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Abstract: Highly-oriented poly (lactic acid) (PLA) with bionic micro-grooves was
fabricated through solid hot drawing technology for further improving the mechanical
properties and blood biocompatibility of PLA. In order to enhance the melt strength
and thus obtain high orientation degree, long chain branched PLA (LCB-PLA) was
prepared at first through a two-step ring-opening reaction during processing. Linear
viscoelasticity combined with branch-on-branch (BOB) model was used to predict
probable compositions and chain topologies of the products, and it was found that the
molecular weight of PLA increased and topological structures with star like chain
with three arms and tree-like chain with two generations formed during reactive
processing, and consequently draw ratio as high as1200% can be achieved during the
subsequent hot stretching. With the increase of draw ratio, the tensile strength and
orientation degree of PLA increased dramatically. Long chain branching and
orientation could significantly enhance the blood compatibility of PLA by prolonging
clotting time and decreasing platelet activation. Micro-grooves can be observed on the
surface of the oriented PLA which were similar to the intimal layer of blood vessel,
and such bionic structure resulted from the formation of the oriented shish kebab-like
crystals along the draw direction.

Keywords: Poly (lactic acid) (PLA); long chain branching; mechanical properties;

blood compatibility; bionic character



Introduction

Poly (lactic acid) (PLA, -[CH(CH3)COO],-) is a linear aliphatic thermoplastic
polyester which is produced from lactic acid by converting sugar or starch obtained
from renewable sources (e.g., corn, wheat, or rice) [1-3]. PLA has been considered to
be a good candidate for biomedical materials due to its biodegradable and
biocompatible nature [4-6], and approved by the Food and Drug Administration
(FDA) for numerous clinical applications, such as sutures, bone plates, abdominal
mesh, and extended-release pharmaceuticals [7]. However, some problems still exist
for PLA when it acts as implanted biomaterials and bio-devices: the mechanical
strength of PLA is still not sufficient for weight-bearing implant fixation; the
relatively poor blood compatibility of PLA may promote surface-induced thrombosis

and embolization when in direct contact with blood.

Solid hot drawing technology is one of the molecular orientation methods for
polymers in solid state. Through such technology, first of all, PLA with sufficient
strength could be prepared to meet the requirement of desirable physical properties for
biomedical use. Meanwhile, the surface properties of PLA could be changed by such
processing, and thus the interaction between PLA and the biological elements of the
organism might be affected.

Since large extensional deformation is encountered during the solid hot drawing
processing, in order to resist rupture, moderately high elongational viscosity, high
melt strength/elasticity as well as strain hardening behavior of the sample are desired.
However, for neat PLA, it usually exhibits low viscosity, low melt elasticity and no
strain hardening behavior as a consequence of its linear structure and a narrow
molecular weight distribution, which makes it very difficult to be ultra-drawn during

hot drawing [8-9].



It has been widely reported that long chain branching (LCB) had a significant
effect on rheological properties of polymers, and even a small amount of LCB can
lead to great increase in extensional viscosity, shear viscosity and elasticity [10-11].
Several methods have been tried to obtain PLA with long chain branched structures.
L.M. Pitet et al. established a one-pot method for copolymerization of lactide with
glycidol, using different temperature conditions to control the occurrence of epoxide
ring opening that leads to hyperbranching [12]. Huagao Fang et al. prepared a kind of
LCB-PLA by applying gamma radiation with addition of the trifunctional monomer
[13]. Another convenient method to introduce LCB onto the polymer chains is to
carry out the branching reactions by reactive processing in the melt state in the
presence of some free-radical initiators or multifunctional chain extenders, which is
evidently more convenient and cheaper and can produce a large volume of polymers.
However, due to the limited end-group concentration and low activity of the end
hydroxyl groups, hyperbranched structures are not easy to obtain for PLA through
reactive processing.

In this work, PLA was long chain branched by ring-opening reaction with
anhydride and epoxy together through reactive processing in order to enhance the
molecular entanglement and melt strength of PLA. Linear viscoelasticity combined
with branch-on-branch (BOB) model was used to predict probable compositions and
chain topologies of the products. Then highly oriented PLA with submicrometer
structures were expected to be formed through solid hot drawing technology. The
structure and properties of the oriented PLA were studied, and its bionic character as
well as anti-coagulation mechanism were tried to be explored.

2. Experimental Section

2.1 Materials


http://www.sciencedirect.com/science/article/pii/S003238611000769X#bib8

Poly (lactic acid) (PLA) (NatureWorks® PLA Polymer 3052D) was supplied
from Nature Works in pellet form. The molecular weight (M,) was about 1x10°.
Pyromellitic dianhydride (PMDA) (AR) was obtained from Sinopharm Chemical
Reagent Co., Ltd, China. Pentaerythritol polyglycidyl ether (PGE) (AR) was obtained
from Energy Chemical Co. Ltd., China.

2.2 Preparation of the highly oriented PLA
Long chain branched PLA (LCB-PLA)

After dried at 70°C for 5hrs in a vacuum oven, modification of the original PLA
was conducted in a Haake internal melt mixer (Rheocord 90, Germany). After the
pellets of PLA totally melted, PMDA was added to react with PLA for several
minutes, and then PGE was added into the mixture. When the reaction was completed,
the product was cut into small granules. The detailed formulations to prepare

LCB-PLA were listed in Table 1.

Highly oriented PLA

The oriented samples of PLA and LCB-PLA were prepared by being heated and
mechanically drawn. After the desired draw ratio was obtained, the sample was
cooled down to room temperature, and then the load was released.
2.3 Measurements
FTIR spectroscopy

A Fourier-transform infrared spectrometer (FTIR) (Magna IR 560, Nicolet, USA)
with resolution of 2 cm™ was used to identify the chemical structure of the purified
specimens which were prepared by grinding the powder sample with KBr to form a
thin film. The scanning range was from 400 to 2000 cm™.

Dynamic Rheological Analysis



Dynamic rheological measurement was performed on an AR 1500ex dynamic
stress rheometer (TA Instruments, USA). The samples were compression molded into
the disk of 25 mm in diameter and around 1 mm in thickness. The measurement was
run with a 25 mm-diameter parallel plate geometry and a 1.0 mm sample gap. The
dynamic viscoelastic properties were determined with frequencies from 0.01 to 100
Hz at 170°C, using 1% strain (selected after strain sweep tests) value determined with
a stress sweep to keep within the linear viscoelastic region. Specimens were placed
between the preheated plates at the experimental temperature and were allowed to
equilibrate before each run.

Two-dimensional Wide-angle X-ray diffraction analysis (2D-WAXD)

Wide-angle X-ray diffraction (WAXD) analysis was conducted at the ambient
temperature using a D8 Discover two-dimensional wide angle X-ray diffractometer
(2d-WAXD) (Bruker AXS Co, Germany). The sampling time of 2d-WAXD
measurements was 180 s using an Eulerian 1/4 cradle HI-STAR (2D-Detector)
detector, with a wavelength of 0.154 nm monochromated X-ray obtained from Cu
(Ka) radiation.

Mechanical properties

The mechanical properties of PLA samples were measured with a 4302 material
testing machine (Instron Co, USA) according to 1SO527/1-1993 (E). The test speed
was 50 mm/min, and the sample length between benchmarks was 25 mm.

Scanning electron microscope analysis (SEM)

The fractured surface morphology analysis of the samples was performed with
JEOL JSM-5900LV scanning electron microscope (SEM, JEOL Co, Japan) with an
acceleration voltage of 20 kV. The smooth surface was etched by a water-methanol

(1:2 by volume) mixture solution containing 0.025mol/L of sodium hydroxide for 10h



at 25°C, and then the etched surface was cleaned using distilled water. The samples
were sputter-coated with gold for 2~3 min.
Platelet adhesion measurement

To test the platelet adhesion, samples were incubated with the platelet rich
plasma (PRP) for 1 h at 37°C under static conditions. After 1 h incubation, the
samples were rinsed carefully three times with phosphate-buffered saline (PBS,
pH=7.3) buffer. The adherent platelets were fixed using 2.5% glutaraldehyde in PBS
for at least 1 h, dehydrated in a graded series (50%, 60%, 70%, 80%, 90%, 95%, and
100%, v/v) of ethanol, and dried under vacuum at -50°C overnight. The samples were
then sputter coated with a thin layer of gold and observed using a scanning electron
microscopy (JEOL JSM-5900LV).

Clotting time (APTT and TT)

Activated partial thromboplastin time (APTT) and thrombin time (TT) were
measured by an automated blood coagulation analyzer CA-50 (Sysmex Corporation,
Kobe, Japan), and the test method was described as follows: fresh blood was collected
using vacuum tubes, containing sodium citrate as an anticoagulant (anticoagulant to
blood ratio, 1:9, v/v). The platelet-poor plasma (PPP) was obtained after centrifuging
at 4000 rpm for 15 min. Synchronously, the samples (0.4 cmx0.5 cm) were immersed
in PBS (0.2 mL, pH = 7.4) for 1 h. Then the PBS was removed and 0.1 mL of fresh
PPP was introduced. After incubating at 37°C for 30 min, 50uL of the incubated PPP
was added into the test cup, followed by the addition of 50uL of APTT agent
(incubated 10 min before use) and incubation at 37°C for 3 min. Thereafter, SOuL of
0.025 M CacCl; solution was added, and then the APTT was measured. For the TT test,
S50uL of TT agent was added into the test cup (containing S0uL of the incubated PPP)

after 10 min incubating, and then the TT was measured. At least three measurements



were averaged to get a reliable value, and the results were analyzed by statistical
method.
Statistical analysis

The quantitative results were obtained from triplicate samples and the data was
expressed as mean £ SD (n = 3 or 5). Statistical analysis was performed using
one-way analysis of variance, followed by post hoc Student’s t-test. A value of p <

0.05 was considered to be statistically significant.
3. Results
3.1 Characterization of LCB-PLA

FTIR spectra of PGE, pure PLA, purified PLA-PGE and LCB-PLA-5 were
shown in Fig. 1(a). The dash line in the figure guided the two transmission peaks at
928 ¢cm™ and 1107 cm™, which were attributed to the asymmetrical stretching
vibration of C-O-C (epoxy group) and characteristic stretch absorption of C-O-C
(ether) respectively on PGE molecule [14-15]. These two peaks could not be clearly
observed for sample PLA-PGE, however, the peak at 1107 cm™ for sample
LCB-PLA-5 could be clearly observed which indicated that PGE was grafted onto the
PLA chains successfully by introducing PMDA. Moreover, a slight absorbance at 928
cm™ attributed to epoxy groups still can be observed for sample LCB-PLA-5
indicating that not all of the four epoxy groups on PGE participated in the branching

reaction.

Torque evolution during the branching reactions was shown in Fig. 1(b). The
torque of neat PLA decreased monotonously with the mixing time, which was
ascribed to the possible thermal degradation of PLA during processing. For PLA

branched by PMDA or PGE independently, no obvious increase of torques could be



observed, which should be attributed to the low extending or branching degree of
PLA chains. In contrast, the torque showed completely different trend when the
sample reacted with both PMDA and PGE, which climbed steeply until it reached a
plateau in about 35 min.

The basic idea of branch-on-branch (BOB) model is the hierarchical relaxation
of branched structures. It has been shown that BOB model could predict the linear
viscoelasticity of branched chains quite satisfactorily when compared with the
experiments of model branching polymers. The details of the model and algorithm
would not be repeated here and can be found in the original publication [16-17]. The
BOB model was tried here to find out the compositions and chain structures of PLA
and LCB-PLA, which could be done by fitting the experimental data, i.e., dynamic
modulus and complex viscosity, with the model predictions.

Characteristic parameters for PLA used in BOB model were as follows: density
was 1.24 g/cm?®; the number of monomer in one entangled segment was 110; and the
entanglement time 1. was 10° s. The BOB fitting results of linear viscoelasticity for
the linear PLA before branching were shown in Fig. 2(a). The weight average
molecular weight (Mw) was fitted to be 100 kg/mol and the polydispersity index
(PDI, defined as the ratio between the weight average molecular weight and the
number average molecular weight) was 1.2 where the molecular weight distribution
was assumed to follow log-normal distribution. The molecular weight and its
distribution obtained from fitting linear viscoelasticity were quite close to those

measured by GPC.

For PLA after branching, it was assumed that the branched products were
composed of linear, symmetric-star, asymmetric-star, H-type, pom-pom, comb and

tree-like chains. Therefore, the parameters for the molecular structures, such as



volume fraction, molecular weight and its distribution, arm length, could be obtained
by fitting the experimental data with BOB model. The fitting results for LCB-PLA
samples were shown in Fig. 2(b-f). The structure parameters obtained from fitting

were listed in Table 2, which revealed the most possible chain topology of samples.

3.2 Orientation and mechanical properties of LCB-PLA

The increase of molecule weight and the successful formation of long chain
branched structure for LCB-PLA encouraged us to perform solid hot drawing
processing on them. For neat PLA, the maximum draw ratio was about 600%, while
for LCB-PLA, with increasing chain extender content, the maximum draw ratio
initially increased and then declined somewhat. The maximum draw ratio can reach
up to 1200% for LCB-PLA-3 due to its proper fraction of the branched chain (as

shown in Fig. 3(b)).

The XRD patterns of PLA and LCB-PLA-3 before and after drawing were
shown in Fig.4(a). The isotropic sample did not show any Debye-Scherrer diffraction
rings due to its low crystallinity and the random arrangement of grains. While for the
samples after drawing, the (200)/(110) reflection appeared as two strong circular spots
on the equator and a four-point image formed by (203) reflection. With increasing
draw ratio, these arcs became narrower in spread and more prominent, suggesting that
the crystal axis was preferentially oriented parallel to the draw direction. The
crystallinity of PLA and LCB-PLA-3 can be calculated by the peak area of crystal and
amorphous region from the corresponding decomposed curves obtained by Peak Fit
software. The orientation parameter (f) was calculated using Herman's orientation

function:
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Where I(¢) is the scattering intensity along the angle ¢. When taking ¢ = 0 as the
shear flow direction, the critical values of fare —0.5 for a perfect perpendicular
orientation, 0 for a random orientation and 1 for a perfect parallel orientation,
respectively. The orientation factor and crystallinity were summarized in Fig.3 (b).
With the increase of draw ratio, the orientation factor and crystallinity of PLA and
LCB-PLA-3 increased.

The mechanical properties of PLA and LCB-PLA-3 with different draw ratio
were shown in Fig.4 (c). Before orientation, compared to the neat PLA, long chain
branching did not bring about remarkable change in tensile strength and modulus.
With increasing draw ratio, the tensile strength and modulus increased sharply, and at
1200% of drawing ratio, the tensile strength and the tensile modulus of LCB-PLA-3
reached up to 170+6 MPa and 6.7+0.3 GPa, respectively.

3.3 Blood compatibility of oriented LCB-PLA

The platelet adhesion densities on the samples were evaluated, as shown in Fig.5.
After contacting with platelet-rich plasma (PRP) for 60 min, a large number of
platelets were observed to aggregate on the surface of isotropic PLA. In the case of
LCB-PLA-3, however, the surface seemed prone to prevent platelets from adhering,
since much fewer platelets were observed. Moreover, with increasing draw ratio,
platelet adherent density on LCB-PLA-3 was further significantly reduced and

platelets on oriented samples almost remained their original shape.



Fig.6 showed APTT and TT of neat PLA and LCB-PLA-3. For the APTT tests,
the blood clotting time of PLA (39.1+1.3 s) increased compared with the control
(37.5+1.1 s), and the APTTs of the LCB-PLA-3 (50.1+1.3 s) were much longer
compared with the neat PLA. After orientation, the APTTs increased further with the
increase of draw ratio, and the blood clotting time of LCB-PLA-3-1200% was
prolonged to 97+1.2s. The values of TT also increased slightly after long chain
branching and stretching.

4. Discussion

The results of FTIR indicated that large amount of PGE cannot be easily grafted
on PLA chains directly. Although epoxy groups can react with both terminal carboxyl
and terminal hydroxyl groups of polyester, the reactivity of epoxy with carboxyl
group was higher than that with hydroxyl group [18]. Moreover, the concentration of
carboxyl groups on PLA chains was very low as the terminal carboxyl groups might
be end-capped for pure PLA. Therefore, to improve the grafting ratio of PGE, PMDA

was introduced at first and then LCB-PLA could be prepared successfully.

Since the torque value was proportional to the apparent viscosity of materials,
which depended on the molecular weight and chain structure of the polymer, the
dramatic increase of torque certainly indicated the formation of the long polymer
chains or high chain branching in reaction system. The obviously increasing torques
for LCB-PLA-2~5 should be a result of two-step reaction of PLA with PMDA and
then with PGE, which led to a remarkable increase in the molecular weight and the

formation of branching structure.

According to the results of BOB model, as shown in Fig. 2(b-f), the fitted lines

were quite closed to the experimental data when assuming that all products branched



with varying contents of chain extender were just composed of linear, star like chain
with 3 arms and tree-like chain with two generations molecules. On the basis of the
structure parameters listed in Table 2, it can be seen that the linear chains in different
LCB-PLA samples presented different molecular weight ( Mw ), because chains
experienced both extension and degradation. All LCB-PLA samples exhibited higher
Mw of linear chains compared with pure PLA, implying that the chain extension was
certainly able to compensate the decrease in average molecular weight due to
degradation. With increasing chain extender content, the volume fraction of the linear
chain component decreased, while the fraction of the branched chain including star

like and tree-like chain component increased.

Based on the data of XRD, it indicated that slipping and rupture of the lamellar
in the spherulite occurred during the drawing of PLA and a clear orientation of PLA
molecules formed, which induced the dramatic increase of the tensile strength and
modulus of PLA.

When platelets were activated, they will deform and crosslink to promote
aggregation of further platelets. Platelet adhesion and activation on the surface of a
biomaterial was the most essential character in determining the blood compatibility of
a biomaterial. Low platelet adhesion and activation denotes good blood compatibility,
while a higher degree of platelet adhesion and activation could result in a thrombus.
Fewer platelets adhesion on the surface of oriented long chain branched sample
indicated that the activation of platelets activation of the intrinsic blood coagulation
system was suppressed.

The APTT (activated partial thromboplastin time) and TT (thrombin time) tests
are widely used for the clinical detection of the abnormality of blood plasma and the

primary screening of the anticoagulative chemicals and they are recently applied in



the evaluation of the in vitro antithrombogenicity of biomaterials. In general, APTT
was used to measure the inhibited efficacy of both the intrinsic (or referred to as the
contact activation pathway) and the common plasma coagulation pathways including
factors 11, V, X, XII or fibrinogen [19]. TT was used to measure the clot formation
time for the thrombin to convert fibrinogen into fibrin in the platelet-poor plasma
(PPP). The shorter clotting time indicates the faster conversion of fibrinogen to
insoluble fibrin protein, which then leads to thrombus [20]. Therefore, the obviously
shorter APTT indicated that the chain branching and orientation had significant effect
on inhibiting the intrinsic and the common plasma coagulation pathways of
coagulation.

From the material science point of view, a native blood vessel was the best blood
compatible material [21]. The intimal layer of the blood vessel can resist platelet
adhesion and prevent undesirable thrombus formation. When the surface roughness
was within the range of 50 nm (dimension of proteins) to 2 um (dimension of
platelets), particular surface topographies, such as grooves, may reduce the contact
area for platelets, which can only adhere on the top of the topographic features,
platelet adhesion and thrombus formation may thus be reduced. A variety of methods
including mechanical and electrochemical, polishing/roughening, chemical etching
and different patterning strategies (lithography, molding, embossing, imprinting,
self-assembly), have been investigated for the fabrication of such surface topography
[22].

The surface morphology of LCB-PLA before and after orientation were
investigated with SEM and AFM, which were shown in Fig.7 (a). Before orientation,
the surface architectures of LCB-PLA were smooth and flat. After orientation, the

surfaces with alternating parallel grooves and ridges at the sub-micron scale can be



observed. The average width of the ridges was about 500nm and the height was about
100 nm. These particular parallel grooves and ridges at the sub-micron scale were
similar in size to that of the inner surface of blood vessels. It was very exciting that
self-reinforced PLA with vessel-like bionic surface could be fabricated by solid hot
stretching technology.

To explore the formation mechanism of bionic structure through processing, the
morphology of etched LCB-PLA were investigated with SEM. The smooth surface
was etched by a water-methanol (1:2 by volume) mixture solution containing
0.025mol/L of sodium hydroxide for 10h at 25°C to remove the amorphous parts of
PLA. As shown in Fig. 7(b), some imperfect stacking of spherulite structures were
observed for LCB-PLA before orientation, with the lath-like lamellae arranged
irregularly. However, for highly oriented sample, the oriented shish kebab-like
crystals appeared along the draw direction. During the solid hot drawing process,
high-molecular weight fraction of LCB-PLA oriented and self-organized into fibrils
which were capable of serving as shish to induce the epitaxial growth of kebab-like
lamellae approximately orthogonal to their long axis. Therefore, the oriented
LCB-PLA surface showed a preferential orientation grooves as shown in Fig. 7 (a).

5. Conclusions

Highly-oriented LCB-PLA with enhanced mechanical properties and improved
blood compatibility were fabricated through solid hot drawing technology. FTIR and
BOB model was used to confirm the structure of the LCB-PLA, indicating that PLA
branched with PMDA and PGE together were made of linear, star-like and tree-like
chains with two generations. The melt strength and molecular entanglement were
enhanced by long chain branching and thus higher draw ratio can be achieved. The

tensile strength and orientation degree of PLA increased dramatically with the
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increase of draw ratio. The results of in vitro blood compatibility showed that,
compared with neat PLA, oriented samples after long chain branching exhibited less
platelet adhesion and longer clotting time, indicating that the samples with highly
molecular orientation exhibited an appreciably better blood compatibility than neat
PLA. Submicrometer structures including alternating parallel grooves and ridges at
the micron scale which were similar to intimal layer of blood vessel can be observed
for the oriented PLA. These submicrometer structures were formed due to the shish
kebab-like crystals after orientation.
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Table caption

Table 1 The formulations for PLA and LCB-PLA samples.

Table 2 The structure parameters of LCB-PLA obtained from BOB model.

Samples

PLA
LCB-PLA-1
LCB-PLA-2
LCB-PLA-3
LCB-PLA-4
LCB-PLA-5

a.
b.

Table 1. The formulations for PLA and LCB-PLA samples

Table 2 The structure parameters of LCB-PLA obtained from BOB model

Mo (*10°
Pa.s)

0.93
2.34
6.24
21.5
139
256

Samples PMDA (wt%)
PLA 0
PLA-PGE 0
PLA-PMDA 1
LCB-PLA-1 0.1
LCB-PLA-2 0.3
LCB-PLA-3 0.5
LCB-PLA-4 0.7
LCB-PLA-5 1

Linear chain

v M,,/PDI

1 100/1.2
0.98 120/1.2
0.9 160/1.2
0.84 240/1.2
0.8 220/1.2
0.75 200/1.2

PGE (wt%)

0

1

0
0.1
0.3
0.5
0.7

1

Star like chain

with 3 arms

v M,/PDI
0.01 110/1.2
0.05 120/1.2
0.08 120/1.2
0.1 120/1.2
0.15 120/1.2

Tree-like chain with two
generations

v
0.01
0.05
0.08

0.1
0.1

v stands for volume fraction of the corresponding component.
My, and Ma are the molecular weight of backbone and side arm, respectively; Mg

and My, are the molecular weight of the generation zero and one for tree-like chains,
respectively. The unit for all molecular weights listed above is kg/mol.

Mgo/PDI
50/1.0
50/1.0
100/1.0
100/1.0
100/1.0

Mgy /PDI
220/1.0
220/1.0
240/1.0
240/1.0
240/1.0



Figure captions

Figure 1 (a) FTIR spectra (825-1175 cm™) of PGE, pure PLA, PLA-PGE and

LCB-PLA; (b) Torque evolutions during the branching reactions.

Figure 2 Linear viscoelastic spectra at 170°C for (a) pure PLA; (b) LCB-PLA-1; (c)
LCB-PLA-2; (d) LCB-PLA-3; () LCB-PLA-4; (f) LCB-PLA-5. (Square o and
circular o were the experimental SAOS data, and lines were the results of simulation).
Figure 3 (a) The reactive processing conducted in the Haake internal melt mixer and

the mechanism of the branching reactions; (b) Chain structure and solid hot drawing

of LCB-PLA-3.

Figure 4 (a) Two-dimensional XRD patterns of PLA and LCB-PLA-3 with different
draw ratio; (b) Orientation factor and crystallinity of PLA and LCB-PLA-3 with
different draw ratio; (c) mechanical properties of PLA and LCB-PLA-3 with different

draw ratio (Values are expressed as means £ SD, n = 5).

Figure 5 Platelet adsorption of PLA and LCB-PLA-3 with different draw ratio

(Magnification: 5000x) (Values are expressed as means £ SD, n = 3).

Figure 6 Clotting time of PLA and LCB-PLA-3 with different draw ratio (Values are

expressed as means = SD, n = 3).

Figure 7 (a) Formation mechanism of micro-grooves; (b) Bionic structure of highly

oriented LCB-PLA.
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Figure 1 (a) FTIR spectra (825-1175 cm™) of PGE, pure PLA, PLA-PGE and LCB-PLA;

(b) Torque evolutions during the branching reactions.
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Figure 2 Linear viscoelastic spectra at 170°C for (a) pure PLA; (b) LCB-PLA-1; (c) LCB-PLA-2;
(d) LCB-PLA-3; (e) LCB-PLA-4; (f) LCB-PLA-5. (Square o and circular o were the

experimental SAOS data, and lines were the results of simulation).
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Figure 3 (a) The reactive processing conducted in the Haake internal melt mixer and the

mechanism of the branching reactions; (b) Chain structure and solid hot drawing of LCB-PLA-3.
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Figure 7 (a) Formation mechanism of micro-grooves; (b) Bionic structure of highly oriented
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