, followed by 3 roll calendar system to form films. Prior to compounding PLA was
dried at 80°C for 4 hours, HNTs and ASP-HNTSs were dried at 100°C for 3 hours.

2.4 Differential scanning calorimetry

Differential scanning calorimetry (DSC) was carried out using a DSC 2920 Modulated DSC
(TA Instruments) with a nitrogen flow rate of 20 ml/min to prevent oxidation. Calibration of
the instrument was performed using indium as standard. All the samples were dried at 60 °C
for 8 hours prior to testing. Test specimens weighed between 8 and 12 mg were measured on a
Sartorius scales (MC 210 P), capable of being read to five decimal places. Samples were
crimped in non-perforated aluminium pans, with an empty crimped aluminium pan used as the
reference. The thermal history was removed by heating samples from 20 °C to 220 °C at the
rate of 30 °C/min, and then held isothermally at 220 °C for 10 min. The samples were then
cooled down from 220 °C to 20 °C at 30 °C/min. Finally, the thermal properties of the samples
were recorded by heating the samples from 20 °C to 220 °C at the rate of 10 °C/min.
Crystallinity, glass transition temperature and melting temperature of each batch were
analysed. The percentage crystallinity of PLA in the composites can be calculated:

_ AHf o
Xc = AH; TR 100%

Where, AHs is the apparent melt enthalpy of the test samples, AH¢ is the melt enthalpy of
completely crystalline PLA, which is 93.6 J/g [26], W is the weight fraction of PLA in the
composites.

2.5 Fourier transfer infrared spectroscopy

Attenuated total reflectance Fourier transform infrared spectroscopy (FTIR) was carried out on
a Perkin Elmer Spectrum One fitted with a universal ATR sampling accessory. All data were
recorded at 21 °C in the spectral range of 4000-520 cm against air as background, utilising a
4 scan per sample cycle at a resolution of 0.5 cm™ and a fixed universal compression force of
70-80 N. Subsequent analysis was carried out using Spectrum software.

2.6 Morphology

Transmission electron microscopy (TEM Tecnai G? 12 BioTWIN, FEI) was utilized to
investigate the dispersion of ASP treated HNTs in PLA matrix and the morphologies of ASP
treated HNTs. PLA/ASP-HNTs 5wt% composite film was embedded in monomeric EPON
resin at room temperature, followed by polymerization at 60°C for 1 day. Subsequently, the
cured EPON resin within PLA/ASP-HNTSs 5wt% composite was cut into 80nm thick sections
by using a Leica EM UC6 ultramicrotome. These sections were collected on 200 mesh thin bar
copper grids. The TEM specimen was imaged using an acceleration voltage of 120KV.

2.7 Surface wettability

The surface wettability of the composites was assessed using a First ten angstroms, FTA32
goniometer. In this test the Sessile Drop contact angle technique was utilised with distilled
water as the probe liquid. Five contact angle readings were recorded for each sample.

2.8 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed to evaluate the thermal stability of
PLA/ASP-HNTs composites. Tests were conducted using Perkin Elmer TGA 7



Thermogravimetric Analyzer, coupled with a Perkin Elmer Thermal Analysis controller
TAC7/DX under nitrogen atmosphere. The tests were run from 30 °C to 600 °C, at a heating
rate of 10 °C/min.

2.9 Mechanical testing

The mechanical properties of PLA and PLA composites were characterised by tensile tests.
Standard tensile test specimens were prepared using a physical punching process on the melt
blended film (ASTM D 638-03). PLA/HNTs composites were investigated previously in our
study, but for comparative purposes both PLA/HNTs and PLA/ASP-HNTSs composites were
produced under the same condition in this current study. Tensile testing was carried out on a
Lloyd Lr10k tensometer using a 2.5 kN load cell on ASTM standard test specimens at a strain
rate of 50 mm/min. Data was recorded using Nexygen ™ software. The tensile tests were carried
out in adherence to ASTM D 882. Five individual test specimens were analysed per group and
prior to testing the thickness of each sample was measured. The percentage strain at maximum
load, stress at maximum load, stiffness and Young’s Modulus of each sample were recorded.
Five replicates were carried out.

2.10 Hemolysis

The hemolytic properties of PLA, PLA/HNTSs 1, 2, 5wt% and PLA/ASP-HNTSs 1, 2, 5wt%
were investigated by hemolysis test. Each polymer test sample was cut into a rectangular shape
with 30cm? surface area as specified by ASTM standard [23] and sterilized with 70% isopropyl
alcohol (IPA) and sterile phosphate-buffered saline (PBS). Subsequently, each sample was
immersed in a 15ml falcon tube with 10ml sterile PBS. A positive control with 10ml deionized
water and a negative control with 10ml sterile PBS were also prepared in 15ml falcon tubes.
All the tubes were incubated for 30 minutes. Sheep blood in Alsever’s solution (Cruinn
diagnostics, Ireland) was centrifuged at 800 g for 10 minutes and washed with sterile PBS for
3 times to remove Alsever’s solution. After removing the supernatant, the remaining red blood
cells were diluted with sterile PBS to make 45% cell solution and further diluted with sterile
PBS in a ratio of 4:5. Finally, 0.2ml of the diluted blood cell solution was added into each tube
and incubated for 1 hour. Then all the tubes were centrifuged at 800 g for 10 minutes.
Supernatant of each tube was collected in a 96 well plate and the absorbance was read at 545nm
by plate reader (Synergy™ HT BioTek plate reader). The hemolysis rate was calculated based
on the average of 8 replicates:

Asample—Anegative

Hemolysis rate =

Apositive—Anegative
2.11 Extract contact cell viability test - MTT assay

Human endothelial cells (HUVEC ATCC® CRL-1730) were used to assess the cells response
to PLA composites. HUVECs were used at passage humber of 13. The cells were cultured in
F-12K medium (Kaighn’s modification of Ham’s F-12 medium, ATCC®30-2004™), 10% fetal
bovine serum (FBS), 0.1 mg/ml heparin, and 60 pg/ml endothelial cell growth supplement at
37°C in a humidified atmosphere of 5% CO». Medium was changed every second day.

The polymer specimens of PLA, PLA/HNTSs 1, 2, 5wt% and PLA/ASP-HNTSs 1, 2, 5wt% were
prepared with 30cm? surface area as specified by ASTM standard [23], sterilized with 70% IPA
and sterile PBS, followed by incubation in separate falcon tubes containing 10ml medium for
24 hours. The extract was used for cytotoxicity tests.

The cytotoxicity tests were carried out by extract contact. HUVECs were seeded into 96 well
plates at a density of 1 x 10* cells/well and incubated for 24 hours to allow cells to attach. 100
ul extract from each falcon tube was then replaced in test wells. 100 pl fresh medium was
placed in negative control wells and 100 pl 10% Triton X100 was placed in positive control



wells. The plates were incubated for 2 days and 6 days respectively. 100 ul of 10% MTT (3-
(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) in medium was replaced in
each well, followed by incubation for 3.5 hours. Subsequently, the MTT solution was removed
and 100l dimethyl sulfoxide (DMSOQO) was added to each well. The absorbance at 570nm was
measured by plate reader (Synergy™ HT BioTek plate reader). The percentage of viability can
be calculated based on the mean of 5 replicates:

Viability 96 = -2mPle.

Anegative

2.12 In vitro degradation studies

The 2wt% loading of HNTs and ASP-HNTSs in PLA matrix was chosen based on the observed
reinforcing effect and unchanged Tg, indicating consistent stiffness of polymer chains. Ideally
biodegradable stents should have adequate radial support for a period of 3 — 6 months to limit
recoil and constrictive remodelling, and between 6 months and 5 years after angioplasty
luminal enlargement takes place, as such the stents are only required for the first 6 months.
Therefore, the in vitro degradation studies were conducted for 6 months in this study. PLA,
PLA/HNTs 2wt% and PLA/ASP-HNTs 2wt% samples were immersed in falcon tubes
containing 50 ml stimulated body fluid (SBF) and kept in water bath at 37 °C to mimic human
body environment. The samples were weighed and collected at weeks 1, 2, 4,9, 12, 16, 20 and
24. Characterisation of the samples were performed using DSC, FTIR, tensile testing and gel
permeation chromatography (GPC). The test conditions of DSC, FTIR and tensile testing were
the same stated above. The weight loss ratio was calculated by the formula below:
(my — my)

Mygss = —————= x 100
(0]

Where, m,, refers to original mass and m refers to mass after degradation
2.11 Gel permeation chromatography (GPC)

A polymer laboratories (PL) GPC 120 was utilised to analyse the molecular weight of each
sample. The system was fitted with two Agilent PL gel Mixed B 10 um columns using a 200
ul injection loop. The system was held isothermally at 40 °C for the duration of the test. The
samples were dissolved (0.05% w/v) in tetrahydrofuran (THF). THF was used as the mobile
phase with a flow rate of 1ml per minute.

2.12 Statistical analysis

Statistical analysis of PLA and PLA composites was performed using one way analysis of
variance (ANOVA) with a Tukey Post hoc test to determine differences between specific
halloysite loadings. Differences were considered significant when p < 0.05. The software used
to perform statistical analysis was SPSS (IBM Version 22) for Windows. All data collected in
this study were expressed as mean + standard deviation. Sample size of 10 was used for tensile
test and hemolysis test, 5 for contact angle test, 3 for cell viability test.

3. Results
3.1 Melt compounding

PLA/HNTSs and PLA/ASP-HNTSs composites were processed without difficulty. The extrudate
changed in colour from transparent for virgin PLA to opaque with the inclusion ASP-HNTS.

3.2 Differential scanning calorimetry

DSC was carried out to investigate the thermal characteristics of PLA/ASP-HNTSs composites
and the results were recorded in table 1. The glass transition temperature (Tg) of PLA and



PLA/ASP-HNTs composites remained between 64 and 69°C, while the melting temperature
(Tm) ranged between 172 and 174 °C. The cold crystallization temperature (Tcc) reduced
slightly from 114.23 °C for virgin PLA to 108.48 °C for 1wt% ASP-HNTSs/PLA composites
and ~112 °C for 2 and 5wt% ASP-HNTs/PLA composites. The degree of crystallinity of PLA
increased with the addition of ASP-HNTs from 37.46% for virgin PLA to ~39% for both
PLA/ASP-HNTs 1wt% and PLA/ASP-HNTs 2wt% composites and 40.72% for PLA/ASP-

HNTs 5wt% composites.

Table 1: Thermal analysis data for PLA/ASP-HNTSs composites.

Glass Co\d. .
transition crystalline Melting
Samples melting temperature | Crystallinity %
temperature .
°C) temperature (°C)
(*q)

Virgin PLA 66.6 114.23 173.61 37.46
PLA/ASP-HNTs 1wt% 64.3 108.48 173.89 39.38
PLA/ASP-HNTSs 2wt% 64.3 112.12 172.6 39.14
PLA/ASP-HNTs 5wt% 69.07 112.68 172.82 40.72

3.3 Fourier transfer infrared spectroscopy

The chemical reaction of ASP modified HNTs and PLA/ASP-HNTs composites were analysed
using FTIR. The spectrum of unmodified HNTs exhibited peaks at 3693 cm™ and 3623 cm™,
which were due to the O-H group vibration [16,27]. The peaks at 1119 cm™ and 1000 cm
were because of Si-O stretching, and the peaks at 906 cm™ was attributed to Al-OH groups
[12,16,27]. However, when HNTs was treated with ASP, apart from the peaks mentioned new
peaks appeared, such as O-H stretching at 3186 cm™ , C-H stretching at 2980 cm™ due to propyl
chain of added ASP, N-H deformation at 1630 cm™ and 1553 c¢m™ signifying the grafting of
ASP over the surface of HNTs [24], and deformation C-H bend at 1296 cm™ [16]. Moreover,
the perpendicular Si-O stretching at 1119 cm™ was widened, and the intensity of Si-O bonding
at 790 cm™ and 750 cm™ increased [16], shown in figure 2 A. The characteristic peaks of PLA
located at 2995 cm™ and 2946.34 cm™ which are attributed to C-H stretch, and 1750 cm™
connecting with stretching of the —C=0 carbonyl group, shown in figure 2B [28]. When PLA
was blended with the ASP modified HNTS, the peaks at 2996 cm™ and 2945 cm™ shifted and
new peaks appeared at 2924 cm™ and 2853 cm™ (Figure 2 C).
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Figure 2: FTIR spectra of HNTs, ASP modified HNTs and PLA/ASP-HNTSs composites A: HNTs and ASP modified
HNTSs. B: PLA. C: PLA/ASP-HNTSs composites

3.4 Morphology

To observe the dispersion of ASP modified HNTs in PLA matrix, TEM was carried out on the
PLA/ASP-HNTSs 5wt% composite samples. It can be clearly seen that ASP modified HNTS,
shown as dark particles, dispersed well within PLA matrix in figure 3. HNTs displayed a
tubular shape and the diameter was visible in figure 3. The tubular shape of the HNTs is due to
the misfit of the octahedral gibbsite-like sheet and the siloxane sheets [17]. Some small ASP-
HNTs clusters were visible.
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Figure 3: TEM images of ASP modified HNTSs dispersed well within PLA matrix. The tubular shape of ASP- HNTs
and some small clusters can be clearly seen

3.5 surface wettability

Contact angle measurements indicated that the incorporation of 1 - 5wt% ASP-HNTSs did not
have a significant effect on the surface wettability of PLA (p = 0.396) and the contact angle
remained at 74.9 + 8°.

3.6 Thermogravimetric analysis

Thermal degradation of PLA/ASP-HNTs composites was investigated by TGA and shown in
figure 4. PLA degraded without forming any residue, while PLA/ASP-HNTSs composites left
residue of ASP-HNTs. Compared to virgin PLA, the addition of ASP-HNTs to PLA matrix
reduced the thermal stability of the PLA. The temperarature at 5% and 10% weight loss and
the onset temperature were reduced dramatically from 379.6 °C, 391.1 °C and 397.7 °C of
virgin PLA to 299.4 °C, 307.8 °C and 311.4 °C of PLA/ASP-HNTs 1wt% respectively. In
addition, the thermal stability did not deteriorate any further with increasing content of ASP-
HNTs.
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Figure 4: TGA curves of PLA/ASP-HNTSs composites, a: virgin PLA, b: PLA/ASP-HNTs 1wt%, c: PLA/ASP-HNTSs
2wt%o, d: PLA/ASP-HNTS 5wt%o.

3.7 Mechanical testing

The tensile testing results showed that there was no significant difference in Young’s modulus
between PLA and PLA/ASP-HNTSs 1wt% (p = 0.13), but an increase was shown in composites
with 2wt% and 5wt% of both HNTs and ASP-HNTs (p < 0.05 for all comparison). However,
the percentage of strain at max load was not affected (p = 0.903 for all comparison). It was
found out that ASP-HNTSs displayed a better reinforcing effect than unmodified HNTSs, shown
in figure 5. Young’s modulus of PLA/ASP-HNTs 2wt% was higher than that of PLA/HNTSs
2wt% (p < 0.05). Similarly, Young’s modulus of PLA/ASP-HNTSs 5wt% was higher than that
of PLA/unmodified HNTs 5wt% blend (p < 0.019).

Young's .
Samples Modulus Percentage Strain
p at Maximum Load

- (pa)

- PLA 1898+56.95 |  3.1+0.86
S PLAHNT2% | 1947+ 101 4140381
PLA/ASP-HNT2% | 2143 £ 175.71 31054

PLA/HNTS% 2026 +174.99 261074
T content PLA/ASP-HNTS% | 2369 + 174.47 2.9+0.56

1s MPa

Young's modulu

Figure 5: Young’s modulus of PLA and PLA composites (p<0.05 for all comparison)
3.8 Hemolysis

The hemolysis rates (HR) of PLA and PLA composites samples are shown in figure 6. The
hemolysis rates range from 0.1 to 1.3%. According to ASTM-F756, it is blood compatible
when hemolysis rate is lower than the 5% threshold [23]. Therefore, all the samples have an
excellent blood compatibility. There was no significant difference between them (p > 0.05 for
all comparison).
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Figure 6: Hemolysis rate of PLA and PLA composites.
3.9 Extract contact cell viability test-MTT assay

Figure 7 illustrated the viability of HUVECs cultured for day 2 and 6 after been treated with
extract of PLA and PLA composites. The ISO 10993 standard stated that reduction of cell
viability by more than 30% is considered a cytotoxic effect [21]. The tested cell viability of
PLA and PLA composites indicated that all the test samples were cytocompatible and there
was no significant difference between the test samples (p > 0.05 for all comparison). Cells all
looked healthy, and there was no obvious morphological changes for all the cells that have been
treated with extract of PLA and PLA composites. Cellular debris can be spotted due to natural
waste production and HUVECs can produce moderate or heavy debris stated by the supplier.
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Figure 7: Cell viability of PLA and PLA composites after 2 and 6 days incubation.
3.10 In vitro degradation testing
Hydrodegradation of PLA results in molecular weight reduction, changes in chemical
structures and thus impaired mechanical properties. Hence the degradation behaviour of

PLA/ASP-HNTSs 2wt% composites was investigated by GPC, FTIR, weight loss measurement,
tensile testing and DSC. GPC results showed that number average molecular weight (Mn) and
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weight average molecular weight (Mw) reduced throughout the degradation period from
3.3x10° (Mn) and 4.3x10° (Mw) at the beginning of the degradation process to 2.59x10° and
3x10°% with 23.6% and 30.6% reduction respectively by the end of the degradation process.
The broadness of molecular weight distribution remained unchanged with polydispersity index
of 1.18 + 0.1 (Table 2).

Table 2: GPC results for PLA/ASP-HNTSs composites during the degradation process

Week Mw Mn D = Mw/Mn
0 4323064 3389422 1.275457585

1 3709657 3283921 1.129642583

2 4507167 3753817 1.200689059

4 3700608 3092199 1.196756095

9 3450960 3039104 1.135496472

12 3442786 3060319 1.124976187
16 3426369 2854227 1.200454274
20 3315665 2847232 1.164522245
24 3000670 2590116 1.158507959

Chemical structure changes during degradation process were investigated by FTIR
spectroscopy. Several new peaks started appearing from the 12" week of degradation,
including O-H stretching at 3185 cm™ and N-H deformation at 1552 cm™ and 1630 cm™ [16].
The carbonyl group C=0 band at 1750 cm™ and C-O band between 1000-1300 cm related to
ester bond did not change throughout the degradation process.
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Figure 8: FTIR curves of PLA/ASP-HNTSs composites during degradation process (From top to bottom: 0, 1, 2, 4, 9,
12, 16, 20 and 24 weeks).
The mass reduction of PLA/ASP-HNTs composites was studied along with PLA and
PLA/HNTSs composites. None of the samples displayed a weight loss in the first 12 weeks in
SBF, PLA/ASP-HNTs composites showed the highest weight loss of 5.7, 8.2 and 12.1% by the
end of 12", 20" and 24" week of degradation, compared to PLA with 1.9, 1.2 and 2.6%, and
PLA/HNTSs with 1.6, 2 and 3.1% respectively (Figure 9). However, with the highest weight
loss, PLA/ASP-HNTSs samples remained the strongest by the end of the 24™ week (Figure 9).
Young’s modulus of PLA/ASP-HNTs composites displayed a consistent reduction during the
degradation process with 1583.4 + 190 MPa and 26% loss by the end of the 24" week of
degradation, while PLA samples showed a sudden reduction in Young’s modulus in the 24"
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week of degradation period with 1259.1 + 184MPa and 33.7% loss, and PLA/HNTs samples
retained a Young’s modulus of 1409.4 + 81.8MPa and 27.6% loss by the end of the 24" week
of degradation.
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Figure 9: Weight measurement and tensile testing results of PLA and PLA composites during degradation process.

The thermal analysis from DSC test revealed that the Ty of PLA/ASP-HNTSs nanocomposite
remained unchanged during the degradation process. Cold crystallization temperature (Tcc)
shifted lower slightly from 113°C at the 1% week to 110°C by the 24" week of degradation.
Two melting peaks (Tm) appeared at the 1% week of the degradation and the second peak slowly
reverted to a shoulder on the main Tm peak in the 121, 16", 20" and 24" week of degradation,
and the main melting peak remained unchanged (Figure 10).
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Figure 10: DSC curves of PLA/ASP-HNTs composites during degradation process (From top to bottom: 1, 2, 12, 16,
20 and 24 weeks).

4. Discussion

Surface modified HNTs were melt compounded with PLA matrix in this study to improve the
adhesion between HNTs and PLA matrix in order to optimize the reinforcing effect of HNTSs,
since the adhesion between filler and polymer matrix plays a fundamental role in reinforced
composites [29]. DSC results indicated that ASP-HNTs acted as nucleating agents in
PLA/ASP-HNTSs composites, evidenced by the consistent increase of the degree of crystallinity
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with increasing content of ASP-HNTSs in PLA/ASP-HNTs composites. The PLA/ASP-HNTSs
composites could crystallize quicker than virgin PLA. However, the T¢c of PLA/ASP-HNTS
composites reduced compared to virgin PLA, indicating that heterogeneous nucleation was
likely to occur, where thinner or less perfect crystalline lamella was formed compared to that
of virgin PLA. The nucleating effect and heterogeneous nucleation have also been reported by
Haroosh et al. in their study of PLA/PCL blends with ASP modified HNTs [16].

The appearance of new peaks of N-H deformation and C-H stretching in FTIR spectra due to
added ASP confirmed the chemical interaction between ASP and HNTs. Similar new peaks
and corresponding bondings were reported by Yuan et al. in the study of ASP treated kaolinite
samples [30]. Pasbakhsh et al. modified HNTs with glycidyl methacrylate (GMA), which
shared a similar modificiation mechanism as ASP, grafting GMA on Al-OH groups of HNTSs,
introducing new O-H bond and producing Al-O-CHa group. Therefore, similar FTIR new peaks
of C-H bend and O-H stretching reported by Pasbakhsh were also found in this current study
[31].

TEM images of PLA/ASP-HNTs composites indicated that ASP modified HNTs dispersed
better within PLA matrix, compared with our previous study in unmodified HNTs within PLA
[12]. This is because that ASP was grafted on the surface of HNTs and reduced the content of
hydroxyl group on the surface of HNTS, thus reduced hydrophobicity of HNTs, which helped
HNTSs to disperse in polymer matrix [14]. The degree or uniformity of dispersion of filler within
polymer matrix determines the final mechanical properties of the composite. Aggregated fillers
usually act as stress concentration point where fracture usually happens, deteriorating the
mechanical properties. However, compared to our previous study, where large aggregates of
unmodified HNTs and voids can be clearly seen in the SEM image at 500 magnification, the
dispersion and contact between ASP modified HNTs and PLA in this current study appeared
to be greatly improved. A combination of well dispersed ASP-HNTSs in PLA matrix and small
amount of HNTs clusters were visible in TEM images. Similar finding was reported by
Prashantha et al. who investigated unmodified HNTs and quaternary ammonium salt treated
(QM-HNTSs) compounded with polypropylene, and found that a better dispersion in the case of
QM-HNTs compared to unmodified HNTs [15]. It is important to note that surface
modification is not the only method to improve HNTs dispersion within polymer matrix. A low
screw speed of 35 rpm was adopted in this study due to PLA stiffness and desk top extruder. It
is possible that with higher screw speed and resulted higher shear force, the dispersion of HNTs
with polymer matrix can be improved.

PLA/ASP-HNTSs composites were tested to be hydrophobic in this study with no change in
contact angle between distilled water and composite surface with increasing content of
modified HNTs, which was consistent with our previous study of PLA/unmodified HNTs
composites [12]. Cavallaro et al. found that well dispersed HNTSs in hydrophobic low methoxyl
pectin can result in a hydrophilic composite, and the incorporation of HNTs into
hydroxypropylcellulose matrix improved wettability of hydroxypropylcellulose/HNTs
composite [32]. They also found out that the introduction of HNTSs to pectin and hydrophilic
polyethylene glycol (PEG) blend formed a hydrophobic composite due to the increase of the
surface roughness. Most importantly, they found that HNTs loading can affect the surface
roughness of the composite, and with 10wt% HNTs loading, the surface of composite was
rough and reckoned as hydrophobic, while 30wt% HNTs loading decreased the surface
roughness, thus reduced the hydrophobicity [33]. Very small amounts of HNTs were used in
this study, and the hydrophobicity of PLA was not affected by the addition of HNTSs.

In comparison to virgin PLA, the decreased onset temperature of PLA/ASP-HNTS composites
from TGA results indicated that the introduction of ASP-HNTSs to PLA matrix reduced the
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thermal stability of PLA. This finding was consistent with previous study of PLA and
unmodified HNTs nanocomposites [12]. The influence of clay in thermal stability of polymer
has been studied extensively. Generally, the thermal stability of polymer matrix can be
improved by a high concentration of clay content (10 wt%), whereas no effect on thermal
stability of the polymer matrix was found with lower clay content (up to 5 wt%) [34]. Liu et
al. reported improved thermal stability in PLA/HNTs composites with up to 40 wt% HNTSs
loading [27], and the mechanism was explained that HNTs acted as heat resistant barrier since
HNTSs have higher thermal degradation stability than PLA, and the degradation product of PLA
can enter the lumens of HNTSs [14]. Similarly, Ismail et al. reported a significant improvement
in thermal stability in HNTSs filled ethylene propylene diene monomer nanocomposites, but the
temperature at 5% weight loss didn’t increase until the HNTs loading was increased up to 15%
[35]. However, a negative effect of thermal stability of PLA composites was found in this and
previous studies. Similiarly, Russo et al. also reported that the addition of HNTs with 1, 3 and
5 wt% loading led to a decrease in thermal stability of PLA and this effect was enhanced with
the clay content [36]. The results might be related to the formation of water during PLA/ASP-
HNTs compounding, which led hydrolysis. Kopinke et al. have explained the occurrence of
oxygen-centred or carbon-centred radicals due to cleavage of alkyl-oxygen or acyl-oxygen
bonding in ester during hydrolysis [37].

PLA is a relatively strong biodegradable polymer with reported tensile strength of 50-70 MPa,
Young’s modulus of 3-4 GPa and elongation at break of 2-10% [38]. In this study observed
results were 52.33 + 16.89 MPa for stress at maximum load, 1.898 £ 56.95 GPa for Young’s
modulus and 3.1 £ 0.86 % for percentage strain at maximum load by tensile testing. The
introduction of HNTSs significantly increased Young’s modulus of PLA in previous work [12].
This is because high aspect ratio of HNTs helps reinforce polymers in composites by
optimizing the load transfer from the matrix to the nanotubes, and the elastic modulus of HNTs
is 140GPa [14]. It was found that ASP-HNTSs have a better reinforcing effect than unmodified
HNTs in the current study. Unmodified HNTs increased Young’s modulus of PLA by 2.6%
and 6.7% with 2wt% and 5wt% HNTSs loading respectively, while ASP-HNTSs increased by
12.9% and 25% with 2wt% and 5wit% ASP-HNTs loading respectively. Similar better
reinforcing effects of modified HNTs were also reported with various polymers [15-17]. The
better reinforcing effect of ASP modified HNTs than unmodified HNTs can be explained by
better dispersion of ASP-HNTSs with in PLA matrix than unmodified HNTSs, causing increased
contact surface between ASP-HNTs and PLA matrix.

According to 1ISO 10993 standard, all blood contacting medical devices are required to have
hemolysis tests completed. Hemolysis rates of all PLA and PLA composites in this study were
well below 5% threshold, therefore, all samples were considered non-hemolytic. The addition
of HNTs and ASP modified HNTSs did not change the hemocompatibility of PLA. These results
were in close agreement with that obtained by Liu et al. who investigated hemocompatibility
of HNTs [39]. It is worthwhile to point out that PLA has long safety history in blood contacting
applications, for instance, poly DL-lactic acid (PDLLA) has been used as drug carrier coated
on the surface of the drug eluted stents, with the degradation of PDLLA the drug sirolimus can
be released during a period of 3 to 4 months [40].

The PLA and PLA composites were found to be non-toxic to HUVEC cells according to the
MTT test results. High molecular weight PLA, that has been used in medical applications, has
reported with a very good biocompatibility [41]. HNTs have been reported as a drug delivery
vehicle [42] and the biocompatibility of HNTs has been extensively investigated. Liu et al.
reported that HNTs exhibit good cell compatibility in low concentration range, but high
concentration of HNTs may cause DNA breakage and result latent toxicity effects [39]. The
HNTSs used in this study was at very low concentration.
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Hydrolytic degradation of PLA/ASP-HNTs composites was investigated in this study. As an
aliphatic polyester, the cleavage of the ester linkages in PLA by absorbed water produces a
successive reduction in molecular weight, in figure 11.

CHs THS CH, CH,

PLA—CH—C—0—CH—C—OPLA + H,0 PLA—CH—C—OH + OH—CH—C—OPLA

0 0
Figure 11: Hydrolytic degradation of PLA

The GPC results revealed that the molecular weight of PLA/ASP-HNTSs composites was
reduced by 23.6% (Mn) and 30.6% (Mw) at the end of the 24" week of degradation. Valapa et
al. also reported a similar reduction in molecular weight during degradation process, and they
concluded that the nanofillers and elevated temperature can lead to high molecular weight
reduction, due to enhanced chain mobility of PLA molecular chains [43]. However, the
molecular weight distribution was not significantly changed through the degradation process,
which indicated that bulk degradation had not begun in this study.

FTIR spectra of PLA/ASP-HNTs composites during degradation process also confirmed that
bulk degradation didn’t occur. From the 9™ week of degradation process new peaks of N-H
deformation related to ASP-HNTS started appearing, indicating the ASP-HNTSs filler leached
out from PLA matrix and surface erosion happened. However, the ester bond of PLA did not
change during the degradation process, evidenced by the unchanged carbonyl group C=0 band
at 1750 cm™ and C-O band at 1000-1300 cm'1. As ester group cleavage is the primary
degradation mechanism of PLA, it can be concluded that the major degradation process had
not begun at the 24" week of degradation.

During degradation process the mass of PLA, PLA/HNTs and PLA/ASP-HNTs composites
only reduced slightly as expected due to the hydrophobic nature of PLA and PLA composites.
PLA/ASP-HNTSs composites displayed the highest reduction in weight loss with 12.1% by the
end of the 24" week of degradation, followed by PLA/HNTs composites with 3.1% and PLA
with 2.6%. This increased degradation rate could be related to the heterogeneous nature of the
composite structure which allowed easier water permeation. Similar weight loss has been
reported with 2% in PLA and 8.6% in PLA/TiO composites by 70 weeks of degradation process
[44]. Li et al. also claimed that the degradation rate of most PLA composites was faster than
that of the neat PLA [45].

PLA/ASP-HNTs composites retained 74% of its Young’s modulus by the 24" week of
degradation, while PLA/HNTs composites and PLA kept 72.4% and 66.3% respectively. This
may be explained by the fact that during polymer degradation, the amorphous regions degrade
first and the mechanical properties of the polymer were retained by the crystalline regions. The
molecules in the amorphous region are loosely packed, and thus make it more susceptible to
degradation, while the crystalline part of the polymers is more resistant to degradation than the
amorphous region [46]. PLA/ASP-HNTs composites displayed a consistent and gradual
reduction in Young’s modulus, which complied with the gradual reduction in molecular weight
from GPC results, and this finding was also reported by Vieira et al. in PLA-PCL fibre in vitro
degradation study [47]. PLAJASP-HNTs composites remained the strongest while degraded
the fastest among PLA and PLA/HNTSs composites, which is beneficial for fully biodegradable
coronary stents, as the stents are required to keep the vessel open while the vessel is healing
and remodelling for the first 6 months, and not to interfere with luminal enlargement of blood
vessels, which often takes place between 6 months and 5 years after angioplasty [7]. PLA has
a c.a. 2 years degradation period [48], but it has been reported that implants made from PLA
didn’t disappear in this time frame and caused foreign body reaction [49]. Therefore, the
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PLA/ASP-HNTSs composites with high degradation rate while retaining mechanical strength
may prove beneficial for use in biodegradable coronary stents.

It is claimed that the degradation process can be classified into two stages: random hydrolytic
scission of ester bonds in the amorphous region, where the Tm remained constant, and
hydrolytic attack of the crystalline domain with drop in Tm [50]. The unchanged Tm of
PLA/ASP-HNTs composites in this study indicated that the crystalline region of PLA
composites hasn’t hydrolytically degraded yet. Two Tm on DSC curves are ascribed to the
melting of crystalline regions of various size formed during cooling and crystallisation process.
The lower T is associated to the melting of the smaller crystals produced by secondary
crystallization, whereas the higher Tm corresponds to the melting of the major crystals formed
in the primary crystallization process [51]. The reduction in T observed in the 12, 16, 20"
and 24" week of degradation might indicate the degradation of the smaller crystals in the
composites. Similar change in bimodal melting peaks was reported by Luo et al. [44]. The
lower T¢c of PLA/ASP-HNTSs composites could be related to the reduction in molecular weight
during the degradation process, because shorter chains would tend to crystallize at lower
temperature, which has also reported by Valapa et al. [43].

5. Conclusion

ASP-HNTSs was melt compounded in a PLA matrix in this study. ASP-HNTs dispersed better
within the matrix as observed by TEM, thus displayed better reinforcing effect in PLA
composites, compared to unmodified HNTSs. The Young’s modulus of PLA was increased by
25% with 5wt% ASP-HNTSs loading, while this value was 12.9% with 5wt% for untreated
HNTs. DSC thermographs indicated that ASP-HNTSs acted as nucleating agents and increased
crystallisation of PLA/ASP-HNTSs composites. All PLA and PLA nanocomposites were found
to be blood and cell compatible. In vitro degradation studies revealed that ASP-HNTs appeared
to increase the degradation process of PLA compared to PLA and PLA/HNTs samples.
However, PLA/ASP-HNTs composites retained the highest Young’s modulus by the 24" week
of degradation, which was the result of well dispersion of ASP-HNTs in PLA matrix. The
consistent and gradual reduction in mechanical strength of PLA/ASP-HNTSs composites was in
connection with its molecular weight reduction. However, the degradation in crystalline region
of PLA/ASP-HNTSs composites didn’t occur, evidenced by the unchanged Tm of PLA/ASP-
HNTs composites from DSC thermograms, which also explained the reason why PLA/ASP-
HNTSs retained 74% of Young’s modulus by the end of the degradation period. In addition, the
unchanged ester group peaks in FTIR spectra revealed the primary degradation process of
PLA/ASP-HNTSs composites had not yet occur. A period of 6 months is critical for blood vessel
remodelling, so the experiment was designed to have a degradation of 6 months. But it is
worthwhile to investigate a longer period to observe the bulk degradation in the future research,
as well as perspective of size and bioresorption, to shorten the experimental period, the
accelerated degradation can be achieved with elevated temperatures [52]. The results from the
current study indicated that the reinforced PLA/ASP-HNTSs composites could be potentially
used in long term biological applications that require high strength for up to 6 months but
thereafter degrade, such as coronary stent.
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