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Preface

Poly(L-lactic acid) (PLLA) industrial production has been rapidly increasing

because it can fulfil the dream of having cost-efficient and non-petroleum-based

plastics with numerous advantageous properties. The huge benefits of PLLA as a

renewable and environment-friendly polymer are its versatility and biodegradation

after discarding in natural conditions. For example, a PLLA bottle left in the ocean

typically degrades within 2 years, whereas conventional plastics may survive

several hundred to a thousand years before degrading in the same environment.

Accordingly, there is a high potential for PLLA to be useful in short-lifespan

applications where biodegradability is highly beneficial. Of note, despite its ability

to degrade after disposal, PLLA is extremely robust when used for applications like

food packaging, parts in electronic industry, automotive, or in the biomedical

sector.

Synthesis, structure and properties of PLLA were covered in a preceding volume

of Advances in Polymer Science. The present volume completes our collection of

research topics on this highly promising biopolymer, with an overview of the state-

of-art of the main industrial applications.

The volume starts with a description of processing challenges of PLLA com-

pared to commodity petroleum-based polymers, with details on processing condi-

tions in extrusion, melt spinning, injection molding and additive manufacturing.

This is followed by an overview of applications of PLLA in commodities and

specialties, focusing on food packaging and agriculture, where compostability and

biodegradation of PLLA represent an added value.

The three next chapters describe biomedical applications of PLLA, as it is

biocompatible, safe for direct contact with biological tissues, and bioresorbable.

PLLA is now widely accepted as biomaterial in cardiovascular devices and skeletal

tissue engineering, as well as for controlled drug release. These chapters are

followed by details on one of the main processing methods of PLLA used in the

biomedical field to produce scaffolds for tissue engineering: additive manufactur-

ing technologies, commonly called 3D printing.
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Besides being compostable, biodegradable, biocompatible, and bioresorbable,

PLLA has also piezoelectric characteristics, which permits its application in sensor

devices, being discussed in a separate chapter. Brand new applications of PLLA

appeared in the automotive industry, as the more and more stringent environmental

regulations lead to huge research efforts devoted to ecofriendly alternative solutions

in the automotive market, summarized in the final chapter of this volume.

As Editors, we would like to express our sincere gratitude to all our friends and

colleagues that contributed to this volume, including all the authors that provided

excellent contributions on the various aspects of industrial production and applica-

tions of PLLA, as well as to all who actively participated in the review process,

investing time and efforts to revise and comment each chapter.

We hope that this volume promotes further development of PLLA to widen its

range of applications as a bio-sourced and biodegradable polymer, thus limiting the

waste of natural resources for plastic production and decreasing plastic production,

all to preserve a sustainable environment for our future generations.

Pozzuoli, Italy Maria Laura Di Lorenzo

Halle/Saale, Germany René Androsch
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Processing of Poly(lactic Acid)

Ines K€uhnert, Yvonne Sp€orer, Harald Br€unig, Nguyen Hoai An Tran,

and Natalie Rudolph

Abstract Polymer applications range from biomedical devices and structures,

packaging, or toys to automotive and industrial items. So far, biopolymers could

replace commodity polymers in a variety of products, especially for biomedical

applications or food packaging. One of the most used and widely studied bio-

polymers is poly(lactic acid) (PLA). To generate new application fields and provide

a broader application of PLA, research on processing behavior is still required. This

chapter covers the processing relevant behavior of PLA and processing conditions

for extrusion melt spinning, injection molding, and additive manufacturing. The

processing-related behavior is compared to that of commodity polymers. The aim is

to provide an overview of the state of the art and some recent new developments in

this research field.
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1 Poly(lactic Acid) and Its Processing-Related Behavior

1.1 Introduction

Biopolymers (bio-based and/or biodegradable) such as poly(lactic acid) (PLA) are

processed and used in the same way as petrochemical-derived polymer materials

[1–3]. Morphology development during processing and its correlation with final

product properties, together with sketchy long-term behavior, keeps these materials

from accelerated market growth [3]. PLA is one of the best known and best

understood bio-based materials. Its biocompatibility, biodegradation, and

non-toxic behavior makes this material attractive for use as structural parts and

also as a functional polymer, for example as an additive in paper materials,

adhesives, coatings, thickening agent, flocculants, and concrete agent [1, 2]. In

this chapter the processes for manufacturing structural parts and several specific

strategies to improve the “structure-process-property” relationship are described.

1.2 Poly(lactic Acid)

The lactic acid monomer for PLA exists in two optically active configurations,

namely L-lactic acid and D-lactic acid. Depending on the monomers used and the

synthesis reaction conditions, it is possible to control the L-to-D ratio of the final

polymer. Therefore, different grades of PLA are available on the market, such as

pure poly-L-lactic acid (PLLA), poly-D-lactic acid (PDLA), or PLA with variation

of the D content. There are three possible paths for polymerization of lactic acid:

direct condensation polymerization, direct poly-condensation in an azeotropic

solution, and polymerization through lactic acid formation [4]. As with conven-

tional polymers, a high degree of polymerization and increasing crystallinity lead to

an increase in strength, elastic modulus, glass transition temperature (Tg), and melt

temperature [5]. According to process parameters, a recrystallization step for the

2 I. Kühnert et al.



PLA is set to improve stability against water absorption. In crystalline form, PLA

has better chemical stability, and the water resistance and speed of biodegradability

are less than for amorphous PLA [5].

Neat PLA shows the following technical properties:

• High Young’s modulus

• High scratch resistance

• High transparency

• Certified compostability

• Good printability

• Heat sealability

• High hydrophilicity

• Brittle, low impact strength

• Low heat resistance

To improve the properties and processing behavior of PLA, it is usually

compounded and/or blended by the use of different additive packages and fillers.

Polymer blends are in general classified into thermodynamically miscible or

immiscible blends. Immiscible blends show phase separation and form multiphase

structures. Depending on the degree of phase separation of two immiscible poly-

mers, the morphology shows (1) discrete phase-like droplets in the matrix or (2) a

bi-continuous phase (co-continuous, matrix-fibrillar structures). From the view-

point of polymer composites, these structures are in situ reinforced polymer-

polymer composites or micro-/nanofibrillar composites [6]. Under certain condi-

tions, the micro- and nanofibrillar structures can be formed during melt processing.

Because of the highly hydrophilic behavior of PLA it is recommended that the

material be dried before processing. The value of moisture should be less than

0.01 wt% of the total weight to minimize the risk of molecular degradation during

processing. For this, PLA resins are packed using moisture-resistant foil liners. The

drying condition depends on temperature, time, air flow rate, and dew point. A

range of 80–100�C for 4–2 h is recommended for crystalline types. Drying condi-

tions are given in the data sheets of the materials from the manufacturer [4, 7–9].

Some studies of the processing of biomaterials have already been summarized [1–

3]. Many academic results exist, and some knowledge has been transferred into

industrial applications. Nevertheless, themarket growth rate will dynamically increase

further in the light of new technology developments (such as in additivemanufacturing

[AM],melt spinning, and injectionmolding).A strong driving force is the possibility of

controlling structure, especially morphology design, within the product [2, 5, 10–15].

1.3 Processing-Related Behavior of PLA

To understand processing behavior, knowledge of the rheological, thermal, and

thermodynamic (pressure-volume-temperature [pvT]) properties of PLA is impor-

tant [1]. The crystallization behavior of PLA was studied in several investigations

Processing of Poly(lactic Acid) 3



[16–22]. Consequently, the thermal behavior, melting, and crystallization under

processing conditions are discussed in detail in the following section. Only a few

studies are available regarding rheology and pvT behavior [12, 23, 24], and these

are discussed later in Sects. 1.3.2 and 1.3.3.

1.3.1 Thermal Behavior

A typical method to determine thermal properties of polymer materials is differential

scanning calorimetry (DSC) [25, 26]. During measurement the sample and a refer-

ence are heated and cooled with defined heating and cooling rates, respectively. The

differential heat flow is measured, which is proportional to the thermodynamic

transformation during melting or crystallization. In contrast to semi-crystalline poly-

mers, for amorphous polymers only Tg can be established. Semi-crystalline polymers

show characteristic melting and crystallization behaviors, which, depending on their

molecular structure, result in the formation of a detectable heat flow peak. From these

peaks the melt and crystallization temperature can be determined. The results can be

used to calculate the degree of crystallinity depending on the cooling rate, the

crystallization growth rate, and the crystallization temperature. Altogether, these

data are important for choosing the right process parameters.

Investigations by Iannace et al. [17] on the isothermal crystallization behavior of

PLA have shown that the crystallization growth rate has a maximum which depends

on the isothermal crystallization temperature. During these studies, PLA was melted

at 200�C for 2 min, cooled down to defined temperatures (90, 110, and 130�C), and
then crystallized for 30 min at these temperatures. Following the crystallization, the

samples were heated again to 200�C at 10�C/min and the heat flow was measured

simultaneously. The influence of cooling condition (cooling rate) was not given.

They [17] concluded that the crystallization rate shows a maximum around 105�C
and that high undercooling leads to incomplete crystallization. Upon reheating,

exothermic crystallization behavior occurs close to the melting point. The presence

of amorphous fractions, which do not relax at Tg, was observed. Below 110�C the

number of amorphous regions was higher than above 110�C, which means that a

regime transition occurs. Similar conclusions were also made in [19, 20]. The crys-

tallization behavior of PLLA using DSC measurements to determine isothermal and

non-isothermal thermodynamic behavior was investigated. They reported a discon-

tinuity in crystallization growth at around 116–118�C, resulting in a bell-shaped

curve for crystallization growth rate as a function of crystallization temperature. This

is shown in Fig. 1, where Tb is the boundary temperature between the low- and high-

temperature ranges [20]. The results indicate a difference in the crystallization

mechanism between the high and the low temperature values caused by different

crystal modifications, which have been reported in various studies [18, 27–29]. Inves-

tigations byMiyata [18] have also shown that the crystallization growth rate increases

with decreasing average molar mass, MW [30].

Figure 2 shows the heating curves of PLLA with varying processing history.

PLLA was injection molded into a cold mold, which promotes fast cooling

4 I. Kühnert et al.



especially on the surface of the molded part. After ejection, the molded parts were

optically amorphous and some parts were annealed at 100�C for 24 h. From all

injection molded samples, DSC measurements were carried out using a heating and

cooling rate of 10�C/min. A cold crystallization peak around 100�C was observed

during heating, indicating that macromolecular chains are frozen in their orientation

because of the rapid cooling during injection molding. These frozen molecular

chains are able to relax and crystallize at temperatures higher than Tg (Tg ¼ 60�C).

Fig. 1 Bell-shaped crystallization growth curves as a function of isothermal crystallization

temperature: (left) PLA [according to 20] compared to PA6 [according to 31]; (right) PLA varying

in the molecular mass [according to 18] (modified with permission of Elsevier and AIP)

Fig. 2 Heating curves from PLLA after processing. Heating rate 10�C/min and using normal

DSC. (Data source: Leibniz-Institut für Polymerforschung Dresden e. V.)

Processing of Poly(lactic Acid) 5



Annealing after injection molding occurs with the disappearance of the cold

crystallization peak, indicating that the formation of crystallites takes place during

this annealing time.

During injection molding, cooling rates of more than 1,000�C/s at the polymer/

mold interface can occur. To simulate these high cooling rates, fast scanning

calorimetry could be used, as is shown in literature for PLLA [32, 33], as well as

for other polymers [34, 35].

1.3.2 Flow Behavior

To determine the flow behavior of polymers, the relationship between shear stress

and shear rate can be established using rheometers, such as rotational and capillary

rheometers [36]. During these measurements, shear strain is induced to determine

the viscosity at different temperatures.

Figure 3 shows the influence of shear rate on the viscosity of different PLA types

at their average processing temperature (left image) and of PLA 3251D as a function
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of the temperature (right image). As can be seen, the different types of PLA show

different rheological behavior because of their molecular structure. With an increase

in temperature (right), the free volume between the molecular chains increases and

the intra-molecular friction decreases. This behavior results in the lowering of the

viscosity. It is also known that an increase in molecular weight occurs in a shift of the

shear rate independent plateau to higher viscosity values [37].

1.3.3 pvT Behavior

pvT measurements are used to describe the thermodynamic behavior of the specific

volume, v, as a function of pressure, p, and temperature, T. The data are used to

evaluate the processing parameters, especially for injection molding. However, the

measurements are carried out using slow heating, and cooling rates are therefore far

from real processing conditions.

Amorphous and semi-crystalline polymers show different thermodynamic behav-

ior as shown in Fig. 4. The pvT diagrams show the thermal expansion and specific

thermal transitions of polymers [23, 24]. Amorphous polymers such as polycarbonate

or polymethylmethacrylate show primary glass transition, Tg, behavior, where Tg is
clearly the temperature where the polymer changes from solid to molten state. For

semi-crystalline polymers the behavior is different and the pvT diagrams show a

transition area in which the polymers maintain structural continuity up to the tem-

perature where the crystals melt. As can be seen in Fig. 4, for PLLA this transition

area only occurs at low pressure. However, it is important to note that the cooling

rates during these measurements are very slow (1�C/min). During cooling at high

pressure the curve shape assumes a more and more amorphous character, which

means that the material becomes solid before crystallization takes place.

To visualize the process-material relation, the pvT diagram can be used. In this

diagram the thermodynamic changes of the thermoplastic material and the process

data of average part temperature together with the pressure development taken from

in-mold pressure measurements during the injection process can be correlated.

Finally, all previously discussed material data are basically necessary to reach the

optimal process window for the required product properties.

Processing of Poly(lactic Acid) 7



2 Insights into the Processing of PLA

2.1 Extrusion

The extrusion process is characterized by the continuous melting, conveying, and

discharge of plastic materials through a die. Therefore the typical single screw is

divided into feed, transition, and metering sections as shown in Fig. 5. Process
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Fig. 4 Comparison of Moldflow data of pvT behavior with specific volume vs temperature and

pressure: (left) PLA in comparison to other semi-crystalline and amorphous polymers; right) PLA
under variation of pressure conditions. (Database: Moldflow™, Cadmould)
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relevant screw parameters are the L/D ratio and the compression ratio. The L/D

ratio is the ratio of flight length to the outer diameter of the screw. The compression

ratio is defined as the ratio between the flight depth in the feed section and in the

metering section. For PLA, L/D ratios of 24–30 and compression ratios of 2–3 are

recommended [38–40].

The plasticizing of PLA starts at the conveying zone with movement of the

polymer pellets or powders from the hopper to the screw channel. Inside the

channel the rotating screw transports the compacted material down the channel,

and the material is sheared and pushed against the barrel wall. Because of the

friction during transport through the transition zone, the material melts. Heat bands

are wrapped around the outside of the barrel. The thermal energy from the heater

combined with frictional heat from the material transport leads to temperatures

above the melting point of the PLA (TM ¼ 170–180�C) [1]. The temperature of the

heater is usually set to 200–210�C [1] to ensure the deletion of thermal history of

the material and that no crystalline structures remain. The size of the solid bed

shrinks during the melting of material and a melt pool is formed. After the transition

zone, the melt passes into the metering zone, where sufficient pressure is generated

to pump the material through the die [1, 41].

Extrusion is used as a shaping process in blow molding and film blowing

processes, in which the melt is discharged through a special shaped die. For these

processes, a high melt stiffness is required to ensure film stability and a continuous

process cycle. In the case of PLA, the melt strength is low and needs to be improved

to enlarge the processing window and application field. Therefore, during the last

few years, several possibilities have been reported to enhance the melt properties of

PLA, dealing primarily with chain modification of PLA [42–48]. Furthermore, the

extrusion process plays an important role as plasticizing unit for melt spinning [49–

54] and injection molding [5, 55–61].

Fig. 5 Extrusion single screw plasticizing unit scheme. (Data source: Leibniz-Institut für
Polymerforschung Dresden e. V.)
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2.2 Melt Spinning

2.2.1 Introduction

Melt spun PLA fibers from renewable sources are in many cases an alternative for

replacement of petroleum-based synthetic fibers, although the requirements regard-

ing thermal stability and rheological flow behavior for the polymeric materials used

for melt spinning are high. Two important advantages of the melt spinning process

are: (1) the process is environmentally friendly because there are no solvents

needed and (2) melt spinning can be done with high productivity, especially by

using the high speed spinning process.

The majority of publications focus on melt spinning of PLA and the best results

were found using PLA with low D content (lower than 2%) [45].

It is known from injection molding dogbone specimens that PLA parts typically

show high brittleness and low elongation at break. However, material processed by a

melt spinning process is quite different. Because of the high deformation rate and

tensile stress within the spinning line, orientation of the polymeric chains occurs and

their crystallization into fibrillary structures is possible. Orientation and crystallization

mechanisms allow the producer to adjust significantly the mechanical properties of

melt spun PLA fibers. Depending on the spinning conditions, the fibers show elonga-

tion at break between 20% (high oriented at maximum possible draw ratio) to 300%

(for low speed spinning without drawing), maximum tenacity (tensile strength) up to

35–40 cN/tex1 (~450–500 MPa), and elastic tensile modulus 2–6 GPa. On account of

similarities between PLA fiber properties and their processing behavior with polyeth-

ylene terephthalate (PET), the PLA can be processed on existing spinning equipment

(filament yarns, staple fibers, spun-bonded nonwovens) [49].

The first laboratory investigations into PLA fiber spinning were carried out with

low take-up velocities (lower than 10 m/min). Later, high speed spinning and

drawing process conditions were investigated using close to industrial scale

extruder spinning equipment [50]. Today, the global production capacity of PLA

is ~700,000 tons/year [62] and PLA fiber spinning is now a well-established

industrial process.

2.2.2 Properties of PLA Fiber-Grade Pellets

Melt spinning (especially high speed spinning) requires high purity and homoge-

neity in the primary material. PLA materials differ with respect to their D/L-lactic

content, their molecular weight Mw, and their molecular weight/number ratio

(Mw/Mn). Typical values for easily spinnable PLA grades are small content of

D-lactic (<5%), a molecular weight in the range of Mw ¼ 250,000–450,000 g/mol

1tex is the measure of fineness in textiles (linear density), a fiber has the fineness 1 tex when

1,000 m of fiber length weight 1 g: 1 tex ¼ 1 g/1,000 m.
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and a narrow molecular weight distribution (Mw/Mn ¼ 2–2.5). Table 1 shows some

further properties in comparison with other fiber-forming polymers.

To prevent viscosity/molecular weight degradation during melt spinning, a

moisture content of less than 0.005% is recommended. Most drying systems operate

using nitrogen or under vacuum.

2.2.3 Melt Spinning of PLA: Process Parameters

Multifilament yarns can be manufactured using melt spinning equipment as shown

schematically in Fig. 6. The dried PLA pellets (dried, for example, at 120�C under

Table 1 Comparison of properties of PLA resins with other fiber-forming melt-processable

polymers [51]

Property PLA Polypropylene PET Polyamide

Density (g/cm3) 1.26 0.92 1.38 1.14

Tg (
�C) 55–60 (12–20) 90–100 40–45

Melting temperature (�C) 165–180 175 265 214

Moisture content (%) 0.5 – 0.4 4.5

Heat value (kJ/kg) 19,000 40,000 23,000 31,000

Fig. 6 Melt spinning equipment (schematic): (a) spinning floor; (b) winding floor. (1) Container

with polymer pellets, (2) electric motor and drive train, (3) extruder assembly with screw,

(4) spinning head with metering pump (gear pump), (5) spinneret with capillary holes, (6) spinning

chamber with quenching air, (7) spin finish applicator, (8) pairs of (heatable) godets for online

drawing, (9) (high speed) winder. From [52]; corresponds to the melt spinning equipment at

Leibniz-Institut für Polymerforschung Dresden e. V.
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vacuum for 16 h using a drumdryer) are fed under nitrogen atmosphere into the container

(1). Typical dimensions of the extruder screw (3) are 20–40L/D ratio. Theuse of amixing

tip and/or a static mixer can be advantageous for creating a uniform melt temperature.

Typical conditions and parameters for the melt spinning of multifilament PLA yarn

atLeibniz-Institut für PolymerforschungDresdene.V. are describedbelow (seeTable 2).

The extruder zone temperatures and the temperature of the spinning head have to be

adapted to the melting temperature of PLA and to its rheological flow behavior. To

support a stable spinning process, the viscosity of the melt in the spinneret should be in

the range of 100–500 Pas, and the melt pressure should not exceed 50–80 bar.

It is possible to realize the melt spinning procedure with or without an online
drawing step by godets (as seen in Fig. 6) or with an additional offline drawing step
after winding the yarn on bobbins at a separate drawing machine.

2.2.4 Mechanical Properties of Fiber Yarns

Figure 7 shows typical results of the mechanical property, tensile strength, as a

function of elongation, for three different variants of PLA melt spinning with

moderate online drawing. All samples are wound at 3,000 m/min. The values for

elongation at break, maximum tensile strength, and Young’s modulus are in the

ranges of 45–65%, 23–25 cN/tex, and 300–400 MPa, respectively.

An additional offline drawing procedure can be used to improve the yarn’s
mechanical properties. These external drawing steps increase the orientation as

well as the crystallinity of the PLA fiber material, resulting in a reduction of

fineness and higher maximum tensile strength (tenacity), higher elastic modulus

(Young’s modulus), and lower elongation at break. Figure 8 shows the force-

elongation behavior of a PLA filament yarn (125 dtex f6) after an offline drawing

process with different DR. In this case, a maximum tensile strength of ~30 cN/tex

Table 2 Parameters of melt spinning of PLA. (Data source: Leibniz-Institut für
Polymerforschung Dresden e. V.)

Polymer PLA 6002D (NatureWorks® LLC)

Pellets preparation Drying at 80�C, 16 h, vacuum

Extruder screw diameter, L/D-ratio 18 mm, 25

Extruder zone temperatures 25, 180, 200, 230, 235, 235�C
Melt temperature 235�C
Spinning pump, mass throughput 18 g/min

Spinneret, number of holes

Capillary diameter, L/D ratio

12

0.3 mm, 2

Quenching chamber, length

Cooling air: temperature, profile

1.5 m

16�C, 0.25 m/s

Take-up velocity, 1st godet 1,500, 2,000, 3,000 m/min

Draw ratio (online) 1.0–3.0

Temperature of drawing godets 80–120�C
Winding speed 3,000–4,500 m/min
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(ca. 375 MPa), an elongation to break of 20%, and an elastic modulus of ~600 MPa

was reached for the highest DR ¼ 1.55.

The applied tensile stress is one of the most essential variables for the fiber

formation process during the spinning and drawing procedure. The higher the

stress the higher the orientation of the polymer chains, which leads to a higher

degree of crystallization. This in turn normally leads to improved mechanical

properties. However, frozen-in tensions typically cause the thermal shrinkage of

the fiber yarns, which is in most cases unwanted. To optimize yarn properties and

to reduce internal tensile stress, the producers balance the relaxation by thermal

treatment. Figure 9 shows, for example, the shrinkage behavior of a highly

Fig. 7 Tensile strength vs elongation for three different variants of PLA melt spun and online

drawn fiber yarns. Online draw ratios (DR) ¼ 1.6, 1.3 and 1.0 (no drawing, for comparison),

winding speed: 3,000 m/min, yarn fineness 60 dtex f12. (Data source: Leibniz-Institut für
Polymerforschung Dresden e. V. [63])

Fig. 8 Tensile strength vs elongation for three different variants of PLA melt spun and offline

drawn fiber yarns. Basic yarn fineness: 125 dtex f6, offline DR ¼ 1.55, 1.3, and 1.0 (no drawing,

for comparison), fineness after drawing: 97 and 80 dtex f6. (Data source: Leibniz-Institut für
Polymerforschung Dresden e. V. [63])

Processing of Poly(lactic Acid) 13



oriented PLA fiber yarn before and after an additional thermal treatment

(annealing at 80�C for 1 h).

2.2.5 Filament and Fiber Yarns

Besides mechanical and thermal properties, the number of single filaments and their

fineness are also important for the textile performance of the fibers. Another essential

aspect for properties such as tactility, grip, comfort, pilling propensity, etc., is the

cross-sectional shape of the single filaments. The most common are fibers of circular

cross sections because spinnerets with circular capillary holes are easier to manufac-

ture. Figure 10 schematically shows the cross section areas of melt spun PLA fiber

yarnswith similar total fineness.Although these yarns are similar in their total fineness

and force-elongation characteristics, their tactility and bending is quite different.

For melt spinning of non-circular, profiled, or hollow fibers, custom-built spin-

nerets with capillary holes corresponding to the desired geometry have to be used.

Figure 11 shows examples of profiled capillary holes and Fig. 12 shows the melt

spun PLA fiber yarns from these spinnerets with different cross-sectional shapes.

All single filaments in Fig. 11 have the same fineness of 5 dtex.

The cross-sectional area of the single filaments in Fig. 12 is equal for each

sample; the perimeter and therefore also the fiber surface area increases from left to

right. Another criterion for the deviation of the cross section of profiled fibers from

circular fibers is the so-called “circularity”, C ¼ 4 π A/P2, with A ¼ cross-sectional

area and P ¼ perimeter. Table 3 shows the values for perimeter and circularity for

the different fiber shapes.

It can be seen that the perimeter and therefore the surface area of the cruciform

fibers is about twice as large as those of the circular fibers. Designing the surface

area is an interesting aspect for biomedical applications, for example, for wound

covering or absorbing applications. Besides the mechanical properties, the

Fig. 9 Shrinkage tension (left) and shrinkage (right) vs temperature of different thermal treated PLA

fiber yarns. The shrinkage of the untreated yarn (upper curves) starts at 65�C; the tempered yarn

(lower curves) shows practically no shrinkage. (Fineness: 480 dtex f48, pre-tension: 0.2 cN/tex,

heating rate: 20 K/min). (Data source: Leibniz-Institut für Polymerforschung Dresden e. V. [64])
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Fig. 11 Three different cross-sectional shapes of the capillary holes of the spinneret (trilobal

short, trilobal long, cruciform); bar 200 μm. (Data source: Leibniz-Institut für Polymerforschung

Dresden e. V.)

1

2 4

3

Fig. 10 Comparison of the cross section area ofmelt spun PLAfilament yarnswith different numbers

of single filaments and different filament diameters (schematic). (1) 150 dtex f6 (single filament

diameter 48 μm), (2) 160 dtex f12 (diameter 36 μm), (3) 120 dtex f24 (diameter 22 μm), (4) 120 dtex

f36 (diameter 18 μm). (Data source: Leibniz-Institut für Polymerforschung Dresden e. V.)

Fig. 12 Cross-sectional shapes of PLA fiber yarns spun with spinneret holes from Fig. 10. Total

yarn fineness: 60 dtex f12, single filament fineness: 5 dtex. (a) Circular (for comparison); (b)

trilobal short; (c) trilobal long; (d) cruciform; bar 20 μm. (Data source: Leibniz-Institut für
Polymerforschung Dresden e. V.)
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biocompatible and biodegradable behavior also plays an important role for medical

applications. Tissue engineering based on biocompatible materials is considered as

one alternative approach for cell-seeded, three-dimensional scaffold structures.

Herewith, textile manufacturing allows the fabrication of structures with adapted

mechanical properties based on resorbable and biocompatible PLA fiber materials

with a defined degradation behavior. PLA fibers have therefore been investigated

for several tissue engineering applications, for example, the anterior cruciate

ligament [53, 65, 66]. The challenge is to realize the specific mechanical require-

ments for the ligament structure together with biocompatibility and a guarantee of

high medical standards (e.g., sterilization).

2.2.6 Melt Spinning of PLA Blends, Microfibrillar and Nanofibrillar

Structures

A novel and simple fabrication process for producing biodegradable and biocom-

patible nanofibrillar PLA structures from blends of PLA and poly(vinyl alcohol)

(PVLA) has been developed using the conventional melt spinning method [54, 67,

68]. It was found that the as-spun and drawn PLA/PVLA filaments have sufficient

strength for further processing in various textile processes such as weaving or

knitting. After textile processing, the water soluble PVLA matrix component can

be dissolved and the nanofibrillar PLA structures remain (see Figs. 13 and 14).

To sum up, melt spinning of PLA results in fiber yarns with excellent textile and

environmental properties. There is a wide spectrum for medical applications,

packaging, hygiene products, textile clothing, and houseware. The production

processes of high speed spinning and drawing, staple fiber spinning, and spun-

bonded nonwovens are well established. Composite materials and/or micro- and

nanofibrillar structures can also be produced. However, PLA fibers, so far, have

played a limited role in the textile market with respect to market volume and in

comparison to oil-based materials.

Table 3 Perimeter P and

circularity C of profiled

fibers (see Fig. 11)

Shape of fiber Perimeter (μm) Circularity C (�)

A – circular 71 1.0

B – trilobal small 92 0.61

C – trilobal long 126 0.33

D – cruciform 139 0.26
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2.3 Injection Molding

2.3.1 Introduction

Injection molding is one of the most used processing methods for polymers, and also

for PLA [1–3, 55]. This economic technology plays an important role in the fabrication

of complex parts andmass-produced articles. Themain advantages of injectionmolding

are: (1) the direct route from the raw material to the finished part, (2) no or minor post-

processing, (3) the possibility of fully automated processing, and (4) high reproducibil-

ity and precision. There is no extra injectionmoldingmachine configuration for PLA.A

common plasticizing unitwith a three zone screw tomelt thematerialmainly by friction

heating is used. In the sameway as for all usual thermoplastics, the thermalmanagement

of injectionmoldsworks on the assumption that the cycle has to be as short and effective

Fig. 14 Knitted fabric fromPLA/PVLA30/70 blend (left) and PLAnanofiber scaffold after removing

PVLA matrix (right). (Data source: Leibniz-Institut für Polymerforschung Dresden e. V. [68])

Fig. 13 Melt spinning of nanofibrillar PLA structures from PLA/PVLA blends (schematic)
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as possible. Therefore, the mold is tempered at a low temperature to transfer the heat

away from the cavity and cool the part down rapidly. Cooling rates are controlled by the

ratio between melt and mold temperature, whereby a high cooling rate leads to more

characteristic skin-core-like morphology, as is well known from semi-crystalline mate-

rials. The skin has a small crystalline morphology that seems amorphous viewed under

an optical microscope. In the core the morphology is formed with larger crystalline

structures such as spherulites because of the longer remaining time under heat [69].

2.3.2 Influence of Processing Conditions on Structure-Properties

Behavior

Injection Molding Process

The injection molding process is divided mainly into eight steps as shown in Fig. 15

[41, 69]. An injection cycle starts with the closing of the mold. In the next step the

thermoplastic polymermelt is injected into themold cavity that is tempered far below the

solidification temperature of the polymer. To achieve the filling of the cavity, the screw

moves forward until it has moved the required volume of material. During injection the

molecular chains are oriented in the flow field by elongational and shear stresses, which

lead to specific structure-property effects. After the filling procedure, a holding pressure

ismaintained to compensate formaterial shrinkage until thematerial in the gate solidifies

and no additional melt can be pushed into the cavity. The shrinkage is enhanced by the

Fig. 15 Scheme of the injection molding process cycle. (Data source: Leibniz-Institut für
Polymerforschung Dresden e. V.)
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cooling process of polymer materials, in particular when crystallization occurs and the

density increases rapidly. After the holding pressure is applied, the part further cools

down in the mold and the screw turns back, conveying and melting the material for the

following shot.When the injectionmolded part is sufficiently cooled, themold opens and

themolded part can be ejected. Thewhole cycle time is calculated from themold closing

until the ejection of themold part, with the cooling step taking upmost of the cycle time.

Crystalline Morphology and Properties

During the injection molding process, the morphology and the thermal and mechan-

ical properties of PLA are influenced by the processing parameters. Important

processing parameters are melt temperature (Tm), mold temperature (TW), injection
flow rate (Qinj), holding pressure (Ph), and resulting parameters such as maximum

shear rate ( _γ ) and shear stress (τW).
The influence of different parameter settings has already been investigated for

PLA amongst others [3, 13, 14, 55–57]. In these studies, morphological characteriza-

tion techniques such as the hot recoverable strain test (HR) to determine the initial level

of molecular orientation in molded samples, and differential scanning calorimetry

(DSC) to determine the crystallinity degree XC in injection molded parts were used.

The HR describes the difference between the sample dimension before and after

thermal treatment. Figure 16 gives an overview of the results and the processing-

Fig. 16 Overview of processing-property relationships in injection molded PLLA [55]. (a)

Maximum shear rate _γ as function of the injection flow rate QInj and processing melt temperature

Tm. (b) Maximum shear stress τW as function of the injection flow rate QInj and processing melt

temperature Tm. (c) Maximum yield stress σ as function of the hot recoverable strain HR and the

crystallinity XC. (d) Elongation at break εb as function of the hot recoverable strain HR and the

crystallinity XC. (With permission of Wiley)
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property relationship of injection molded PLLA [55]. In [55] the injection parameters

(melt-, mold temperature, holding pressure) were systematically changed and the

thermomechanical environment for the mold filling phase was simulated. From the

received data the shear stress and shear rate were calculated. The melt temperature Tm
and the injection speedQIng control the shear rate _γ and shear stress τW during filling of

the cavity, which respectively influence the hot recoverable strain HR and the crys-

tallinityXC. LowTm values and highQIng facilitate a high level of _γ and τW (Fig. 16a, b)

occurring in molecular orientation and high crystallinity degree. Both the orientation

and crystallinity influence the tensile strengthσ and elongation at break εb (Fig. 16c, d).
An increase inmolecular orientation and crystallinity occurs in amaximum σ, whereas
an increase in orientation and decrease in crystallinity occur in a high εb.

Recent optical investigations on thin sections of injection molded tensile bars

using polarized light have also shown large amorphous regions in which crystallites in

the form of single spherulites are found, as can be seen in Fig. 17. In this case, semi-

crystalline PLA could be produced without further additives. The sample was pre-

pared using a slow cooling condition at a mold temperature of 100�C for 10 min.

Samples prepared at normal processing conditions (high cooling rate, fast cycle time)

stayed amorphous. From the first heating curve of DSC measurements from the

molded parts, a crystallization degree of 26% could be observed; see Fig. 18.

Process Influence on Crystallinity

In [55, 56] it is described how the crystallinity in injection molded parts can be

improved by chain orientation achieved because of the shear stress during the injection

process or by the addition of nucleating agents. Typical nucleating agents are fillers

such as talc and PDLA to form stereo-complex crystals [13, 14, 70, 71]. Another study

from [56] also focused on the influence of an alternative injection technique, shear

controlled orientation in injection molding (SCORIM) on molecular orientation and

mechanical properties of PLLA. SCORIM is used to improve molecular orientation

compared to the conventional injection molding process and also to improve weld

lines in parts. Using the SCORIM technique, the melt inside the cavity is pushed and

pulled until the melt is solidified. During this process the molecules are oriented in the

flow direction layer by layer. By using the push and pull effect the melt state, in-mold

Fig. 17 Observed single spherulites after injection molding process using polarized light micros-

copy. (Data source: Leibniz-Institut für Polymerforschung Dresden e. V.)
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shearing, and cooling can be controlled and thereby the morphology and mechanical

behavior, in particular the toughness and maximum stress, can be improved.

Another promising way to improve the crystallinity of PLA is to build PLLA/

PDLA stereo-complexes [14]. Common methods are solution casting and melt blend-

ing,which are environmentally damaging because of the usage of organic solvents and

the degradation of homopolymers at the required blending temperature, respectively.

Srithep et al. [14] show the possibility of hand mixing PLLA/PDLA and the effect of

molding temperatures on thermal and mechanical properties in injection molded

PLLA/PDLA parts compared to pure PLLA. The blend was compounded with

50 wt% PLLA and 50 wt% PDLA. The authors concluded that stereo-complexation

improved the elongation at break and storage modulus as well as the crystallization

rate, in comparison to pure PLLA. Other investigations have proved the influence of

PDLAs varying in their structure [72] and the addition of modifiers by chemical

Fig. 18 DSC-first heating curves made from thin cuts of injection molded samples under various

process conditions. (1) Amorphous after injection into a cold mold cavity, (2) crystalline after

annealing the sample of 1 at a temperature over the Tg for 24 h, (3) crystalline after injection into a
hot mold cavity, (4) crystalline after annealing the sample 3 at a temperature over the Tg for

10 min. (Data source: Leibniz-Institut für Polymerforschung Dresden e. V.)
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crosslinking [12] on the rheological and thermal behavior of PLA. The PLLA/PDLA

blends showed solid-like viscoelastic behavior at low temperature and the crosslinking

density follows a specific order attributed to the stereo-complex crystallites. Investi-

gations on the crystallization behavior [72] have shown that the nucleationmechanism

and crystal growth dimension are directly affected by PDLA structure, crystallization

temperature, and thermal treatment. Yamoum et al. [12] followed another way and

concluded that crosslinking structures can be introduced into PLA by initiation of

dicumyl peroxide (DCP) and the presence of crosslinking agents such as bisphenol A

ethoxylate dimethacrylate (BIS-EMA). Crosslinked PLAs reveal an improvement in

storage modulus and viscosity, and showed a decrease in thermal properties with

increasing content of BIS-EMA.

As well as the shear stress during injection molding, crystallinity can also be

influenced by tensile strain. The effect of nucleating agents on strain-induced

crystallization of PLLA was investigated by Yin et al. [71]. Injection molded

specimens were stretched under isothermal conditions (75�C) using a hot stage

and the molecular orientation was measured in situ via X-ray scattering. It could be

concluded that the crystallinity of nucleated PLLA after uniaxial stretching can be

enhanced in the following sequence:

talc < PDLA < PDLA=talc

The PDLA blends have existing physical crosslinks that are formed by stereo-

complex crystals which are a possible reason for faster strain hardening. To

eliminate the effect of plastic deformation of formed crystallites, isothermal crys-

tallization after step strain at high stretching speed was performed [71].

2.3.3 Formation of Interfaces

Because of the usual complexity of injection molded parts, multiple gates are often

required or the melt flow has to go around mold inserts (flow obstacles). Such

design is unavoidable to form those parts. During the injection molding processes,

different types of interfaces can occur, such as weld lines [58, 61, 73–75]. Weld

lines are well known in any thermoplastic material through optical and/or mechan-

ical weaknesses [61, 73, 74, 76]. The reasons are mainly based on the insufficient

structural orientation of the polymer chains in the weld line region [61, 74, 75, 77,

78]. In the last few years, technologies for injection molding have been developed

to change the molecular or fiber orientation in the weld line area and therefore

reduce weakness, especially of filled polymer systems. The most effective technol-

ogies are push-pull and sequential injection molding [79–81].

Regarding the bonding of PLA to other thermoplastic materials or thermoplastic

elastomers in soft-hard combinations, the assembly injection molding

(overmolding) has been used in some studies [3]. In this case, the interface occurs

by overmolding a hot melt on a cooled surface of a previous injection molded part.

The influence of injection molding-induced interfaces on the mechanical behavior
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and the specific crystalline structure of PLLA at interfaces were recently investi-

gated at Leibniz-Institut für Polymerforschung Dresden e. V. [59–61,

76]. Depending on the cooling conditions during the process, specific structural

gradients are developed at those interfaces, for example, frozen boundary layers.

To gain fundamental information on the bonding behavior of PLA and to

compare the different kinds of interfaces, some tensile bars with and without

interface were manufactured. In addition to the variation of interface development,

the process was performed to induce amorphous or semi-crystalline PLA parts as

well as to combine the different structured parts by joining through injection

molding (overmolding). For amorphous PLA samples the melt was injected into a

cold mold. The semi-crystalline samples were made by molding into a hot mold.

The results in Fig. 19 show the comparison of reference samples without interfaces,

where the tensile strength is strongly dependent on the crystallinity. Amorphous

values are higher than the crystalline ones. In the middle of the diagram (Fig. 19),

results for weld line samples are seen with lower values compared to amorphous

samples without any interface. Interestingly, the weld line strength is the same for

amorphous and semi-crystalline samples, and the average value for crystalline

samples with weld lines is slightly higher than in samples without interfaces. It

seems that the crystalline structure varies a lot, which is also indicated by a higher

standard deviation. Finally, for the overmolding-induced interfaces the tensile

strength values drop down to lower values, which is related to the thermal condi-

tions during the bonding development on the cold interface of the overmolded part.

Indeed, the crystalline combination has reached a rather high level compared to the

drastically reduced strength of amorphous samples with that ‘cold’ interface.

Fig. 19 Maximum tensile strength of injection molded PLA tensile bars without interface, with

weld line, and overmolded. (Data source: Leibniz-Institut für Polymerforschung Dresden e. V.)
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In Fig. 20 an insight into two different cases of overmolded interfaces with their

morphology is given. In the case of the overmolding of amorphous PLA-samples

with a hot PLA-melt, the surface is heated and somehow a cold crystallization could

take place first. The newly grown crystallites need even more heat to be re-melted.

Therefore, the heat flow volume needs to be sufficient for melting and also for

initiating bonding mechanisms such as, for example, chain entanglement. In the

right micrograph an interface between two crystalline-like PLA moldings was

investigated. The second injected part shows a larger spherulite size than the first,

which was first injected into a hot mold. Indeed, the second part still remains longer

under higher temperature than the first part, which was formed at the mold surface

with higher heat conduction coefficient than the PLA and continuously tempered.

Figure 21 shows finally a comparison of tensile strength behavior of different semi-

crystalline polymers regarding different interfaces through injection molding.

However, the mechanical and thermal properties of injection molded PLA parts

are driven by the enormous morphology gradient of the cross section. Common

processing conditions (fast cooling, short cycle time) lead to completely

amorphous-like molded parts because of the slow crystallization kinetics of PLA.

Under processing conditions with high mold temperature, a long residence time in the

mold determines the crystallization degree. In turn, this leads to inefficient produc-

tion. Semi-crystalline parts are only possible to obtain during standard processing

cycles if the material contains nucleating agents or blends [1, 2, 14, 55–57].

Fig. 20 Polarized light microscopy fromovermolded parts: (left) overmolded in a coldmold; (right)
overmolded in a hot mold. (Data source: Leibniz-Institut für Polymerforschung Dresden e. V.)
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2.4 Additive Manufacturing

2.4.1 Introduction

In contrast to injection molding or other conventional polymer processing technol-

ogies, additive manufacturing (AM) is a relatively new technology and the market

for AM is the fastest growing ever seen in the history of industrialization. In 2012 a

glorious future for AM was predicted with a value of $4 billion in 2015 and

$10.8 billion in 2021 [82]. However, in 2014 the value had already reached

$4.1 billion (compound annual growth rate: 35.2%) and is now predicted to reach

a value of $21.2 billion by 2020 [83].

AM, formerly known as rapid prototyping and often synonymously described as

3D (three-dimensional) printing, categorizes processes which join materials to

make objects from 3D model data, usually layer upon layer [84]. Among all

polymer AM processes that utilize thermoplastics, PLA is mostly used in the

material extrusion process. The reason is the applicability of the feedstock

manufacturing technologies. All powder-based processes, such as binder jetting

and powder bed fusion, require completely spherical particles of defined size

(<200 μm) and narrow or bi-modal size distribution. So far, no process has been

found that generates PLA powder with these characteristics. However, the feed-

stock for material extrusion technologies is produced by conventional extrusion,

where special care needs to be taken to ensure a tight diameter tolerance and

circularity of the produced filament with the downstream extrusion equipment. A

typically used configuration is an open bath, laser gauge, belt puller, and winder to

control these characteristics. However, the use of a vacuum water tank makes the

circularity easier to achieve.

Fig. 21 Tensile strength behavior of semi-crystalline polymers depending on interface formation.

(Data source: Leibniz-Institut für Polymerforschung Dresden e. V.)
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2.4.2 Fused Filament Fabrication

In the last few years, material extrusion has become one of the most common

AM technologies. It is often referred to as 3D printing, fused deposition modeling

(FDM®), fused filament fabrication (FFF), or fused layer manufacturing (FLM). The

use of the terminology varies by industry and region. Invented by Stratasys Inc. and

commercially available since 1993, FFF is now among the fastest growing AM

technologies because of the ease of use, the vast variety of materials, and the range

of printers from desktop versions to industrial machines [85]. In most cases the

process starts with the creation of a 3D model using computer aided design software.

For medical applications and patient-specific models, the 3D data is generated by

magnetic resonance imaging or computed tomography scanners where the resulting

point cloud is converted to a 3D model. These models are then exported into the STL

(STereoLithography) file format, which represents the surface geometry of the part

with a mesh of small triangles. This simplified data is then transmitted to the print

software and horizontally sliced into different layers depending on the basic print

settings. Then the software generates the tool path, which the print head follows. The

actual printing process starts by feeding a solid filament through the movement of

extrusion gears into a heated nozzle, as shown in Fig. 22. Through heat conduction

from the nozzle walls, the material temperature is raised above the melting temper-

ature. The solid filamentworks as a piston and pushes themoltenmaterial out of the tip

of the nozzle. Thesemolten beads are then laid down alongside each other, after which

they solidify to form a thin horizontal 2D (two-dimensional) layer of polymer. Now

either the print head can be raised or the platform can be lowered to print subsequent

layers on top of the deposited layer. Hence, complex parts with hollow sections and

various surface structures can be easily manufactured. Depending on the part size, the

print usually takes several hours.

Two important criteria for FFF printing are the viscosity and heat transfer. The

viscosity of the material needs to become low at moderate shear rates to flow out of the

Fig. 22 Schematic of the

FFF print process. (Data

source: N. Rudolph,

Polymer Engineering

Center, University of

Wisconsin, Madison)
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nozzle and rise rapidly upon cooling to avoid sagging of the deposited beads. At the

same time, the temperature at the interface still needs to be high enough to allow fusion

between beads and layers to occur. Because of the complexity of typical FFF parts, a

support structure is needed during printing to prevent overhangs from sagging and to

allow for the bridging of long spans. The support structure can either be a break-away

support printed with the same material and print head, which is done with most desktop

printers, or a water- or detergent-soluble material that is washed out after the print is

finished. The latter approach is commonly used for commercialmachines with two print

heads, and creates smoother surfaces.

PLA is the most commonly usedmaterial for desktop or home-user printers. This is

because of its lowmelting temperature in comparison to other filamentmaterials aswell

as its good adhesion to the build platform and low degree ofwarpage and delamination.

Typical FFF process parameters for PLA are nozzle temperatures of 190–220�C,
platform temperatures of RT (room temperature) up to 60�C and print speeds up to

100 mm/s. Another reason for its widespread use in college and community-maker

spaces is its low volatile emissions [86].

In commercial printers it is used for applications in the medical and bio-medical

industries because of its biocompatibility rather than its mechanical performance. AM

in these areas is focused on patient-specific anatomical models and surgery aids,

implants containing living cells (bioprinting), scaffolds for tissue engineering, diagnos-

tic platforms, and drug delivery systems [87]. Figure 23 shows a variety of examples.

The requirements range from the macro- to the micro- and nano-levels. For

example, the macro-architecture of a scaffold is the overall shape with patient- and

organ-specific anatomical features. The microstructure is related to the porosity-like

size, shape, and spatial distribution. Finally, the nano-architecture refers to surface

modifications that enhance biomolecule adhesion, proliferation, and differentiation.

Where the latter is controlled during post-processing, the macro- and micro-

Fig. 23 Ear, nose, and bone scaffolds printed at the Wake Forest Institute for Regenerative

Medicine; the PLA scaffolds can be coated with cells to grow body parts [88]. (With permission

of Laurie Rubin Photography + Film)
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architecture is controlled during design and printing. By using fine nozzles of down to

200 μm, the desired microstructure can be obtained. Studies have been carried out

using homogeneous PLA polymers [89, 90] as well as blends. In Fig. 24, examples of

scaffold microstructures are shown. Blends are used to improve printability and, more

importantly, to increase bioactivity. Common blends are PLA/glass composites to

improve the mechanical strength and surface roughness. Poly(lactic-co-glycolic acid)
(PLGA) is used because of its biodegradability and biocompatibility [91]. It is also

used as blends: PLGA-TCP [92], PCL-PLGA-TCP [93], and PLGA-PCL [94].

2.4.3 Vat Photopolymerization

Vat photopolymerization (VP), also known as stereolithography, is another AM

technology that was only recently used to print with photo-curable poly(D,L-lactide)

resin to create scaffold structures [95]. The necessary photo-crosslinking capability

is achieved by modification of the end groups to acrylate or methacrylate. The VP

process utilizes a vat of liquid photopolymer resin cured by ultraviolet (UV) laser to

solidify the pattern layer by layer to create the solid 3D model. The laser beam

traces the boundaries and fills in a 2D cross section of the model, solidifying the

resin wherever it passes. Each successive layer is applied by submersion of the

build platform into the resin. Once the model is complete, the platform rises out of

Fig. 24 SEM images of biodegradable 3D structures with PLA and blends: (a) PLA/glass

composite orthogonal structure; (b) PLA tubular hexagonal mesh; (c) PLA orthogonal-displaced

structure; (d) PLA hexagonal mesh [89] (with permission from Taylor and Francis)
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the vat and the excess resin is drained out of hollow sections. The model is then

removed from the platform, excess resin is washed off, and it is then placed in a UV

oven for the final curing process. VP parts have excellent surface properties and the

highest attainable resolutions. However, the mechanical properties of most parts

printed with photo-curable resins degrade over time because of continued exposure

to light. However, this potential downfall is not a problem with patient-specific

models, which normally have a service life of a couple of hours to a few weeks.

3 Summary

This chapter gives an overview of the processing-related behavior of PLA and the

scientific insights of the last few years are reviewed. Common process methods are

extrusion, melt spinning, injection molding, and AM. For these methods an overview of

the recommended process conditions is given. Because of the similarities in the

processing methods of PLA and petroleum-based materials, no extra equipment is

necessary to process PLA. PLA is therefore suitable to replace petroleum-based mate-

rials. In the last fewyears, particularly the structural behavior during and after processing

of PLAmaterials has been investigated. The aim is to generate new application fields for

PLAmaterials. Especially in the areas of melt spinning, injection molding, and AM, the

advancement in processing technology and the better understanding of the processes

themselves have enhanced the application of PLA. For example, the ability to design the

surface structure of melt spinning fibers plays an important role in medical applications.

Furthermore, the better understanding of the process-structure-properties behavior

makes it possible to influence the crystallinity formation, especially at the interface

design in injection molded and fused filament fabricated parts. This knowledge makes

PLA useful in technical and 3D designed applications.
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Applications of Poly(lactic Acid)

in Commodities and Specialties

Mario Malinconico, Erwin T.H. Vink, and Andrea Cain

Abstract The use of oil-derived polymers has been of great benefit to mankind, but

it is evident that it causes considerable damage to the ecosystem. Public concern

about the environmental impact of wastes is growing day by day and waste

management methods are limited as are petroleum resources, so it is very important

to find substitutes, particularly in those applications where a relatively short life-

time can be forecast, such as packaging and agriculture. This has led to research

work to find new biodegradable polymers as an alternative to conventional

non-degradable ones. Among bio-based totally biodegradable polymers, poly(lactic

acid) (PLA) has been studied for use in different fields because of its compostability

and renewability. In this chapter, information on the present situation and trends

regarding the applications of PLA is offered. The use of life cycle assessment

principles helps to quantify the environmental benefits of PLA polymers. Most

recent developments with PLA in the field of packaging show how this plastic

material is moving from commodity to specialty applications, facing competition

from polyolefins, particularly as barrier polymers for shelf-life enhancement.
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1 Characteristics of Poly(lactic Acid)

1.1 General Considerations on PLA Properties

The polymerization of lactic acid leads to a family of poly(lactic acid) (PLA)

polymers that, together with other natural polymers, enables biodegradable and

bioresorbable polymers to be obtained. Among biodegradable plastics, PLA is one

of the most promising to replace conventional plastics because of its excellent

physical and mechanical properties and because it can be processed using existing

plants with only minor adjustments. PLA is also a highly versatile material that can

be adapted with various formulations to meet most product specifications [1]. When

blended with other natural polymers it enables materials with better water resis-

tance properties to be developed [2]. Products made in PLA are totally compostable

in existing installations. With the proper equipment PLA can also be reverted to

monomer (via hydrolysis) and again to polymer. PLA is a stable, odorless polymer.

It is clear and shiny, similar to polystyrene (used to make cups, batteries and toys),

and is resistant to moisture and grease. It has flavor and odor barrier characteristics

similar to polyethylene terephthalate plastics, and can be used for non-alcoholic

beverages and for other non-food products. The tensile strength and modulus of

elasticity of PLA are also comparable to those of polyethylene. However, it is more

hydrophilic than polyethylene, which has a lower density. It is stable in ultraviolet

light, resulting in fabrics that do not fade. Its flammability is low [3].

PLA can be formulated to be rigid or flexible and can be copolymerized with

other materials. It can be made with various mechanical characteristics depending

on the manufacturing process followed.
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1.2 Properties of PLA

In addition to its ability to biodegrade, PLA has properties that compare favorably

with plastics commonly used, for example, for packaging. This is an important

factor because it allows PLA to replace petrochemical polymers without

redesigning products or investing heavily in new processing equipment [1].

PLA may be formulated to be both rigid and flexible and copolymerized with other

monomers; it can also be prepared using appropriate specificmanufacturing processes

such as injection molding, sheet extrusion, blow molding, thermoforming, film for-

mation, and spinning, using most conventional techniques and equipment. PLA is

classified as generally recognized as safe by theUSFood andDrugAdministration [4].

The hydroxy acid precursor of PLA, lactic acid, with an asymmetric carbon

atom, has four stereoisomeric forms: L, D, meso, and racemic mixture. It is made

from corn, sugar beet, wheat, and other starchy grains from amorphous to crystal-

line by manipulation of mixtures of isomer D (�) and L (+).

The physical, mechanical, biological and, physiological properties of PLA

depend on the composition of the polymer, its molecular weight, and its crystallin-

ity. The crystallinity can be adjusted from a value of 0–40% in the form of linear or

branched homopolymers and copolymers such as random or block [5].

As an example, in biomedical applications a crystalline form (mostly composed of

L-lactide) of high molecular weight (>100,000 Da) ensures long resorption (approx-

imately 1–2 years), and different formulations and the addition of side chains enable the

resorption rate to be controlled. Using 100% L-PLA, a material with highmelting point

and high crystallinity is obtained. If amixture of D and L is used, an amorphous polymer

with a glass transition temperature of 60�C is obtained. With a mixture of 90% D and

10% L, a copolymer material which can be polymerized in an oriented manner with

temperatures above its glass transition temperature is obtained. The processing tem-

perature is between 60 and 125�Canddepends on the proportion of D- or L-lactic acid in

the polymer. However, the PLA can be plasticized with monomeric or alternatively

oligomeric lactic acid and this allows a decrease in the glass transition temperature [6].

S€odergard [7] indicates that the PLA has mechanical properties in the same range as

those of petrochemical polymers, except for low elongation. However, this property can

be tuned during the polymerization (copolymerization) or post-modifications (for exam-

ple byplasticizers). Table 1 shows a comparisonof somemechanical properties of plastics

of petrochemical originwith those of PLA.One of the limitations of PLA, comparedwith

other plastic packaging, is the low distortion temperature (HDT); this can be a problem in

applications where the packing material is exposed to heating peaks during filling,

transport, or storage, and can eventually deform [7]. This limitation can be partly solved

by blending PLA with other compatible polyesters, such as polybutylene succinate [8].

PLA can be as hard as acrylic, soft as polyethylene or polystyrene, or rigid as

flexible elastomer. It can also be formulated to provide a variety of resistances. PLA

resins can be subjected to sterilization with gamma rays and are stable when

exposed to ultraviolet rays. PLA formulations may impart properties of interest

such as softness, scratch resistance, and wear resistance [10].
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1.3 Biodegradation of PLA

With PLA, microorganisms (fungi and bacteria) can colonize the polymer surface and

are capable of secreting enzymes that break the polymer into small fragments.

Colonization depends on factors such as surface tension, porosity, surface texture,

and accessibility to the polymer chains. The hydrophilic groups of enzymes (–COOH,

–OH, –NH) attack the ester groups of the polymer chains by hydrolysis followed by

oxidation reactions, thus reducing the polymer molecular weight to fragments less

than 500 g/mol, which can be digested by microorganisms. In living tissue, PLA is

completely depolymerized by chemical hydrolysis. Polymer degradation begins by a

loss of molecular weight (no mass loss) and is terminated by a loss of mass, decom-

position of the polymer inmonomers, and phagocytosis bymacrophages [11]. The fact

that it is an enzymatic process, reabsorption of the polymer leads to a weak reaction of

the tissue, which is limited to a foreign body reaction. After solubilization, lactic acid

is degraded via lactates and pyruvate, and is then removed as carbon dioxide (CO2),

essentially via a respiratory process [12]. Current research focuses on lowering

production costs of precursor (through the use of agro-industrial wastes as fermenta-

tion substrates, in the search for strongly producing microorganisms and the applica-

tion of new technologies for extraction processes), on improving the physical and

mechanical properties of the polymer, on improving methods for assessing the

microbial stability of packaging based on PLA, and on studies of laws and norms

for food contact packaging [13].

Table 1 Comparison of typical biodegradable polymer properties [9]

Tg (
�C) Tm (�C)

Tensile strength

(MPa)

Tensile modulus

(MPa)

Elongation

at break (%)

LDPE �100 98–115 8–20 300–500 100–1,000

PCL �60 59–64 4–28 390–470 700–1,000

Starch – 110–115 35–80 600–850 580–820

PBAT �30 110–115 34–40 – 500–800

PTMAT �30 108–110 22 100 700

PS 70–115 100 34–50 2,300–3,300 1.2–2.5

Cellulose – – 55–120 3,000–5,000 18–55

PLA 40–70 130–180 48–53 3,500 30–240

PHB 0 140–180 25–40 3,500 5–8

PHA �30 to 10 70–170 18–24 700–1,800 3–25

PHB-PHV 0–30 100–190 25–30 600–1,000 7–15

PVA 58–85 180–230 28–46 380–530 –

Cellulose

acetate

– 115 10 460 13–15

PET 73–80 245–265 48–72 200–4,100 30–300

PGA 35–40 225–230 890 7,000–8,400 30

PEA �20 125–190 25 180–220 400

PET polyethylene terephthalate, PGA poly(glutamic acid), PEA poly(ester amide)
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2 Environmental Characteristics of PLA

2.1 General Considerations on PLA Environmental
Characteristics

Many recent reports indicate that PLA appears to be a useful and environmental

friendly product. It is biodegradable, so PLA objects, having completed their life

cycle, can be efficiently composted in an industrial composting plant. It also comes

from renewable resources, so the raw material is always available. A major point of

criticism of the polymer occurs during its biological disruption. PLA degradation

under anaerobic conditions releases CO2 and methane, substances involved in the

greenhouse effect. Actually, the net balance is zero CO2 because the CO2 released

into the atmosphere is the same CO2 that was absorbed during photosynthesis of the

plant [14]. Another criticism is that fossil fuels are still needed to produce PLA.

Although fossil fuels are not used in the polymer itself, they are necessary in the

processes of collecting the crop and in the chemical production. PLA producers

recognize that fossil fuels are used to produce plastic, but indicate that their

manufacture requires 20–50% less fossil resources than plastics derived from oil.

They also make use of abundant fossil resources such as coal and natural gas and

ongoing research on the use of biomass [15].

Lactic acid, and therefore PLA, may also be derived from corn, beet, and other

crops, allowing its production to adapt to the specific climates of each region.

Importantly, PLA manufacturing technology is new, just 10 years old, compared

with almost 100 years manufacture of petrochemical plastics, during which tech-

nology has been improving. A frequently reported criticism of the use of crops for

production of lactic acid rather than food is less relevant than claimed. Actually, it

is estimated that less than 0.02% of arable land is used for the production of

bioplastics, including PLA. However, such criticism is pushing research toward

the exploitation of different sources for lactic acid production, such as cellulosic

biomass, organic waste, and algal biomass, so-called third generation biorefinery.

Finally, PLA needs to be composted to degrade correctly and is usually mixed

with organic waste which is then used as fertilizer.

2.2 Carbon Footprint of PLA INGEO: A Case Study

Figure 1 illustrates the major flows in the global carbon cycle.

In the atmosphere, carbon is present primarily as CO2, which is fixed as biomass

during photosynthesis. This process has been going on for hundreds of millions of

years and has led to the vast resources of oil, gas, and coal that our society relies on at

present. From the beginning of the industrial revolution, these resources have been

used at an increasing rate to producematerials, chemicals, and fuels. As a result, much

of the carbon storedmillions of years ago is now being released into the atmosphere in
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a very short period of time, geologically speaking. The result is that there is a net

translocation of vast quantities of carbon from the earth into the atmosphere, leading to

the above-mentioned increase in CO2 level, which recently passed 400 ppm and

continues to rise [16]. The increasing levels of CO2 and other greenhouse gases

such as methane and nitrous oxide trap more of the sun’s heat, thereby raising the

average temperature of the atmosphere – including both land and ocean – and leading

to global climate change. This process will dramatically affect life on this planet. The

use of fossil resources can, from a carbon point of view, be considered as a simple,

linear process. The biobased industry offers an alternative and more sustainable route

in terms of material carbon, with biobased resources utilized in a more circular

process. The carbon harnessed during photosynthesis is used to produce biomaterials

and, depending on the application, is released back into the atmospherewithin a period

of 1–10 years. Each year, plants repeatedly harness this CO2 to produce biomass,

closing thematerial carbon loop. The key value proposition of biobasedmaterials such

as PLA is their intrinsic zero material carbon footprint, assuming that after use the

carbon in the polymer flows back to the atmosphere by composting or incineration. In

other words, the fundamental intrinsic material carbon footprint value proposition for

PLA is CO2 removal from the environment and incorporation into the polymer

molecule in harmony with nature’s biological carbon cycles. Specifically, the value

for PLA is 1.83 kg of CO2/kg PLA. Plastics made from fossil resources cannot be

creditedwith any CO2 removal [17].With each fossil-based item used and incinerated

at the end of its useful lifecycle, the material carbon released to the atmosphere

increases by an amount equivalent to the quantity of fossil carbon present in the

product, whereas the material carbon released in the case of the biobased product

remains zero as the biobased carbon is again taken up from the atmosphere for the next

product cycle. Recycling of fossil-based materials has been considered as a long-term

solution, but from a material carbon point of view it is just a minimal delay in the

process of translocating fossil carbon from the earth into the atmosphere.

In 2003, NatureWorks published the first cradle-(corn production)-to-polymer

factory-to-exit gate life cycle inventory data, also often referred to as an ecoprofile,

for Ingeo polylactide production [18], with updated ecoprofiles presented in 2007

and 2010 [19, 20].

The data provided in the underlying 2014 report are specific to the corn feed-

stock currently in use by NatureWorks [21], and are only valid for Ingeo and not for

1 year

1-10 years

Bio-based industry
Hundreds of
millions of years

Traditional chemical industry
Polymers,

chemicals &
fuels

Carbon dioxide
in the

atmosphere
Biomass

Fossil
resources
(oil, coal)

Fig. 1 Global carbon cycles. The fossil carbon cycle vs the biological carbon cycle
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polylactide production in general. The ecoprofile data for polylactides produced

elsewhere are different because of the use of different feedstocks (i.e., sugarcane,

sugar beet) and local production practices, different logistics, different technologies

for processing sugars for fermentation, different fermentation and polymerization

technologies, and different data for electricity and fuels used at all stages. For these

reasons, the specific nomenclature “Ingeo” is used below to delineate clearly

wherever NatureWorks’ polylactide biopolymer is being referenced.

Up-to-date life cycle inventory data are needed by research institutes, universi-

ties, retailers, brand owners, and authorities to provide better insights into the

environmental performance of the products they use and to investigate and make

meaningful comparisons between products. It should be noted, however, that the

production and use of PLA and products made from PLA are still in their infancy

compared with traditional petroleum-based polymers and products. Therefore, there

is significant potential for further reduction in the environmental footprint of PLA

and products made from it over their complete life cycles. This chapter reports on the

life cycle performance/impacts of the 2014 Ingeo polylactide manufacturing system

from cradle-to-polymer factory exit gate for a 150,000-ton production facility.

The study was conducted according to the requirements of ISO14040 and 14044.

The simplified process flow diagram for the production of Ingeo is given in Fig. 3.

The production system is divided into five steps:

Corn production and transport of corn to the corn wet mill

Corn processing and the conversion of the corn starch into dextrose

Conversion of dextrose into lactic acid

Conversion of lactic acid into lactide

Polymerization of lactide into Ingeo polymer pellets

The primary inputs to these five steps are listed on the right and left sides of the

flow diagram. In the final ecoprofile, all primary inputs are traced back to the

extraction of the raw materials from the earth. All the processes included in the

calculation of the Ingeo ecoprofile are given within the black lined box in Fig. 2.

The box surrounding all the processes represents the system boundary; the

ecoprofile is the inventory of all the flows (inputs and outputs) passing this system

boundary, including the raw materials from the earth, CO2, water, and the emissions

to air, water, and soil. Here only aggregated data are provided to protect the

proprietary information of Cargill and NatureWorks.

The life cycle of Ingeo starts with corn production; all free energy consumed by

the corn plant comes from solar energy captured by photosynthesis. The basic

stoichiometric equation for photosynthesis is

nH2Oþ nCO2 !light CH2Oð Þnþ nO2

In this equation, (CH2O)n represents simple sugars that are the basic building

blocks for all substances present in the corn plant, such as starch, sugar, and

cellulose. Therefore, all the carbon, hydrogen, and oxygen found in the starch
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molecule and the final Ingeo polymer originates from water and CO2. The data

include all the relevant inputs for corn production, including production of corn

seed, fertilizers, limestone, electricity, and fuels (natural gas, diesel, propane, and

gasoline) used on the farm. the atmospheric CO2 used through photosynthesis, the

irrigation water applied to the corn field, and the production of the herbicides and

insecticides used to protect the corn. On the output side, emissions including

dinitrogen oxide, nitrogen oxides, nitrates, and phosphates are taken into account.

The production of the farm equipment (tractors and harvest combines) employed

was investigated, but their contributions are negligible.

Carbon dioxide and water

Electricity

Fertilizers

Natural gas

Diesel

Gasoline

Propane

Raw materials
from the earth

Natural gas

Steam

Electricity

Water’

Process water and tap up water for
cooling water tower

Ingeo polylactide

System boundary

Waste water
treatment

Polylactide
production

Lactide
production

Lactic acid
production

Dextrose
production

Corn production
harvesting & drying
+ transport to CWM

Carbon dioxide

Irrigation water

Herbicides

Insecticides

Seed com

Lime stone

Sulfur dioxide

Enzymes

Salts / acids

Nutrients

Acids & bases

Gypsum mining

Thermal oxidizer

Solid waste

Water emissions

Air emissions

Others
(N2, comp.

air,...)

Fig. 2 Flow diagram for the manufacture of Ingeo PLA biopolymers
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Lactic acid is produced by fermentation of the dextrose sugar. The process,

illustrated in Fig. 3, combines dextrose and other media, adds a microbial inoculum,

and produces crude lactic acid.

Figures 4 and 5 illustrate the process and the steps, respectively, of the poly-

merization process.

Figure 6a presents the latest available data for the primary energy of

non-renewable resources in MJ Higher Heating Value (HHV)/kg polymer for a

selection of polymers produced in the US and EU and Fig. 6b provides the global

warming potential expressed as CO2 equiv/kg polymer for the same polymers.

These are net GWP (global warming potential) values from cradle-to-polymer

factory-to-exit gate. For Ingeo, the uptake of CO2 from the atmosphere is included,

as this takes place during corn production, a process within the system boundary.

3 Applications of PLA

3.1 World Request for Poly(lactic acid)

Global demand for poly(lactic acid) and lactate esters for 2015 was 200,000 tons, a

sector dominated by the food, beverage, and personal care industries (https://www.

gminsights.com/industry-analysis/lactic-acid-and-polylactic-acid-market). PURAC

BIOCHEM (Netherlands) is the worldwide leader in biotechnological production of

lactic acid. A survey of lactic acid producers (the precursor of PLA) revealed that

production capacity could even rise to roughly 950,000 tons/year to meet concrete

requests.

At 30 sites worldwide, 25 companies developed a production capacity of more

than 180,000 tons/year of PLA in 2012.

Water & Recycle

Prepolymer
production

Lactide
production

Purification*

*using distillation and melt crystallization **including crystallization & drying

Polymerization Devolatilization Pelletization**
Ingeo 

biopolymer
pellets

Aqueous Polymer-
grade Lactic Acid

Recycle Recycle Recycle

Fig. 4 NatureWorks’ lactide formation and polylactide polymerization process
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Fig. 3 Lactic acid production process
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The largest producer, NatureWorks, had a capacity of 140,000 tons/year in 2011.

The other producers have current capacity of between 1,500 and 10,000 tons/year.

According to their own forecasts, existing PLA producers are planning to expand

considerably their capacity of over 50,000 tons/year by that time. Current (2015)

world production of PLA is 200,000 tons/year and it is used in the food, chemical, and

pharmaceutical industries. In 2004 the NEC Corporation developed a plant-based

plastic PLAwith high fire resistance and no toxic halogens or phosphorus derivatives,

and in the same year the Japanese company Sanyo® introduced a compact disc made

of PLA, incorporating plastic packaging foams formed from mixtures of starch with

PLA, protecting from damp and against shock and vibration during transport.

Global warming potential
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3.2 Textile Industry

PLA polymers also have many potential applications in fiber technology. They

present very attractive features for many traditional uses. PLA polymers are more

hydrophilic than polyethylene terephthalate, have a lower density, and exhibit high

bending and stretching strengths [22].

The degree and temperature of shrinkage of PLA materials are readily control-

lable. These polymers tend to be stable to UV light, resulting in fabrics with little

discoloration. It is a fire retardant and low smoke material.

Its applications include clothing, upholstery of certain furniture, diapers, femi-

nine hygiene products, and fabrics resistant to UV radiation for outdoor uses [23].

3.3 Medical and Pharmaceutical Industry

The selection criteria for PLAs depend on the applications, so higher mechanical

strength is obtained by selection of the amorphous (DL-PLA) or long-term biodegrad-

ability by selection of the semi-crystalline form (L-PLA). Copolymers of L/DL-PLA are

used to preserve the mechanical properties and speed of biodegradability [24].

In the field of surgery, L-PLA finds great applications as material for absorbable

sutures (ophthalmological surgery, conjunctival, thoracoabdominal, neurological

anastomosis), and in orthopedic surgery (resorbable implants, screws, pins, plates,

staples), reconstructive surgery, and craniofacial and maxillofacial surgery involv-

ing bone and soft tissues [13, 24, 25].

PLA is used in the creation of matrices for guided tissue regeneration as skin,

cartilage, bone, cardiovascular structures, intestine, and urinary tissue amongothers [26].

It is also used to microencapsulate and nanoencapsulate slow release drugs such

as insulin, cisplatin, taxol, somatostatin, anti-inflammatory drugs, ganciclovir,

angiogenesis inhibitors, etc. The drug is absorbed in the center of a matrix of

PLA polymer microspheres, which is capable of protecting the drug or organism.

As the matrix is hydrolyzed, the drug is released. It is also used in the application of

cancer chemotherapy or contraception [27, 28].

The following are the worldwide applications:

Biodegradable scaffolds for tissue engineering

Reconstructive and bioabsorbable implants

Equipment and instrumentation for surgeons

Implants for fracture fixation

Treating facial lipoatrophy

Absorbable internal fixation plates face fractures, orthognathic and craniofacial

surgery

Preparation of biodegradable microspheres

Bioresorbable fixation devices in orbital reconstructions

Intravitreal administration of antivirals
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3.4 Agriculture

The main effect of crop mulching is to promote soil warming, thereby allowing root

development of the plant, and mulching is also often complemented by a tunnel

microclimate [29]. The use of mulching for horticultural crops can advance

harvesting, reduce water consumption, avoid the use of herbicides, and enhance

the quality of production, fostering integrated and organic production.

Traditional mulching materials are linear low density polyethylenes, opaque or

transparent, depending on the crop cycle in which it is used and the effect it is

intended to have. These plastic materials have mechanical properties and excep-

tional optics, often being directly responsible for the success of planting. Other

purposes are reducing soil evapotranspiration, combatting weed flora, reducing the

loss of minerals, and, by black coloration, stopping the growth of infesting plants.

The problems arising from their use, on the other hand, arise because of their

excellent mechanical properties, which gives them a long life. End-of-life manage-

ment, although illegal, often involves soil burial or incineration or superficial

abandonment with climate agents such as wind taking the residues to various

locations and ecosystems, in all cases leading to soil contamination [30–

33]. This, together with their great development that has allowed them to be used

anywhere, their repeated use, their small thicknesses and poor agricultural prac-

tices, has prompted the search for alternatives in those places where they cannot be

recovered after use [34, 35].

The alternative of biodegradable mulching could be the solution to the problem,

provided that the degradation of the mulching material occurs in a fast and reliable

way [36–38]. For those mulching materials whose base polymer is composed of or

derived from PLA, there are two factors, among others, related to soil condition

which have a direct influence on degradation processes, the degree of humidity and

the microbiota existing in the areas where the pieces of mulched films are buried,

that assure complete degradation of the residual films prior to the beginning of the

next crop [39, 40]. The activity of the bacterial flora is responsible for the disap-

pearance of the sheets of films when feeding them, and their presence and multi-

plication is possible provided there is some degree of moisture in the soil.

3.5 Packaging

The most successful application of PLA is in containers and food packaging.

However, the higher affinity to water and, consequently, the higher potential for

fungal growth in biodegradable materials compared to non-biodegradable

oil-derived polymers may be a negative characteristic for use in some food sectors

[41, 42]. Therefore bio-packages are more suitable for foods with high breathing

and short storage life such as vegetables, and for the packaging of some bakery

products.
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In the food industry, PLA has been the subject of a detailed study by the FDA in

which it was found that the migration of lactic acid, lactide, and lactoyllactic acid

was limited and it was therefore concluded that PLA is a substance recognized as

safe and can be used as a packaging material for food [7].

Materials consisting of 10% PLA plus 90% copolyester, 10% PLA plus 90%

copolyamide, 10% PLA plus 90% starch, and 10% PLA plus 90% polycaprolactone

have been used as packing material for yogurt, butter, margarine, and cheese

spread. These materials have fulfilled functions such as mechanical protection

and a barrier to moisture, light, grease, and gases. They have also been used as

“windows” in packaging for dry goods such as bread, which play a role as a

moisture barrier, and in the preparation of coated paper PLA containers for pack-

aging beverages, also playing a role as a moisture barrier [43].

S€odergard [7] says that the most promising application of PLA in packaging

materials is for products that must remain cold and have limited lifetimes, such as

dairy products. However, in a study conducted at the Technical University of

Denmark, where the convenience of using biobased packaging materials for

foods was assessed, they concluded that the high fungal growth on materials

obtained from biodegradable bases is a negative factor for use in foods and claim

that biopackagings are more suitable for foods with high breathing and short storage

life such as vegetables, and for the packaging of some bakery products [43].

4 The Future of PLA-Based Materials

Although the values of global installed capacity for the production of biodegradable

plastics do not reach 1% of the total world demand for plastic resins, progress is

vigorous in the packaging market. The growth and acceptance of biodegradable

resins is related to the high price of oil, consumer awareness of environment

protection, technological achievements in the new generation of biodegradable

resins, and governmental laws. Some companies predict market growth in Europe

at a rate of 20% annually, and the Association of Biodegradable Polymers (IBAW)

estimates that, with existing quality and price, a possible potential for about 10% of

the plastics market share, which in Europe is 40 million tons/year is forecastable.

It appears that in the food industry, in food packaging, packaging for toys, candy

wrappers and flowers, in making boxes, milk cartons, soda bottles, oil bottles, home

curtains, sheets, pillows, tablecloths, upholstery, and textile fibers, products of PLA

will increase significantly in the coming years.
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Poly(lactic acid) as Biomaterial

for Cardiovascular Devices and Tissue

Engineering Applications

Waled Hadasha and Deon Bezuidenhout

Abstract Synthetic bioabsorbable polymers, such as poly-lactic acid (PLA) and its

copolymers (PLA-based polymers), have attracted a lot of attention in the medical

field. With their excellent biocompatibility, mechanical properties, and tunable

biodegradability, PLA-based polymers have found uses in various clinical applica-

tions, including sutures and orthopedic fixation devices (e.g. pins, plates, and

screws). PLA-based polymers have also been the materials of choice for various

cardiovascular applications. For example, they are extensively used as coatings for

metallic drug-eluting coronary stents and in the development of the new generation

of fully bioresorbable vascular scaffolds. In addition, the emergence of tissue

engineering and regenerative medicine (TERM) has further extended the applica-

tions of PLA. In this chapter, we discuss the importance of PLA-based polymers as

biomaterials and review the applications of this family of materials in cardiovas-

cular applications, specifically in coronary stenting and TERM approaches to

vascular grafts, heart valves, and cardiac patches. A brief insight is also given

into the current market value and growth potential of PLA-based biomaterials.
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1 Introduction

In the latter half of the twentieth century, the focus on inertness and stability of

biomaterials led to the development of many medical devices that were intended to

have minimal interaction with the host tissue. Although these devices have saved,

and improved, the quality of many lives, no material is completely inert in the body

and long-term negative host responses eventually lead to device failure [1].

This is illustrated by the following examples in the field of cardiovascular

implants: (1) mechanical heart valves (introduced in 1952) are extremely durable

but require lifelong anticoagulation because of inherent thrombogenicity of the

metals and polymers/pyrolytic carbon from which they are made [1]; (2) crosslinked

bioprosthetic (BP) heart valves (1972) do not require anticoagulation but have a

limited lifespan as a result of calcific degeneration, especially in younger patients [2];

(3) polyethylene terephthalate (PET; 1954) and expanded polytetrafluoroethylene

(ePTFE; 1975) small-diameter vascular grafts have high failure rates due to mid-graft

stenosis and anastomotic intimal hyperplasia associated with thrombogenicity and

mechanical mismatch (respectively) [3]; and (4) a high percentage of bare metal

coronary stents fail because of restenosis after implantation [4].

Although there have been improvements in these outcomes by more controlled

anticoagulation for mechanical heart valve recipients, improved crosslinking and

anticalcification treatment of BP tissues [2], heparinization of ePTFE grafts [5], and

the development of drug-eluting stents [4], these implants persist in the body and

eventually may lead, respectively, to thromboembolic or bleeding events, degenera-

tion to a point of failure, depletion of eluted drugs, or occlusion due to thrombosis [6].

The generation of living structures and organs through recent advances in tissue

engineering (TE) and regenerative medicine (RM) promises not only long-term

function, but also the potential for growth when used in young individuals

[7, 8]. Because these technologies often rely on the use of temporary scaffolds to

guide and optimize tissue growth, there is a great need for suitable biocompatible and

resorbable materials. In addition to natural materials employed in some applications,

a range of synthetic degradable polymers has been developed for this purpose
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[9, 10]. Of these, poly(lactic acid) (PLA) and its copolymers, including poly(glycolic

acid) (PGA), polycaprolactone (PCL), poly(lactide-co-caprolactone) (PLA–PCL)

and poly(lactic-co-glycolic acid) (PLGA) have probably been the most extensively

investigated. They are therefore included in discussion in this chapter [8].

2 Poly(lactic acid) as Biomaterial

PLA is biocompatible, considered safe for direct contact with biological tissue, and

is one of the few degradable materials approved by the US Food and Drug

Administration (FDA) and many other regulatory agencies [11]. PLA is usually

produced by two methods: direct polycondensation reaction of 2-hydroxy propionic

acid (lactic acid) and ring-opening polymerization of lactide (a cyclic dimer of

lactic acid). Lactic acid exists in two isomeric forms, L-lactic acid and D-lactic acid,

which can produce four distinct materials: poly(D-lactic acid) (PDLA), a crystalline

material with a regular chain structure; poly(L-lactic acid) (PLLA), which is

semicrystalline, and likewise with a regular chain structure; poly(D,L-lactic acid)

(PDLLA) which is amorphous; and meso-PLA, obtained by polymerization of

meso-lactide. The meso-isomer is rarely used in biomedical applications and

amorphous PDLLA is generally selected for drug-eluting applications. The semi-

crystalline PLLA is preferred for uses where mechanical strength is required and is

also preferred over PDLA, as the former degrades to the naturally occurring L(+)

lactic acid [12–14].

PLA production is a multistep process that includes the production of lactic acid

through either fermentation of carbohydrates by a bacterial or a synthetic approach.

Approximately 90% of all lactic acid produced is made by bacterial fermentation

because it has the lowest energy consumption and provides high product specificity

(i.e., L-lactic acid or D-lactic acid) [1, 2]. PLLA of variable molecular weight is

produced by polycondensation or ring-opening polymerization. Whereas polycon-

densation usually produces relatively low molecular weight PLLA, high molecular

weight PLLA can be obtained through ring-opening polymerization. Production of

medical grade PLLA-based polymers requires the use of reagents of high purity and

nontoxic catalyst systems, such as stannous octoate. The latter has been approved

by the FDA as biologically safe for use in medical and food applications, including

the production of PLLA. PLLA usually passes through extensive purification

processes, which may significantly increase its production costs and market price

[15, 16].

These polymers, however, do have disadvantages that may limit their applica-

tions as homopolymers, including slow degradation, poor mechanical ductility, and

lack of biological interaction [17]. To overcome these limitations and tailor PLA

properties to suit applications, PLA has been modified using the following

approaches [17–20]:
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• Copolymerization with glycolic acid or polyethylene glycol (PEG) to impart

hydrophilicity and modulate the degradation rate

• Crosslinking with gamma irradiation in the presence of crosslinking agents to

improve thermal and mechanical properties

• Blending with other degradable or nondegradable polymers to tailor mechanical

and degradation properties, or to alter processability without sacrificing degrad-

ability and biocompatibility

• Plasticization with oligomeric lactic acid, PEG, etc. to improve elongation at

break

• Reinforcement with fillers or fibers

• Chemical or physical surface modification to improve biocompatibily and cel-

lular interaction

• Chemical modification of the backbone by cleavage of some ester groups and

appending biomolecules, such as adhesive peptides.

In vivo degradation times for PLA depend on the application and circumstances.

It typically varies from 50% in 1–2 years to 100% in 12–16 months, whereas PLGA

(75:25) is typically fully degraded in 50–100 days [21]. The hydrolytic degradation

of PLA and PLGA is characterized by hydration, loss of mechanical strength caused

by breakdown of the backbone and formation of acidic oligomers, mass loss, further

water absorption as a result of diffusion of oligomers and water, and finally polymer

dissolution/phagocytosis [22]. The hydrolysis may involve enzymatic action

[21, 22]. The lactic and glycolic acids formed are further metabolized to carbon

dioxide and water in the Krebs cycle [23, 24]. The acidic breakdown products of

PLA can lead to a local decrease in pH of the tissue surrounding the implant, which

may result in cell necrosis and inflammation [25].

The general characteristics of biocompatibility, biodegradability, thermoplastic

processability, and tunable chemical and physical properties of PLA and its copol-

ymers lend themselves to a variety of biomedical applications. The polymers’ high
mechanical strength makes them especially suitable for applications such as ortho-

pedic screws, rods/pins, and plates (many of which are now in clinical use), and

PLGA (Vicryl®) resorbable sutures (introduced in the 1970s) [26, 27]. The use of

PLA in drug delivery systems and TE is, however, with a few noted exceptions, still

in the experimental and preclinical phases. In addition to the clinical application of

drug-eluting stents (discussed in detail in the Sect. 3.1), PLA has been extensively

used to develop carriers (nanoparticles, microparticles, and microcapsules) for the

controlled release of drugs, peptides/proteins, polysaccharides, and genetic material

(DNA, RNA) [12, 21, 22].

PLA-based materials have also been widely used to fabricate 3D TE scaffolds

for orthopedic [28], nerve [29] and cardiovascular [30–32] applications, in which

not only the actual material but also the scaffold design, architecture, microstruc-

ture, and physical strength play important roles.

This chapter focuses on the use of PLA and its copolymers in cardiovascular

applications, specifically in drug-eluting and degradable stents, and in TE

approaches to heart valves, vascular grafts, and cardiac patches for treatment of

myocardial infarction.
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3 Cardiovascular Applications

3.1 Coronary Stents

Coronary artery disease (CAD), the narrowing of coronary arteries by fatty deposits

that leads to inadequate blood flow and eventually stenosis (blockage), is a major

cause of morbidity and mortality worldwide. Left untreated, CAD leads to angina

(chest pain) and myocardial infarction (heart attack). In advanced pathologies,

coronary artery bypass grafting, in which the obstruction is bypassed with healthy

autologous vessels (from the patient’s own body) during open-heart surgery, is the

best recourse. For less severe cases, percutaneous transluminal coronary angio-

plasty, which involves widening the vessel with a balloon through minimally

invasive percutaneous catheterization techniques, is used. This technique was

introduced in the late 1970s by Andreas Gruentzig [33]. Acute occlusive dissection

(4–8%) and a high incidence of restenosis (30–50%) of the vessel after angioplasty

led to the development of the vascular stent (an artificial tubular mesh), by Palmaz

in 1985, as an alternative treatment procedure to reopen narrowed vessels and

provide continued mechanical support to the healing vessels. Stainless steel was

initially the preferred metal for balloon expandable stents, with cobalt alloys

(Co-Cr and Co-Pt) gaining increasing favor because of their superior mechanical

properties. In many cases, however, (16–44% [33]), these bare metals stents led to

persistent local inflammation [34] of the vessel wall, which led to excessive

neointimal proliferation and (in 16–44% of cases) to in-stent restenosis (ISR)

(narrowing of more than 50% in the stented area of the vessel) [35].

To overcome these complications, drug-eluting stents (DESs) were introduced in

2002/2003 [36]. DESs consist of a metallic structure coated with a thin polymer

layer that elutes a drug to reduce the proliferation and thus prevent ISR. First

generation DESs used durable polymers (e.g., poly(styrene-b-isobutylene-b-sty-
rene) or poly-n-butyl methacrylate) to elute drugs with anti-inflammatory and

antiproliferative action, such as dexamethasone, rapamycin, and paclitaxel. Lincoff

et al. was one of the first to use a PLLA/dexamethasone-coated titanium stent as a

sustainable site-specific drug delivery system [37]. Short-term in vivo results

showed that the DES was an effective drug delivery approach that caused minimal

thrombosis and inflammatory response.

Although ISR was reduced to approximately 10% with drug elution, the pres-

ence of a foreign body long after the drug was completely released could potentially

lead to delayed healing and local chronic inflammation, and potentially to late and

very late stent thrombosis (ST; 3% at 4 years) [33].

Second generation DESs saw the use of more biocompatible durable coatings

(fluorinated polymers and phosphoryl choline-containing polymers) as well as the

introduction of absorbable materials (e.g., PLA), resulting in improvements in

outcomes to ISR of 6–8% and ST of 1% at 3 years [33, 38]. Several companies

have since developed various DESs using PLA-based polymers as coatings with

various drugs, as summarized in Table 1.
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In addition to these delayed complications, persistent metallic stents have

drawbacks related to the need for removal/replacement if repeat procedures are

required, due to restenosis of previously stented vessels. Furthermore, the lack of a

permanent foreign object would reduce the risk of late ISR and thrombosis, and thus

the development of bioresorbable vascular scaffolds (BVSs) is inevitable.

Third generation vascular stents are made from biodegradable/bioresorbable

materials (metals such as magnesium or iron, or various synthetic polymers) as

their structural elements. Because of their strong mechanical properties and tunable

degradation rate, semicrystalline PLA-based polymers have been widely employed

in either drug-free or drug-eluting BVSs [39–42]. The degradation rate of BVSs is

an important parameter that can affect vessel remodeling and healing, as premature

degradation can lead to acute vessel recoil and prolonged degradation can result in

chronic inflammation and, hence, delayed healing [43, 44].

The concept of a BVS was introduced in 1988 by Stack et al., who created a

knitted PLA stent design that could withstand a crush pressure up to 1,000 mmHg

and maintain its radial strength for 1 month [45]. The stent was successfully

implanted in an animal model and showed significant improvement in reducing

inflammatory response; however, neointimal growth was observed because of

vessel wall injury. These results inspired others to investigate BVSs as an alterna-

tive to permanent metal-based stents. To reduce vessel wall injury, the original

knitted design of BVSs was changed to a coil design, which significantly reduced

the risk of blood vessel wall injury and, hence, reduced neointimal hyperplasia.

The first human trial of a BVS was conducted using the Igaki-Tamai stent (Igaki

Medical Planning Company, Kyoto, Japan), fabricated from drug-free high molec-

ular weight (HMW) PLLA in a zig-zag helical configuration (see Fig. 1c and

Table 2) [46]. The stent design significantly reduced vascular injury at the implan-

tation site, leading to a reduction in initial thrombus deposition and blood clots, and

presented no major cardiac complications, with only 10.5% restenosis at 6-month

follow-up. The 4- and 10-year follow-up results demonstrated the feasibility and

safety of PLLA-based bioresorbable stents.

Table 1 Various PLA-based drug-eluting stents, adapted from [38, 39]

Stent

Mesh

material Drug Polymer coating Manufacturer

BioMime Co-Cr Sirolimus PLLA/PLGA Meril Life Sciences (India)

DESyne BD Co-Cr Novolimus PLLA Elixir Medical (USA)

Synergy Pt-Cr Everolimus PLGA Boston Scientific (USA)

BioMatrix SS Biolimus A9 PDLLA Biosensors (Switzerland)

Nobori SS Biolimus A9 PDLLA Terumo (Japan)

Yukon Choice PC SS Sirolimus PDLLA Translumina (Germany)

Orsiro Co-Cr Sirolimus PLLA Biotronik (Germany)

Ultimaster Co-Cr Sirolimus PDLLA/PCL Terumo (Japan)

SS stainless steel, Co-Cr cobalt chromium, Pt-Cr platinum chromium

56 W. Hadasha and D. Bezuidenhout



Fig. 1 Various BVSs in clinical or preclinical use. (a) Fortitude (Amaranth Medical, USA), (b)

DESolve 100 (Elixir Medical, USA), (c) Igaki-Tamai (Kyoto Medical, Japan), (d) ART18Z BRS

(Arterial Remodeling Technologies, France), (e) Absorb BVS 1.1 (Abbott Vascular, USA), (f)

Xinsorb (Huaan Biotech, China), and (g) Acute BRS (OrbusNeich Medical, USA). Images adapted

from [46, 47]

Table 2 Summary of various bioresorbable vascular scaffolds. Adapted from [39, 41]

Stent

Mesh

material Drug

Polymer

coating Manufacture

Current

status

Igaki-Tamai PLLA – – Kyoto Medical CE mark

Fortitude PLLA – – Amaranth Clinical trails

Mirage

BRMS

PLLA Sirolimus – Mirage BRMS Clinical trails

Absorb BVS PLLA Everolimus PDLLA Abbott Vascular CE mark

Xinsorb PLLA Sirolimus PLA Huaan Biotech Clinical trails

Acute PLLA–PCL Sirolimus PLA OrbusNeich

Medical

–

DESolve PLLA Myolimus – Elixir Medical EC mark

DESolve 100 PLLA Novolimus PLLA Elixir Medical EC mark

MeRes PLLA Paclitaxel PLGA Meril Life Sciences Clinical trails

ART18Z BRS PDLLA Sirolimus PLLA Arterial

Remodeling

Remodeling Tech

Clinical trails

FADES PLGA/Mg – – Zorion Medical –
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BVSs may of course also serve as a drug delivery system, as demonstrated by

Yamakawi et al., who incorporated an antiproliferative agent (tyrosine kinase

inhibitor) in PLLA-based stents. The results obtained suggested that the stent was

able to suppress neointima hyperplasia caused by balloon injury [48]. Analogous to

regular DESs, drug-eluting BVSs generally consist of a platform made of biode-

gradable materials, such as PLA or Mg with a thin layer of drug-loaded biodegrad-

able polymer such as amorphous PDLLA or other PLA-based polymers [42, 49,

50]. The stent platform usually has a slow degradation rate to provide mechanical

support of suitable duration, whereas the degradation of the outer thin layer is

usually tuned to allow uniform dispersion and controlled drug release.

Various PLA-based drug-eluting BVSs either have received the CE mark or are

currently undergoing clinical trails. Abbott Vascular produced the first drug-eluting

BVSs, Absorb BVS (Fig. 1e and Table 2) (PLLA with everolimus/PDLLA coating).

It is now widely available, including in the USA and Europe, with more than

150,000 having been implanted [51]. In a preclinic in vivo study, the stent showed

similar drug release profiles to those obtained from previously approved DESs, and

the stent exhibited positive vessel remodeling and full absorption of platform in a

2-year clinical trail. Table 2 summarizes a number of BVSs currently under

development and/or in clinical use.

3.2 Tissue Engineering

The term “tissue engineering” was introduced by Dr Fung of California University

in 1987. Since then, TE has been widely used and has emerged as a potential

alternative to organ transplantation or as a treatment method for repair of damaged

tissues and organs. Ultimately, the purpose of TE is to generate compatible, healthy,

and functional tissue and organs that are readily available for implant. Accordingly,

this should contribute to overcoming the shortage of tissue donors, as well as

minimizing the use of artificial implants and the need for prolonged medication

and/or additional procedures to remove the implants.

TE is a multidisciplinary field that combines various aspects of materials science,

biology, engineering, and medicine, with the aim of fabricating biological substitutes

that are able to repair, maintain, or replace damaged tissues and organs. The

generation of new tissue can either be in vitro, usually known as “tissue engineering”,

or in vivo, usually referred to as “regenerative medicine” [52–54]. In the TE

approach, the new tissue is generated in vitro by seeding isolated cells (same cell

types as the native tissue cells) onto a 3D scaffold and culturing in a dish or bioreactor

prior to implantation. However, in the RM approach, the tissue is fabricated in vivo

by implanting an acellular 3D scaffold that guides and directs the migration of native

cells to regenerate new tissue, using the host as bioreactor. As the new tissue is

formed, the 3D scaffold degrades into metabolically removable materials, leaving

behind fully functional and compatible new tissue or a new organ [52, 54]. For the
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sake of simplicity, the “TE” will be used throughout this chapter to describe both

approaches.

In natural tissue, cells are surrounded by a connective network of extracellular

matrix (ECM) that provides an essential physical framework, and crucial biochem-

ical and biomechanical cues required for cellular constituents during tissue devel-

opment and maturation. TE scaffolds mimic the development of growth and

generation of tissue to produce a functional organ. Therefore, developing a suc-

cessful and effective TE approach relies on the appropriate combination of three

important components that exist in natural tissue: (1) a 3D scaffold, (i.e., organ-

specific composition and shape), (2) isolated cells (i.e., cell population, culture) and

(3) cell signaling cues (i.e., chemical and physical cues).

One of the key elements in TE strategies that determines the function and shape

of the engineered tissue is the 3D scaffold. Mimicking ECMs, the scaffold serves as

a temporary artificial template that supports and regulates cells’ activities, from
attachment to differentiation. To fulfill the ECM function, the scaffold should

exhibit organ-specific composition, and mechanical and architectural characteristic

features. Therefore, the scaffold should (1) comprise a biocompatible, bioactive,

and degradable material; (2) exhibit suitable mechanical and physical properties,

compatible with the mechanical function of engineered tissue; and (3) have an

appropriate macro- and microstructure design.

The scaffold material should be compatible with the tissue and be able to

degrade biologically at a suitable rate, specifically, a rate that matches the formation

rate of new ECM, and with predictable degradation kinetics, byproducts, and rates.

The resorption of scaffold materials is a critical parameter in tissue regeneration.

In order to generate healthy new tissue, the scaffold should maintain sufficient

physical and mechanical features until the formation of adequate new ECM.

Therefore, as mentioned, the scaffold degradation rate should match the rate of

new ECM formation. Whereas fast degradation can result in mechanical instability

and poor tissue formation, slow degradation leads to excessive chronic inflamma-

tion and the formation of unhealthy tissue.

Ideally, the scaffold should display physical and mechanical properties similar to

those of the targeted tissue in its native state. For example, scaffolds intended for

blood vessel engineering should have resistance, elasticity, or resilience compatible

with the dynamic nature of the cardiovascular system. This is particularly important

in TE of cardiovascular and cardiac tissue, where tissue undergoes continuous and

variable mechanical stresses that can influence the behavior of seeded cells. For

example, mesenchymal stem cells (MSCs) have been found to differentiate into

neural, myogenic, or osteogenic tissue according to scaffold stiffness. Scaffolds

intended for heart valve (HV) replacement should have a stiffness of approximately

0.5 MPa.

Other important characteristic features of a scaffold in TE that significantly

influence cell behavior and function are the scaffold morphology and the macro-

and microstructure. During tissue formation, the various activities that cells per-

form require highly porous structures to ensure a constant supply of nutrients and

oxygen. Without a scaffold, most cells tend to aggregate to a certain thickness
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(ca. 1–2 mm) before apoptosis arises because of the lack of an adequate supply and

exchange of nutrients, oxygen, and waste metabolites [55–57]. Thus, growing large

organized cell aggregates capable of tissue regeneration demands scaffolds of

appropriate design that are able to provide the necessary environments for cellular

activities. These activities typically require scaffolds with microstructures of

interconnected pores to permit sufficient flow of gases, nutrients, and other signal-

ing molecules that regulate cell behavior. Such microstructure features are also

important for angiogenesis (i.e., formation of new blood vessels) as well as cell

proliferation, differentiation, and motility. The average pore size, volume, and

shape, as well as the overall morphology, are all important parameters that depend

on the type of cell and tissue. The scaffold design, therefore, must be tailored and

optimized to resemble the in vivo cellular macro- and microenvironments in native

tissues.

The design of an effective scaffold with optimum structural features typically

depends on the material used and the scaffold fabrication method. The selected

method should be efficient and capable of producing scaffolds with complex

architectures that mimic the macro-, micro-, and nanostructure of natural ECMs.

Several fabrication techniques have been developed and optimized for fabricating

highly porous scaffolds, for example, electrospinning, 3D printing, emulsion

freeze-drying, and salt leaching [56, 58–61]. These methods have enabled the

fabrication of scaffolds of various shapes and morphologies. For example,

electrospinning has been widely used to fabricate fibrous scaffolds with tunable

microstructure, thickness, and composition from a wide range of polymeric mate-

rials. The high surface area-to-volume ratio and interconnected porous microstruc-

ture of nanofiber-based scaffolds offers highly attractive features for many TE

applications. Detailed descriptions of various scaffold fabrication techniques are

reported in many excellent reviews [10, 60–63].

As a conceptual creation in TE, the scaffold that is used should be temporary and

biologically degradable. Therefore, consideration of the biodegradability of the

material is of great importance when designing implantable scaffolds. Various

biodegradable polymeric scaffolds have been used in many TE applications,

including polymers of natural [64, 65] or synthetic [28, 66–68] origin, as well as

decellularized tissue [69–72].

Natural polymers (e.g., chitosan, collagen, and cellulose) generally have better

interactions with cells and better bioactivity compared with synthetic polymers;

however, poor mechanical performance, and high risk of immunogenic response

and infection have limited their application [53]. In recent years, various biode-

gradable synthetic polymers such as PLA, PGA, and PCL have been used to

overcome the limitations associated with natural polymers [73]. PLA-based poly-

mers have received significant attention in many TE applications. Their use in

cardiovascular applications is described in the following sections.
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3.2.1 Tissue-Engineered Heart Valves

The human heart consists of four heart valves that synchronically open and close to

maintain unidirectional, unhindered blood flow during a person’s lifetime. If one of

the valves malfunctions (a condition commonly known as valvular heart dysfunc-

tion) and is left untreated, it could lead to heart failure and even death. The best

available treatment for such a condition is surgical valve replacement with artificial

valves. Artificial heart valves, such as mechanical and biological valves, are

clinically used. However, the success of this approach requires the use of postop-

erative medication for a prolonged period as well as routine follow-ups, or even the

need for reoperation (especially in young patients). TE represents a potential

alternative treatment that can provide suitable valve replacements that are capable

of growth and self-remodeling in vivo. Hence, the complications associated with

traditional approaches can be avoided.

The generation of fully functional valve substitutes through TE strongly depends

on the design and materials of the scaffold, as well as the selection of suitable cell

types [74]. In addition to the general scaffold requirements of biocompatibility and

biodegradability, the materials should mimic the mechanical and physical proper-

ties of native valvular ECMs [75]. The scaffold design should be nonobstructive,

with the ability to adapt to change in physiological conditions and to withstand the

mechanical loading during opening/closing of cyclic beating.

The concept of the tissue-engineered heart valve (TEHV) was introduced by

Shinoka et al. in 1995 [76]. It involves the use of artificial scaffolds to direct the

proliferation and growth of cells into a fully functioning valve, as schematically

shown in Fig. 2. Thereafter, many other research groups investigated the concept

further, using different types of cells and scaffolds, including decellularized

[78, 79], biologically based [80, 81], and synthetic-based polymers, including

PLA-based polymers [82–85].

PLA-based polymers have been used as synthetic materials to fabricate scaffolds

for TEHVs [86]. For example, Mayer et al. [87, 88] investigated an in vitro TEHV

using PGA and PGLA scaffolds. In this study, HV-shaped scaffolds consisted of a

woven PLA mesh sandwiched between two nonwoven PGA fibrous scaffolds and

seeded with endothelial cells (ECs) and myofibroblast cells. Histological examina-

tions revealed the formation of cellular architecture and ECMs similar to those of

native valves [89].

In a similar study, Sutherland et al. utilized PGA/PLLA (50:50 blend) scaffolds

seeded with bone-marrow-derived MSCs to fabricate autologous semilunar TEHVs

in vitro. The obtained valves were implanted into the pulmonary position of sheep

on cardiopulmonary bypass. Histology analysis showed the deposition of ECM and

distribution of cell phenotypes in the engineered valves similar to that displayed in

native pulmonary valves. The obtained TEHVs functioned well in vitro for 4months

and underwent extensive remodeling in vivo [74].

Hinderer et al. [90] used different scaffolds consisting of electrospun PEG

dimethacrylate–PLA, which showed biomechanical properties similar to those of
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natural valve leaflets. The scaffolds were UV crosslinked before being seeded with

valvular ECs and valvular interstitial cells and cultured in a bioreactor under

physiological conditions [90, 91]. Three-dimensional (3D) printing is a versatile

technique for producing many types of medical implants. It was used by Lueders

et al. [92] to fabricate scaffolds suitable for TEHV from PGA/PLA copolymers.

TEHVs have also been fabricated using a combination of PLA-based polymers

and natural materials. For example, Novakovic et al. [93] fabricated highly porous

scaffolds using a composite of PDLLA–PCL or PLGA and type I collagen. The

scaffolds were then seeded with neonatal heart cells and cultured for 8 days.

Compared with controls made of individual materials, the composite scaffolds

showed higher cell densities with higher cardiac marker expression and contractile

properties. The results were attributed to the suitable porosity, mechanical proper-

ties, and degradability of the scaffolds.

PLA-based hydrogels have also been developed and used as scaffolds for

TEHVs. Anseth et al. investigated the attachment of valvular interstitial cells on

biodegradable hydrogel scaffolds prepared from a photo-crosslinkable PLA–poly

Fig. 2 Diagrams of aortic heart valve tissue engineering. Living cells are grown onto a supporting

three-dimensional biocompatible structure to proliferate, differentiate, and ultimately grow into a

functional tissue construct [77]
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(vinyl alcohol) multifunctional macromere and found improved cell attachment by

increasing the PLA segments [94].

The limited use of PLA-based polymers to produce scaffolds for TEHVs can be

attributed to its low flexibility and long degradation times. As a result, other

degradable polymers (poly-4-hydroxybutyrate, PCL and copolymers with PGA)

are now preferred.

3.2.2 Tissue-Engineered Vascular Grafts

Cardiovascular disease, including stenosis/occlusion and damage of blood vessels, is

one of the leading causes of death worldwide. One of the available treatments for

vascular pathologies is surgery utilizing either natural autologous (from the patient’s
own body) or synthetic vascular grafts [e.g., ePTFE (Teflon), polyurethane, and PET

(Dacron®)] for replacement or bypass grafting. However, this approach is usually

limited either by the availability of healthy and suitable autologous vessel replace-

ments or by hyperplastic stenosis and/or thrombus formation [31, 95, 96]. To over-

come such limitations, TE techniques were proposed by Weinberg and Bell for

fabrication of native-like vascular prostheses [97]. TE of vascular grafts is currently

a very active research area in which PLA-based polymers have been widely used to

fabricate scaffolds for tissue-engineered vascular grafts (TEVG).

The scaffold material plays a key role in TE applications because it should have

appropriate mechanical properties to match the native vessels, especially as they are

under cyclic stress. Various PLA-based polymers, such as PLLA, PLA–PCL,

PLGA copolymers/blends, and PLA combined with other natural polymers, have

been used to fabricate scaffolds for TEVG applications, with the advantage that

mechanical properties of these polymers can be tuned by varying the concentrations

of the constituents [98–103].

Several research groups have used these polymers to fabricate highly porous

scaffolds suitable for VGTE though different fabrication methods, such as freeze-

drying (Fig. 3) and electrospinning (Fig. 4).

Many studies have employed electrospinning techniques to fabricate tubular

fibrous scaffolds of PLA-based materials, as it provides an efficient and effective

Fig. 3 SEM images of freeze-dry fabricated PLGA/collagen scaffolds: (a) cross-section of

tubular collagen scaffolds, (b) inner surface of collagen scaffolds, and (c) outer surface of collagen

scaffolds [98]. Scale bars 1 mm for (a) and 100 μm for (b) and (c)
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approach to the fabrication of tubular scaffolds of any diameter required for

vascular conduit specification [105]. The fibrous scaffolds obtained generally

have highly porous structures and good mechanical properties, suitable for vascular

applications. In efforts to produce blood vessels by means of TE, PLGA has been

electrospun into tubular scaffolds. A blend of PLGA, PCL, and elastin, in addition

to heparin and vascular endothelial growth factor, was used to fabricate a scaffold

by electrospinning. In vivo results showed that the scaffolds promoted the recovery

of damaged vessels and enhanced cell attachment and proliferation [106].

Li et al. [104, 107, 108] seeded bone marrow MSCs onto modified nanofibrous

PLLA scaffolds (see Fig. 4). The scaffolds showed reduced in vivo thrombotic

response as compared to unseeded scaffolds. Kurobe et al. [109] fabricated small

diameter TEVGs (<6 mm) using electrospun PLA scaffolds for implantation in

mice. Significant increase in expressions of smooth muscle cell (SMC) markers,

collagen I, and collagen III with excellent overall patency rate and tissue

remodeling with autologous cells were seen after 12 months. Mooney et al. [110]

fabricated TEVGs by seeding SMCs onto PLLA- and PGLA-coated PGA tubular

scaffolds. The PLLA-coated tubular scaffolds were implanted in rats the scaffolds

maintained their tubular structures during fibrovascular tissue ingrowth.

PLA–PCL copolymers have also been extensively used by several research

groups [30, 111, 112]. Patterson et al. [112] fabricated TEVG utilizing bone-

marrow mononuclear cells (BM-MNCs) seeded onto PLA–PCL copolymers

[102, 113]. Initially, they seeded mixed cells obtained from femoral veins onto

tube-shaped biodegradable scaffolds composed of 50:50 copolymer of PLA–PCL,

reinforced with nonwoven PGA (PLA–PCL/PGA) to fabricate inferior vena cava

(IVC) [114]. They subsequently investigated the use of scaffolds consisting of poly

(chitosan-g-PLA)/PGA and BM-MNCs as a cell source for TEVGs [115]. The

BM-MNCs were seeded onto the scaffold and cultured before implantation as

interposition grafts replacing the intrathoracic IVC in an adult beagle model, with

harvesting over a 2-year period. The TEVGs showed no evidence of thrombosis,

stenosis, or aneurysm formation.

Fig. 4 (a) SEM image of bilayered electrospun vascular graft; scale bar ¼ 500 μm. (b) PLLA

microfibers on the inner surface and (c) PLCG + PCL nanofibers on the outer surface of the graft;

scale bar ¼ 50 μm. Picture obtained from [104]
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Following these results, the investigators adapted this approach to fabricate

TEVGs for clinical use, employing slower degrading scaffolds than the original

PGA scaffolds. In these studies, PLA–PCL/PLA scaffolds were seeded with

BM-MNCs and cultured in vitro before being implanted in young patients aged

between 1 and 24 years [115–117]. Late-term follow-up analysis showed that the

implanted TEVGs remained patent with no evidence of rupture, aneurysm dilata-

tion, or calcification. These studies illustrate the importance and advantage of

PLA-based polymers in the field of TEVG.

Niklason et al. [32, 118] prepared tissue-engineered small-diameter vascular

grafts using a bioreactor system that applies mechanical stimulation. PLGA/PGA

scaffolds were seeded with bovine SMCs and ECs in the bioreactor system under

physiologically relevant strain and pulsatile flow. Grafts showed the formation of

an ECM with architecture and compliance comparable to the natural vasculature.

Mechanical analysis of these grafts showed that the vessel strength increased when

mechanical stimulation was applied compared with vessels produced under static

culture. In vivo investigations revealed that one of these engineered vessels

remained patent, without detectable stenosis or dilation, for up to a month when

implanted in Yucatan minipig as saphenous vein grafts [119].

Traditional TE approaches involve long production times and a risk of infection

or mismatch, which are disadvantages compared with the production of off-the-

shelf vascular grafts. The utilization of acellular scaffolds that are patient-specific

offers an alternative and faster approach to the production of vascular grafts in

which cell-free scaffolds are implanted into the affected area, allowing in vivo

tissue regeneration. This approach is particularly important in tissue replacement or

repair of defective tissue in children, as these treatments require multiple interven-

tions to replace the implanted device/tissue as the child matures. In regenerative

tissue, the newly formed tissue matures spontaneously, similar to natural tissue.

The use of PLA-based scaffolds in a regenerative medicine approach to TEVGs,

where TEVGs were produced by implanting acellular scaffolds, has also been

followed [120]. In an in vivo study [103], scaffolds consisting of either PGA, PLA–

PCL, or PGA–PCL implanted in dogs as a pulmonary artery replacement exhibited

patency for up to 12 months. Examination of the explants revealed the formation of

SMC and EC layers with ECM content similar to that found in natural tissues.

The use of PLA-based polymers to fabricate scaffolds suitable for TEVG has

been explored with some positive results, including encouraging clinical applica-

tion. The lack of cell recognition sites as well as scaffold hydrophobicity, limit the

success of the approach. However, these initial positive results indicate promising

findings that could lead to more success in this field.

3.2.3 Tissue-Engineered Cardiac Patches

Myocardial infarction (heart attack) is caused by ischemia (lack of blood flow) that

results in irreversible damage to the heart muscle and fibrous scar formation that

can eventually lead to heart failure. Ideally, a heart transplant is the treatment of

choice to replace the damaged heart; however, due to low organ-donor availability,
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high costs of surgery, and the risk of rejection complications, alternative treatments

are required. Two approaches have been used in the treatment of heart failure, cell

therapy and tissue-engineered heart constructs. In the cell therapy approach, iso-

lated cell types are implanted at the affected area to regenerate the damaged tissue.

In the TE approach, a cell-seeded scaffold (prepared in vitro) is implanted at the

affected area to replace the damaged tissue, as illustrated in Fig. 5 [121–123].

One of the major challenges in tissue-engineered heart patches, and TE in general,

is the design and fabrication of tissue-like scaffolds capable of supporting cell

activities. The scaffolds should display mechanical and functional properties similar

to native cardiac tissues, such as coherent contractility and low diastolic tension.

Fabricating such scaffolds requires biocompatible materials with suitable and tunable

mechanical properties. PLA-based scaffolds have been used in several studies to

fabricate a construct with mechanical properties suitable for cardiac TE [124, 125].

PLGA scaffolds with different PLLA contents have been used to investigate rat

cardiomyocyte (CM) cell attachment and proliferation behavior. In vitro studies

revealed that CM cells had higher activity on scaffolds with high PLLA content

than on the other scaffolds considered. This was attributed to the hydrophobicity of

PLLA [126]. These studies also demonstrated that CM cells seeded on electrospun

PLLA scaffolds developed mature contractile machinery (sarcomeres, as indicated

by optical imaging using voltage-sensitive dye) [126]. Furthermore, Simon-Yarza

et al. [127] implanted PLGA-based scaffolds containing a cardiovascular growth

factor, neuregulin-1, into a rat model of myocardial ischemia. Histological analysis

revealed the presence of an inflammatory response and an increase in the M2:M1

macrophage ratio, indicating the induction of constructive tissue remolding.

Several other studies have explored the use of PLGA scaffolds to fabricate TE

cardiac tissue [128–132]. Yu et al. utilized the electrospinning technique to fabri-

cate peptide-loaded PLGA scaffolds to investigate the in vitro behavior of rat CM

cells [130]. Two adhesive peptides, N-acetyl-GRGDSPGYG (RGD) and N-acetyl-
GYIGSRGYG (YIGSR), covalently conjugated to poly-L-lysine, were incorporated

Fig. 5 Illustration of tissue engineered heart patch. Adapted from [121, 122]
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into fibrous PLGA scaffolds through solution mixing before electrospinning. The

results suggested that YIGSR-incorporated PLGA scaffolds were better candidates

for the formation of cardiac patches because cells cultured on these scaffolds

showed physiological-like morphology.

PLA-based scaffolds have also been used in TE of cardiac patches to stimulate

revascularization and preserve the left ventricular (LV) function [133]. In a study

carried out by Kellar et al., knitted vicrylic meshes (PGA-to-PLA ratio of 90:10)

were used to fabricate heart patches via seeding with human dermal fibroblast cells.

Following cell culture, the patches were implanted in mice with induced heart

infarction. Results showed that the use of engineered patches improved the LV

function and attenuated further loss [134]. Ramakrishna and coworkers [135]

investigated the differentiation behavior of pluripotent embryonic stem cells

(ESCs) seeded on electrospun PLGA and PLGA/collagen scaffolds. Results

showed that ESCs and PLGA/collagen were comparable with the PLGA scaffolds.

In another study, Prabhakaran et al. [136] used electrospun scaffolds consisting of

poly(1,8-octanediol-co-citrate) (POC) and PLLA–PCL to fabricate scaffolds suitable

for cardiac TE. They found that scaffolds of POC and PLLA–PCL (40:60) have

mechanical properties similar to native cardiac tissue. The proliferation in vitro

experiments also showed, with increasing POC content in the scaffolds, an increase

in the proliferation of cardiac rat myoblast cells from days 2 to 8. Bhaarathy et al.

[137] fabricated PLA–PCL-based scaffolds through electrospinning with silk fibroin

and aloe vera to improve cell functionality. These scaffolds exhibited elasticity and

mechanical properties comparable to myocardium, which enhanced cell activities

(e.g., adhesion, proliferation, and morphology).

Ozawa et al. [138] carried out a study in which PLA-reinforced PCL–PLA

sponges were seeded with SMCs and cultured to generate patches. These patches

were then implanted in rats to replace a surgically induced defect in the right

ventricular outflow tract. Histological examination showed that the PCL–PLA

scaffolds were replaced by more SMCs and more elastin-rich ECMs compared

with patches made of gelatin gel or PGA. Results of the study indicated that the use

of these PLA-based scaffolds permits the construction of autologous patches to

repair congenital heart defects.

The beating action of the heart is a result of synchronous contractile activity of

the cardiomyocytes through continuous electrical signals. One of the major chal-

lenges in cardiac TE using biological or synthetic scaffolds is achieving synchro-

nous contractility of the engineered patches. In an attempt to overcome these

challenges, researchers have used various techniques, including the addition of

inorganic materials such as carbon nanotubes (CNTs) [139], gold, and electroactive

polymers (e.g., polypyrrole; PPy) [140, 141], among other techniques [139, 142–

146]. In this regard, Webster et al. [147, 148] investigated the viability of cardiac

tissue cell functions, including cardiomyocytes and neurons, seeded on conductive

scaffolds made of PLGA with embedded CNTs. Results showed that the conduc-

tivity of these scaffolds increased with increasing CNT content. Scaffolds of PLGA

and CNTs (50:50) exhibited significantly higher adsorption of specific proteins

(fibronectin and vibronectin), which promotes the adhesion and proliferation of CM
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cells, compared to pure PLGA scaffolds. Mooney et al. [149] also used PLA/CNT

scaffolds to investigate MSC differentiation. It was found that these scaffolds

provide a cardiomimetic cue that directs MSC differentiation into cardiomyocyte

cells. In addition, the cells also adopted elongated morphology and reoriented

perpendicularly to the direction of the current after stimulation using an electro-

physiological bioreactor.

Another commonly used method to enhance conductivity is the incorporation

of conductive polymers such as PPy or polyaniline (PANi) [150–152]. Hsiao

et al. [153] used PLGA/PANi fibrous scaffolds to enhance the attachment of CM

cells. Hydrochloric acid was used to dope PANi to induce positive charges on

the scaffolds, which attract the negatively charged adhesive proteins fibronectin

and laminin, and hence improve CM cell attachment on the scaffolds. Jin et al.

[154] used PPy to enhance CM cell proliferation through surface modification of

PLLA fibrous scaffolds. In this study, pyrrole was polymerized on the surface of

electrospun PPLA fibers, resulting in scaffolds with a 3D interconnected pore

structure. In vitro investigations using CM cells showed that these scaffolds

provided suitable 3D micro-environments for the proliferation of CM cells, as

indicated by the increase in cell proliferation rate. Results were better than with

PPy mesh scaffolds.

Although further investigations into the use of such scaffolds is required, there

are already indications that PLA-based polymers provide promising scaffolds that

can stimulate the growth and activity of cardiomyocytes and potentially imitate the

contraction of normal heart tissue [147, 148, 155].

4 Market Status

Economic and technological developments and growing environmental concerns

have driven considerable scientific and engineering efforts into the utilization of

biosourced polymers to replace petroleum-based polymers [156–158]. With

increasing worldwide consciousness of environmental protection, the use of

biobased and ecofriendly polymers, such as PLA and starch, has become more

desirable over the last two decades. The growing interest in biobased polymers

can be seen by the steadily growing production capacity of these polymers;

global production is expected to increase from ~0.7 million tons in 2014 to

1.2 million tons in 2019 [159]. Of the biobased polymers, PLA represents

an ideal biosourced polymer, with its low energy consumption production

and excellent properties that have attracted great attention in applications such

as packaging, textiles, construction, and low volume/high value medical

applications [158].

In 2014, the global PLA market, by application, was valued at ~$300 million,

which is projected to reach $850 million at a compound annual growth rate of 22.8%

68 W. Hadasha and D. Bezuidenhout



over the period 2014–2019. Although the packaging application is still the largest

market segment of PLA, ongoing extensive research in the biomedical field is

expected to increase the demand for PLA-based polymers [158]. Biomedical appli-

cation of PLA-based polymers is still a relatively new targeted industry; it requires

high value and low volume medical grade PLA. Although the application of

PLA-based polymers represents a small fraction of the overall PLA raw materials

market, the real contribution of PLA is seen in its high value products. Generally,

medical grade PLA polymers command prices that are orders of magnitude higher

than polymers used in other consumer devices because of the extensive synthetic and

purification processes involved. In other words, the small amounts of PLA used as

biomaterials do not accurately reflect the impact that PLA has in medical and,

specifically, cardiovascular applications. An example of a high value/low volume

PLA application are BVS contrary stents; DES/BVS stents, which contain a very

small amount of PLA-based polymer, can sell for thousands of US dollars [160]. The

current value of the BVS market, with only a few approved products, was valued at

$18million in 2015. However, due to the efficiency and advantages of BVSs, with the

addition of almost-approved products, the market is expected to grow and reach $1.7

billion by 2024 as the market progresses at a CAGR of 30.1% [161].

5 Conclusions

Poly(lactic acid) is an ideal example of a biocompatible and biodegradable polymer

with excellent properties, indicating a promising future for applications. The use of

PLA in the medical field is rapidly expanding because of its biocompatibility,

availability, processability and, most importantly, regulatory approval by the FDA.

The ability to modify PLA through copolymerizing or blending represents another

advantage that extends PLA application. PLA has already made a significant contri-

bution to the development of therapeutic procedures to overcome various diseases. In

the cardiovascular field, for example, PLA-based polymers have made the most

clinical impact in the treatment of coronary diseases through drug-eluting and

bioresorbable vascular stents, for which it is well suited. Other exciting cardiovas-

cular applications of PLA-based polymers include vascular grafts and heart patches.

Furthermore, there is large growth potential for the use of this family of polymers in

the myriad of tissue engineering applications currently under development.

Acknowledgements The authors wish to thank the National Research Foundation of

South Africa Incentive Program for Rated Researchers (CPRR) and the University of Cape

Town Faculty of Health Sciences Postdoctoral Fellowship for funding and support.

Potential Conflict of Interest None.

Poly(lactic acid) as Biomaterial for Cardiovascular Devices and Tissue. . . 69



References

1. Williams D (1999) Bioinertness: an outdated principle. In: Zilla P, Greisler HP (eds) Tissue

engineering of vascular prosthetic grafts. RG Landes, Austin, pp 459–462

2. Zilla P, Brink J, Human P, Bezuidenhout D (2008) Prosthetic heart valves: catering for the

few. Biomaterials 29(4):385–406

3. Zilla P, Bezuidenhout D, Human P (2007) Prosthetic vascular grafts: wrong models, wrong

questions and no healing. Biomaterials 28(34):5009–5027

4. van der Sijde JN, Regar E (2015) Stent platforms anno 2015: is there still a place for bare

metal stents at the front line? Neth Hear J 23(2):122–123

5. Samson RH, Morales R, Showalter DP, Lepore Jr MR, Nair DG (2016) Heparin-bonded

expanded polytetrafluoroethylene femoropopliteal bypass grafts outperform expanded

polytetrafluoroethylene grafts without heparin in a long-term comparison. J Vasc Surg 64

(3):638–647

6. Reinthaler M, Jung F, Landmesser U, Lendlein A (2016) Trend to move from permanent

metals to degradable, multifunctional polymer or metallic implants in the example of

coronary stents. Expert Rev Med Devices 13(11):1001–1003

7. Frey BM, Zeisberger SM, Hoerstrup SP (2016) Tissue engineering and regenerative medicine

– new initiatives for individual treatment offers. Transfus Med Hemother 43(5):318–319

8. Asti A, Gioglio L (2014) Natural and synthetic biodegradable polymers: different scaffolds

for cell expansion and tissue formation. Int J Artif Organs 37:187–274

9. Amoabediny G, Salehi-Nik N, Heli B (2011) The role of biodegradable engineered scaffold

in tissue engineering. In: Pignatello R (ed) Biomaterials science and engineering. InTech,

Shanghai, pp 153–172

10. Dhandayuthapani B, Yoshida Y, Maekawa T, Sakthi Kumar D (2011) Polymeric scaffolds in

tissue engineering application: a review. International Journal of Polymer Science

2011:290602

11. Treiser M, Abramson S, Langer R, Kohn J (2013) Degradable and resorbable biomaterials.

In: Ratner ASH BD, Schoen FJ, Lemons JE (eds) Biomaterials science3rd edn. Elsevier,

London

12. Ulery BD, Nair LS, Laurencin CT (2011) Biomedical applications of biodegradable poly-

mers. J Polym Sci B Polym Phys 49(12):832–864

13. Lim LT, Auras R, Rubino M (2008) Processing technologies for poly(lactic acid). Prog

Polym Sci 33(8):820–852

14. Datta R, Henry M (2006) Lactic acid: recent advances in products, processes and technolo-

gies – a review. J Chem Technol Biotechnol 81(7):1119–1129

15. Puaux J-P, Banu I, Nagy I, Bozga G (2007) A study of L-lactide ring-opening polymerization

kinetics. Macromol Symp 259(1):318–326

16. Masutani K, Kimura Y (2015) PLA synthesis. From the monomer to the polymer. Poly(lactic

acid) science and technology: processing, properties, additives and applications. Royal

Society of Chemistry, Cambridge, pp 1–36

17. Xiao L, Wang B, Yang G, Gauthier M (2012) Poly (lactic acid)-based biomaterials: synthesis,

modification and applications. InTech

18. Tian H, Tang Z, Zhuang X, Chen X, Jing X (2012) Biodegradable synthetic polymers:

preparation, functionalization and biomedical application. Prog Polym Sci 37(2):237–280

19. Deng C, Tian H, Zhang P, Sun J, Chen X, Jing X (2006) Synthesis and characterization of

RGD peptide grafted poly(ethylene glycol)-b-poly(l-lactide)-b-poly(l-glutamic acid) triblock

copolymer. Biomacromolecules 7(2):590–596

20. Wang S, Cui W, Bei J (2005) Bulk and surface modifications of polylactide. Anal Bioanal

Chem 381(3):547–556

21. Manavitehrani I, Fathi A, Badr H, Daly S, Negahi Shirazi A, Dehghani F (2016) Biomedical

applications of biodegradable polyesters. Polymers 8(1):20

70 W. Hadasha and D. Bezuidenhout



22. Makadia HK, Siegel SJ (2011) Poly lactic-co-glycolic acid (PLGA) as biodegradable con-

trolled drug delivery carrier. Polymers 3(3):1377–1397

23. D’Souza S, Faraj J, Dorati R, DeLuca P (2016) Enhanced degradation of lactide-co-glycolide

polymer with basic nucleophilic drugs. Adv Pharm 2015:10
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and Thomas Groth

Abstract Synthetic biodegradable polylactides have been used extensively to

fabricate scaffolds for engineering skeletal tissues such as bone and cartilage.

This chapter summarizes the application of polylactides in tissue engineering and

shows strategies for tailoring its bulk and surface composition for optimized

degradation rates, mechanical properties, and bioactivities that cannot be achieved

with pure polylactide polymers. Hence, block copolymers and the use of blending

as a cost-effective strategy are described here. Furthermore, polymeric networks are

shown that are advantageous in porogen-leaching manufacture of scaffolds, in

preventing crystallization during degradation, and in allowing the incorporation

of hydrophilic chains. In addition, mechanical reinforcement of the polymer is

achieved when organic–inorganic composites of polylactides are formed. The last
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part of this chapter focusses on the modification of the surface to tailor the bio-

compatibility of polylactides only, without changing the bulk properties of the

material. Surface modification by wet chemical processes and adsorption of bio-

genic multilayers of glycosaminoglycans is described that not only significantly

improves biocompatibility but may also help to drive differentiation of stem cells

into the desired lineage.

Keywords Blending • Bone • Cartilage • Composites • Copolymer • Crosslinking •

Polyelectrolyte multilayers • Polylactides • Polymeric networks • Surface

modification
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1 Tissue Engineering of Skeletal Tissues

Tissue engineering is an interdisciplinary field that applies the principles of engi-

neering and biomedical sciences to the development of biological substitutes that

can restore, maintain, or improve tissue or organ functions that are defective or have

been lost as a result of trauma or disease [1]. The rapidly developing field of

regenerative medicine requires rational molecular and supramolecular design of

temporary scaffold materials for cells in order to control their bioactivity and

physical properties [2–4].

The ideal scaffold material is biocompatible, nontoxic to cells or the surrounding

tissue, biodegradable, chemically and mechanically stable, and has low immuno-

genicity [5, 6]. Most biomaterials should be structurally stable for long enough to

allow repaired or regenerated tissue to organize into a desired three-dimensional

(3D) structure [7, 8]. The material should ideally degrade without any toxic residues

remaining [9]. Furthermore, the microstructure and porosity of the material should

be controllable, so that biomaterials provide structural support to the surrounding

tissue or encourage cell proliferation, spreading, and differentiation [5, 10, 11]. This

can be accomplished with techniques that include modifying the material’s wetting
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properties, charge, pore structure, surface topography, or functionalization of the

material surface with extracellular matrix (ECM)-like molecules or therapeutic

proteins [12–15]. Ideally, a given biomaterial can be formed or processed into a

variety of shapes such as tubes, sheets, meshes, sponges, and foams. In cases in

which local delivery of potentially therapeutic molecules is desired, the materials

should permit a controlled and sustained delivery of those molecules for the

required duration [5, 16].

Tissue engineering of skeletal tissues reveals several challenges, in spite of their

relatively simple structures. Skeletal tissues consist of highly organized 3D net-

works of cells and matrix, giving rise to tissue structures with remarkable mechan-

ical properties. The cells continually remodel the tissue and respond to changes in

the physical and mechanical environment of the body. The building of functional

tissue addresses very complex biological problems, especially creation of higher

order skeletal structures such as the zonal organization of articular cartilage or a

complete joint with integrated cartilage and bone tissue. For roles that purely

nonbiological prosthetics are incapable of fulfilling, the engineering designs may

require control of the spatial organization of multiple cell types in a 3D system that

encourages the production of the correct types and amounts of matrix molecules in

the appropriate structural framework [17]. Therefore, the next generation of

engineered musculoskeletal tissues needs to be more complex and structurally

organized to mimic normal tissue structure and function more fully.

For example, slow degradation is required for tissue engineering of the skeletal

system, whereas for skin the scaffold does not need to stay in place for longer than

1 month. Different requirements for a scaffold depend on the different biological

properties of normal articular tissue. Bone is a self-repairing structural material, but

adult articular cartilage contains no blood supply, neural network, or lymphatic

drainage and rarely heals, even with continuous passive motion. Therefore, tissue

engineering strategies for cartilage attempt to introduce cells to the injury site, with

or without a scaffold, to take over the role of ECM production and remodeling.

Bone tissue engineering efforts, on the other hand, focus on implantation of bio-

materials and factors that augment the natural repair process in larger defects

[17]. A considerable challenge in skeletal tissue repair is the fact that the scaffold

must be able to withstand physiologic loading until sufficient tissue regeneration

occurs. Most soft porous biomaterials such as collagen (COL) are not able to endure

fixation with sutures because of their low tearing strength. In such cases, reinforce-

ment (e.g., with resorbable fibers) is required [18].

Synthetic biodegradable poly(α-hydroxy ester)s or their copolymers, such as

poly(lactic acid) (PLA) have been used extensively to fabricate scaffolds for

engineering skeletal tissues such as bone [19] and cartilage [11, 20–22]. They

enable relatively good mechanical and manufacturing properties, moderate bio-

compatibility, and precise control over physiochemical properties such as degrad-

ation rate, porosity, and microstructure and over mechanical properties

[23]. Nevertheless, the vast majority of biodegradable polymers appear to have

obvious drawbacks that hinder their broader application.
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In the next section, the advantages and disadvantages of the biodegradable

polymer PLA will be discussed. Subsequent sections deal with the possibilities of

modifying PLA to overcome its negative properties or adapting it to a particular

application. Section 3 focusses on strategies for tailoring its bulk composition to

develop functional scaffolds. Implants and tissue engineering scaffolds interact

with the biological environment via their surface. Bulk and surface properties of

biomaterials used for implants have been shown to directly influence and, in some

cases, control the dynamic interactions that take place at the tissue–implant inter-

face [13]. Modification of the outermost part of materials may be sufficient to tailor

their biocompatibility, which extensively affects the cell response if the materials

are exposed to a biosystem [24]. Based on this, the strategies for biomaterial surface

modification have been adapted over the years to improve the surfaces for desired

applications. Surface modification is a feasible approach for making hydrophobic

biomaterials more wettable or introducing biospecific cues to promote adhesion of

cells [4, 25, 26]. Section 4 describes selected strategies for surface modification of

polylactides by chemical and physical modification, which can be used to increase

cell adhesion and mesenchymal stem cell (MSC) differentiation.

2 Advantages and Disadvantages of Using Polylactides

in Tissue Engineering

The vast majority of biodegradable polymers studied belong to the polyester family,

which includes polyglycolides and polylactides. PLA belongs to a family of linear

aliphatic polyesters of α-hydroxy acid derivatives. In general, PLA can be obtained

either by direct condensation of lactic acid or by the ring-opening polymerization of

the cyclic lactide dimer [27] (Fig. 1).

Fig. 1 Polymerization

routes to obtain PLLA (DP
direct polymerization, ROP
ring-opening

polymerization)
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Because lactide has two asymmetric carbons, three optically active isomers are

possible, L- and D-stereoisomers and the racemic D,L-form. These different isomers

give rise to a range of different polylactides, including poly(L-lactide) (PLLA), poly

(D,L-lactide) (PDLA), and poly(L-lactide-co-D,L-lactide) (PDLLA). The chirality of

lactide unit provides the means to adjust the degradation rate as well as the physical

and mechanical properties. PLLA and PDLA are semicrystalline solids with similar

hydrolytic degradation rates as poly(glycolic acid) (PGA). However, PLLA is more

hydrophobic and also more resistant to hydrolytic attack than PGA. For most

applications, the L-isomer of lactic acid is usually preferred because PLLA offers

the best compromise in terms of mechanical stability and degradation rate

[9]. These properties favor its use for most clinical applications, as does its more

optimal metabolism in vivo.

The degradation of PLLA and its copolymers generally involves random hydro-

lysis of their ester bonds. Hydrolysis begins with diffusion of water into the

amorphous regions, and proceeds by hydrolytic cleavage, which occurs from the

edge toward the center of crystalline domains. This process results in a decrease in

molecular weight (MW) followed by a reduction in mechanical properties and loss

of mass. PLLA degrades to lactic acid, which is generally present in the metabolic

pathways of mammals. The natural pathways (metabolism, excretion) of all animals

and microorganisms eliminate the final degradation products [28]. Eventually,

PLLA enters the tricarboxylic acid cycle and is digested into water and carbon

dioxide [29]. Administration of carbon-13 (C13)-labeled PLA results in little radio-

activity in feces or urine, indicating that most of the degradation products are

released through respiration [30, 31]. Because PLLA is more hydrophobic and

less crystalline than PGA, it degrades at a slower rate [7]. The degradation rate of

the amorphous copolymer can be easily controlled by altering the ratio of PLA to

PGA in the formulation when blends or copolymers are produced.

In addition to biodegradability, an advantage of polyesters is their simple and

scalable manufacture into a variety of different shapes. Polyesters such as PGA and

PLA can be easily formed into desired forms by molding, protrusion, and solvent

processing [32], which makes them ideal candidates for making scaffolds for tissue

engineering applications. For formation of PGA- and PLA-derived scaffolds, the

solvent-casting method is applied when a polymer mesh is required, which is

precipitated from viscous solutions into a low toxicity laminar film. Macroporous

PLA scaffolds with microporous trabeculae can be prepared by freeze-extraction

and particle leaching processes using dioxane as solvent (and also microporogen)

and spherical polymeric particles as macroporogen. Applying this technique, we

performed a systematic variation of polymer/dioxane and polymer/porogen ratios

to manufacture PLLA scaffolds with a broad range of physical properties [33]. The

dioxane proportion was varied until the limit of processability. Experimental results

of different uniaxial compression tests, permeability studies, porosity, and pore size

distribution function were properly correlated with the synthesis parameters to

quantify solvent and mass weight of porogen. The obtained structures were

observed with scanning electron microscopy (SEM), as depicted in Fig. 2.

Tailoring Bulk and Surface Composition of Polylactides for Application in. . . 83



Macropores ranged from approximately 108–164 μm, whereas micropores were

1.3–13.7 μm. The micrographs showed a clear decrease in micropore size with a

reduction in the amount of dioxane. A higher quantity of porogen spheres produced

a closer connection between them, leaving bigger pores after their removal. How-

ever, increasing the porogen concentration (from 1:1 to 1:1.25) had a slight

influence on macropore size (Fig. 2).

These polymers offer distinct advantages. To date, PLLA has been used for the

regeneration of different tissues and organs, such as liver [34], bone [35], cartilage

[20, 22], and skin [36]. Furthermore, it is a suitable substrate for osteoblast culture

and exhibits bone fracture healing capabilities, with results comparable to those

obtained with metallic implants [37]. In addition, chondrocyte differentiation is

significantly improved in the presence of PLLA [38]. Furthermore, the in vivo

degradation rates of PLLA are similar to those exhibited in vitro [21].

On the other hand, many studies have shown that the aforementioned polymers

and their copolymers do have some limitations in tissue engineering applications.

Some disadvantages of these polymers are their lack of cell adhesion motives,

hydrophobicity, self-acceleration of degradation (autocatalysis), release of acidic

degradation products, high melting points that influence processability, and early

decline of mechanical properties during degradation. These properties are serious

drawbacks to their medical application [8].

Fig. 2 Scanning electron micrographs of PLLA scaffolds prepared from different PLLA/dioxane

solutions (10, 15, and 18 wt% of PLLA ). (a–c, g–i) Low magnification images showing the

macroporous structure for two series (1:1 and 1:1.25 PLLA solution/porogen weight ratio). (d–f, j–

l) High magnification images showing the microporosity and trabecular structure of the scaffolds.

Reprinted with permission from [33]
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PLLA is a relatively hydrophobic polymer, whose biocompatibility depends on

its molecular weight and crystallinity [19]. Crystallization kinetics of PLLA from

the melt is slow and depends remarkably on the cooling rate [39, 40]. Amorphous

PLLA is usually obtained by cooling it from the melt at a broad range of rates.

Amorphous samples can then be placed at the cold crystallization temperature for

different times to produce materials with different crystallinities [41]. Crystallinity

and crystal size are parameters that regulate PLLA biocompatibility and its inter-

action with cells [42]. However, the main importance of these parameters is that

they modulate the degradation kinetics of the polymer. Polylactides undergo deg-

radation mainly through hydrolysis, which is initiated in the amorphous phase of

the polymer [43] and its rate strongly depends on the initial crystallinity of the

polymer [44, 45]. Tailor-made scaffolds with desired degradation rates can be

produced from amorphous PLLA scaffolds by allowing them to crystallize at the

cold crystallization temperature.

The degradation products of polylactides are acidic and can be toxic to

implanted cells if released in large quantities [46]. Some studies have shown

systemic or local reactions caused by acidic degradation products [28]. Concerns

about the biocompatibility of PLLA were heightened following the demonstration

that PLLA produced toxic solutions, probably as a result of acidic degradation,

usually in cases where the implant used was of considerable size [47]. Another

concern is the release of small particles during degradation in vivo, which can cause

an inflammatory response through phagocytosis by macrophages and

multinucleated giant cells [48]. It has also been noted that no adverse biological

responses occur in cases where the volume of the material used is relatively small

[9]. However, the biocompatibility of polylactide-based scaffolds is not high for all

type of cells due to the hydrophobic nature of the polymer [49], which may result in

impaired adhesion of human mesenchymal stem cells (hMSCs). The low wettability

is related to these findings [50]. It has been shown in a number of studies that

hydrophobic biomaterial surfaces hamper attachment of cells and/or impair their

subsequent growth and function [51]. The underlying reasons for this phenomenon

are the altered adsorption and conformation of adhesive proteins such as fibronectin

(FN), which may lead to impaired interaction with cellular adhesion receptors,

namely integrins [52, 53]. Furthermore, the adsorption of blood cells on porous

polylactide scaffolds indicates that these scaffolds are highly thrombogenic

[54]. Additionally, the absence of reactive functional sites on their chains is a

further limitation to their application as scaffolds. Because of these obvious draw-

backs regarding control of degradation and corresponding mechanical properties,

generation of acidic by-products, and limited support for cell adhesion, the modi-

fication of bulk composition and surface of polylactides has been introduced for

applications in tissue engineering [55]. These modifications are described in more

detail in Sects. 3 and 4.
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3 Tailoring the Bulk Composition of Polylactides

Despite the benefits of pure PLLA in cartilage and bone tissue engineering [23, 42,

56, 57], there is extensive literature on tailoring its bulk composition to develop

scaffolds with properties that best fit the properties of these tissues. The most

common modifications are aimed at regulating the degradation rate to align it

with the real production of new ECM and at achieving mechanical properties

more similar to those of the specific tissue. One problem is that polylactides have

long degradation rates of about 1 year or more. Even if hydrolysis first affects the

amorphous phase, completely amorphous samples have longer degradation rates

than semicrystalline samples, because degraded chains, instead of being released

from the polymer, remain in the samples and start to crystallize [44]. This means

that there is a limit to the degradation rate, which cannot be overcome by modu-

lating the crystallinity of the sample. Faster degradation rates can be obtained by

combining polylactides with other hydrophobic polymers with faster hydrolysis

rates or with hydrophilic polymers that speed up water absorption. Regarding the

mechanical properties, the same modifications that accelerate the degradation rate

can give rise to softer materials that are desirable, for instance, in cartilage regen-

eration [58]. When reinforcement is needed (e.g., in bone), organic–inorganic

composites can be effective for increasing the elastic modulus, which in turn

improves bioactivity [59, 60]. The ECM of cartilage is highly hydrated and,

consequently, hydrophilic materials such as hydrogels are preferred as a synthetic

matrix to replace this tissue [58]. However, hydrogels are extremely soft and

polylactides that can provide mechanical stability seem to be a better alternative.

However, the cell adhesive pore walls of PLA-based scaffolds are not adequate for

chondrocytes because they lose their phenotype when adhering to the pore surface

[61]. Hence, polylactides can be combined with hydrophilic polymers to reduce cell

adhesiveness, such as cylindrical osteochondral scaffolds based on PLA

[62, 63]. Devices less invasive to the subchondral bone have been proposed for

regenerating the articulation as a whole [64].

We summarize here the main strategies described in the literature for optimizing

bulk materials in the search for optimized degradation rates, mechanical properties,

and bioactivities that cannot be achieved with pure PLA polymers. We start by

reviewing block copolymers, because the resulting morphologies are more predict-

able than those obtained by blending. Then, we summarize the main blends and

discuss the use of blending as a cost-effective strategy. Polymeric networks are

systems that are not soluble in good solvents of the polymer, but are advantageous

in porogen-leaching manufacture of scaffolds, in preventing crystallization during

degradation, and in allowing incorporation of hydrophilic chains. Because of their

importance in regeneration of bone, we also review organic–inorganic composites

as bioactive systems with good mechanical properties.
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3.1 Block Copolymers

Three kinds of copolymers are usually synthesized: AB diblock, ABA triblock, and

multi-arm block copolymers. Because the blocks in the copolymers are usually

immiscible, they have phase-separated morphologies with ordered domains,

forming a variety of nanostructures, which can also be crystalline [65]. Despite

phase separation, because the blocks correspond to the same chain, the obtained

domains are normally smaller than found in blends and the resulting properties are

different. PLA is usually copolymerized with PGA to obtain poly(lactide-co-
glycolic acid) (PLGA) copolymers, with degradation rates regulated by the ratio

of their respective monomers [66, 67]. In contrast to PLA and PGA, PLGA

copolymers are amorphous with glass transition temperatures (Tgs) in the general

range of 45–55�C, depending on the lactide and glycolide ratio [68]. Glycolic acid

units are more hydrophilic than lactic acid units, meaning that copolymers rich in

the former present faster degradation than copolymers rich in lactic acid, with the

exception of the 50:50 copolymer that presents the highest degradation rate

[69]. The most commercialized compositions for medical products are 50:50,

65:35, 75:25, 85:15, and 90:10 [70]. Despite the advantages of these copolymers,

their toughness is too high for certain biomedical applications, and copolymeriza-

tion with more flexible chains is recommended. This is the case for L-lactide and

ε-caprolactone copolymers (PLCL) that are more flexible than PLA and PLGA

thanks to the low Tg of poly(ε-caprolactone) (PCL) (�60�C) and consequently

higher mobility of caprolactone blocks at body temperature [71]. For lactic acid

contents higher than 30 wt%, copolymers are amorphous with Tg values increasing
with lactide content, which also affects the mechanical properties [72]. Degradation

rates of these copolymers are usually faster than those of the homopolymers and can

be varied over a wide time range [73]. Such elastic, biodegradable PLCL scaffolds

are able to deliver effective mechanical stimulation to cells and could be useful for

cartilage regeneration [74].

Amphiphilic copolymers of PLA are very interesting because they are able to

reduce PLA brittleness and increase surface hydrophilicity, with controlled degrad-

ation rates. Poly(ethylene glycol) (PEG) block copolymers with PLA have been

proposed for making scaffolds due to the good biocompatibility and nontoxicity of

PEG. ABA triblock copolymers of PLLA-b-PEG-b-PLLA (PELA) exhibit a good

balance between degradation rate and hydrophilicity [75]. The Tg depends on

several factors, but is usually lower than that of pure PLA. As described [76], the

Tg ranges between 15 and 35�C. The melting peak is also shifted to lower temper-

atures and lies in the range of 60–120�C. These copolymers form a microphase-

separated structure with hard domains alternating with soft domains, forming a

thermoplastic physical hydrogel [76, 77].

The combination of PLA with polysaccharides is also an interesting strategy for

increasing the hydrophilicity and modulating the degradation rate of polyesters,

although the main application of these copolymers is focused on drug delivery

systems. For instance, amphiphilic brush-like copolymers of PLA and dextran have
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been proposed as compatibilizers of PLA/dextran blends, giving rise to blends with

improved mechanical properties [78]. In-situ forming microgels of hyaluronic acid

(HA) grafted with PLA find application in intraarticular administration of anti-

inflammatory drugs [79].

3.2 Blends

Polymer blending is perhaps the most economic solution for modifying the prop-

erties of PLA. However, as most polymers are immiscible, polymer blending gives

rise to phase-separated materials with domains that are usually larger than those

obtained in copolymers. Furthermore, the properties of the resulting blend can be

poorer than those of pure polymers if the microstructure is not adequate [80]. As

recently reviewed, compatibilization strategies can effectively enhance PLA prop-

erties in blends, but care has to be taken to maintain the material’s biocompatibility

for biomedical applications [81].

PLLA and PDLA of average molecular weights below 1 � 105 g mol�1 form

miscible blends because of their ability to form stereocomplexed crystallites that

melt at about 230�C, which is 50�C above the melting temperature of PLLA or

PDLA homocrystals [82, 83]. Stereocomplexation provides higher mechanical and

thermal stability to blends and extends the range of application of polylactides in

medicine [84]. As a consequence of stereocomplexation, PLLA/PDLA blends show

slower degradation rates than PLLA, which results in milder inflammatory reac-

tions in vivo [85].

Literature referring to PLA/PGA blends is rare, probably because phase separa-

tion gives rise to systems with properties that are not advantageous compared with

the copolymers. On the other hand, the resulting morphology of these blends allows

preparation of very interesting porous fibers by selectively solubilizing the PLA

phase of electrospun membranes [86]. PLLA blended with PLGA is more common

and can lead to materials with tailored degradation rates and mechanical properties

that depend on the molecular weight of the pristine polymers, lactide-to-glycolide

ratio in PLGA, and the blending ratio of both components [83]. A systematic study

on a range of compositions of PLLA and PLGA demonstrated that for a certain

composition (PLA/PGA 3:1), the blend is partially miscible and presents a Young’s
modulus higher than that predicted by the additive rule of phases [87]. This partial

miscibility also accelerates the degradation of the PLLA matrix, which can be

advantageous in tissue engineering.

Blending of PCL with PLLA increases ductility and improves the ultimate

strength of PLLA [83]. Although both polymers are immiscible, dispersing PCL

domains in the PLLA matrix increased elongation at break, toughness, and thermal

stability of PLLA as a result of the plasticizing effect of the mixed amorphous phase

and reduction in PLLA crystallinity [88]. Block copolymers of PLA and PCL can

be added to blends to increase their compatibility [89], giving reduced PCL domain

size when the copolymers are present.
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In a similar way as for copolymers, PEG blending with PLA leads to more

ductile materials with an accelerated degradation rate [83]. Blending avoids the use

of toxic catalysts employed in copolymer synthesis (e.g., stannous octoate)

[90]. More importantly, PEG chains in the blends act as plasticizer, facilitating

PLA extrusion [91] and direct 3D printing [92].

Attempts have been made to mix PLA with other hydrophilic biomaterials of

natural origin such as chitosan (CHI), starch, or gelatine (GEL) by the use of a

common solvent [62, 93–95]. However, in these cases, immiscibility is more marked

than when two hydrophobic polymers are mixed and processing processes need to be

modified to prevent large phase-separated domains that could compromise the prop-

erties of the blends. For instance, a PLA/CHI solution was precipitated in acetone

[93], which is a very fast way to eliminate the solvent, preventing phase separation to

some extent. Dimethyl sulfoxide (DMSO) is a common solvent of PLA andGEL and,

although phase-separated blends were obtained [95], the GEL-dispersed domains in

the blends with a content below 5% were of several hundred nanometers, without

reaching the micrometer scale. Furthermore, the mechanical properties did not

decreasemuchwith respect to pure PLA. GEL provided hydrophilicity and prevented

PLA crystallization, and the low content GEL mixtures were better than pure mate-

rials in terms of degradation profile. As a result, hydrogel blends of PLAhad increased

hydrophilicity, improved biocompatibility, and did not necessarily compromise the

mechanical properties of PLLA if present in a low percentage [25, 96]. A good

example of this combination is an osteochondral scaffold [62] made of a blend of

starch and PLLAon the cartilage side, whichwas found to possess adequate hydration

capability. For the bone region, where more stiffness and strength is required, PLLA

reinforced with hydroxyapatite (HAp) was used. PLLA elasticity was also regulated

by mixing with the microbial polyester poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) [97], which enhanced cell biocompatibility, particularly

for the 60:40 and 50:50 composition ratios [98].

3.3 Polymeric Networks

A polymer network is formed when a polymer is chemically crosslinked. If the

crosslinker has two or more functionalities, it is able to bind to two or more polymer

chains at the same time, forming a network that swells in the presence of a proper

solvent but does not dissolve in it. The interest on polymeric networks of PLA in

tissue engineering is dual. On the one hand, PLA allows the preparation of scaffolds

using porogen particles that need to be removed with organic solvents that are also

good solvents of PLA. For instance, porogens are present in templates formed by

sintered polymeric particles [99]. The precursor solution of the polymer is injected

in the voids of the template, polymerized and/or crosslinked, and the porogen is

then removed by dissolution with an organic solvent that must not dissolve the

polymer; this process generates a porous structure [99]. It is difficult to find a

combination of solvents for this technique because the porogen solvent also usually
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dissolves the PLA. The problem can be avoided by crosslinking PLA in the

presence of the porogen to avoid its dissolution when removing the porogen.

On the other hand, polymer network formation can prevent PLA crystallization,

giving rise to more ductile materials. It also permits the combination of PLA with

other polymers in the network, which can regulate PLA hydrophilicity, crystallin-

ity, and degradation rate.

Methacrylate end-capped PLA macromers were successfully synthesized

through condensation of PLA diol with methacrylic anhydride [100]. When a

solution of this macromer is exposed to UV light in the presence of an initiator,

the double bonds at the end of the chains are opened and radicals react with each

other, giving rise to PLA networks. The hydrophilicity of PLA in these systems can

be tuned by adding different amounts of an acrylic, hydrophilic monomer, which

accelerates hydrolytic and enzymatic degradation of PLA and promotes MSC

differentiation to the osteogenic phenotype [26, 100]. PLA crystallization is

prevented by network formation and the Tg of the polyester domains shifts from

45�C in the pure network to 40�C or less in the hydrophilic networks.

In a similar way, polymeric networks combining PLA and PCL can be prepared

by crosslinking solutions of methacrylate-terminated PLA and PCL macromers at

different proportions [101]. This strategy produces quasi-compatibilized networks

with a single Tg in the differential scanning calorimetry (DSC) thermograms that is

lower than for the pure PLA network and splits into two relaxations in the

differential mobility spectrometry (DMS) spectra, indicating segregation into

small domains of pure PCL. Combined networks are amorphous, except for a

70 wt% of PCL. Network formation from macromer solutions in the voids of a

polymeric template allowed synthesis of interconnected macroporous scaffolds

with different hydrophilicities that promoted osteogenic differentiation of MSCs

[102] and chondrogenic differentiation of de-differentiated chondrocytes [103].

PLA/CHI networks with short degradation times regulated by the amount of

PLA were successfully obtained by grafting PLA chains onto CHI in the presence

of stannous octoate and trimethylamine, subsequent methacrylation of the end

group of grafted PLA chains, and final exposure to UV light [104]. Because PLA

chains acted as crosslinker in these networks, the swelling capacity of CHI

increased with the addition of PLA, thus reducing the compressive modulus. This

system demonstrated injectability into the body and is a proper hydrogel scaffold

for tissue engineering of bone because it efficiently released BMP-2 growth factor

and induced osteoblastic differentiation and mineralization.

Hydrogel networks formed from multifunctional macromers of PLA-b-PEG-b-
PLA end-capped with dimethacrylate (DM) groups (PEG-LA-DM) are also inject-

able hydrogels that find application in tissue engineering [105]. Their combination

with a slowly degrading macromer such as PEGDM leads to networks with

different degradation rates that can induce osteogenesis and mineralization, both

of which increase with degradation time.
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3.4 Organic–Inorganic Composites

Hard tissues such as bone require scaffolds able to sustain the load applied in vivo.

Ceramic materials are brittle and stiff, and therefore macroporous materials made

with them are fragile. By contrast, most polymeric materials are unable to sustain

the applied loads in bone [106]. Of the biodegradable polymers, PLA offers good

mechanical properties and has been proposed for tissue engineering of bone.

However, in macroporous scaffolds, the mechanical properties are affected by the

porosity and reinforcement is a recurrent issue in bone replacement.

Nanocomposites of a PLA matrix reinforced with HAp or other ceramic material

such as tricalciumphosphate (TCP), silica, or bioactive glass have been developed

with the aim of enhancing the mechanical properties of PLA and designing porous

materials for tissue engineering of bone [107]. The popularity of these composites

lies not only in the mechanical reinforcement; the inorganic filler also acts as a

buffer for the decrease in local pH caused by PLA degradation products. Hence, the

filler modulates degradation rate and enhances cell adhesion, osteoconductivity,

and bioactivity of the PLA scaffold [107, 108]. Bioactivity has been defined as the

ability of a biomaterial to bind bone directly without forming any surrounding

connective tissue. Of the bioactive inorganic fillers, HAp is preferred because it has

the same formulation as mineral bone [Ca10(PO4)6(OH)2] and, from the crystallo-

graphic point of view, is the most similar to natural bone [108].

Finding the adequate amount of inorganic filler, properly dispersing it in the

polymeric matrix, and enhancing the interfacial bond strength with the matrix are

probably the most discussed challenges in obtaining the required bioactivity and

reinforcement for these composites [109]. Sonication of a solution of PLA in

dioxane containing HAp particles and subsequent freeze-extraction leads to proper

dispersion of HAp in membranes [110] and scaffolds [111]. As an example, Fig. 3

shows the SEM image of a PLLA membrane containing 10 wt% of HAp prepared

by freeze-extraction, together with the corresponding energy dispersive spectro-

scopy (EDS) scan that confirms the effective incorporation of HAp (Ca and P peaks)

[110]. The scan shows that HAp particles are homogeneously dispersed in the walls

of the pores.

To improve bioactivity, these composite scaffolds can be mineralized in vitro by

immersion in simulated body fluid (SBF) prior to implantation. Their integration in

the host bone and the bone regenerative potential is superior to that of

nonmineralized composites or bare PLA scaffolds, as described previously

[111]. In that study, we demonstrated that PLLA scaffolds, PLLA/HAp composite

scaffolds with 5 wt% of HAp, and PLLA/HAp scaffolds coated with biomimetic

apatite (by immersion in SBF) (PLLA/HAp/SBF) respond differently when

implanted into the bone of sheep [111]. Masson’s trichrome staining histologies

of implanted scaffolds and surrounding tissue are seen in Fig. 4a, and the detail of

the interface between the scaffolds and the host bone in Fig. 4b, demonstrating good

integration of the three scaffolds with the host tissue and no fibrous capsule

formation. The microscopic aspect of the regenerated tissue varied strongly with

scaffold composition (Fig. 4c). PLLA with and without HAp was invaded by a
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fibrous-like tissue with an abundance of COL fibers surrounding the PLLA pores.

The scaffold implanted with a layer of HAp covering its pores was invaded by

tissue that showed zones with an aspect very similar to osteoids (Fig. 4c, asterisks),

suggesting regenerated tissue more mature than in the other scaffolds. Quantifi-

cation of the area occupied by these osteoid structures is shown in Fig. 4d and the

extent of the COL type I expression (see [111]) confirmed these observations.

Despite the fact that organic–inorganic composites of PLA are beneficial for

bone regeneration in terms of bioactivity, the use of hydrophilic inorganic fillers

such as HAp or SiO2 has certain drawbacks because of poor interaction with the

hydrophobic PLA matrix. Even if these fillers are well dispersed within the matrix,

the mechanical properties of the composite scaffolds tend to be equal or inferior to

those of pure PLA. Filler particle surface modification by grafting prior to combi-

nation with PLA has been proposed as a way to overcome these drawbacks

[112, 113]. Chemical grafting is tedious and expensive, but there are cheaper

strategies that are also easier to apply and convenient. A mixture of the hydrophilic

fillers HAp and SiO2 was more effective in enhancing the mechanical properties of

PLLA scaffolds than either filler alone [114]. This ability was a result of the

hydrophilic interaction between particles that were oriented such that their hydro-

phobic part faced the PLLAmatrix, causing a stronger hydrophobic interaction with

the polymeric matrix [114]. Consequently, the Young’s modulus of the scaffold

containing a mixture of HAp and SiO2 was 30% greater than for the pure PLLA and

reached a value of ~7 MPa (Fig. 5), which is considerably higher than the usual

values obtained in polymeric scaffolds based on PLA. As expected, compression

moduli decreased after some time in SBF as a result of polymer degradation.

Fig. 3 Scanning electron micrograph (SEM) and energy dispersive spectroscopy (EDS) analysis

(inset) of a membrane of PLLA/HAp nanocomposite with 10 wt% of HAp and a surface plasma

treatment to increase its hydrophilicity. The membrane was manufactured by freeze-extraction

from a 15 wt% of PLLA solution in dioxane. Reprinted with permission from [110]
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Fig. 4 Masson’s trichrome staining of the histological sections of tissue regenerated by PLLA,

PLLA/HAp, and PLLA/HAp/SBF scaffolds 6 weeks after implantation: (a) View of the PLLA

implant inside the structure of the subchondral bone. (b) Detail of the edge between the implant

and host bone tissue. (c) Detail of the scaffolds and tissue regenerated inside their pores. (D)

Percentage area occupied by osteoids inside the scaffolds, as determined by ImageJ software

(10 fields per sample were used for the quantification). For the analysis, p< 0.05 was considered as

significant. Implants were placed in lesions performed in the femoral condyle of 3-month-old

healthy sheep. Tissue filling the pores of the scaffolds can be observed, but osteoids (asterisk) are
only present in the PLLA/HAp/SBF scaffold. Scale bars: 200 μm (a), 100 μm (b, c). Reprinted

with permission from [111]
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3.5 Commercially Available Products for Skeletal Tissue
Engineering

Despite the abundance of literature related to the use of PLA and its combinations

in tissue engineering, very few products reach the market or clinical trials. In tissue

engineering of cartilage, most of the matrices are composed of COL or hyaluronic

acid (HA) [58]. BioSeed®-C (BioTissue AG, Zürich, Switzerland) is the only

matrix material for autologous chondrocyte implantation based on PLA that is on

the market. It is a PGA/PLA/poly-p-dioxanone supportive matrix (derived from one

of the materials of biodegradable sutures, polyglactin 910) that is combined with

culture-expanded autologous chondrocytes suspended in fibrin glue and used for the

regeneration of cartilage lesions [115, 116]. The radiological outcome of the

clinical implantation of BioSeed®-C in knee lesions seems to be better than the

traditional therapy of autologous chondrocyte implantation, which is a proof of the

benefits of using scaffolds in cartilage defects [115].

Alvelac™ is a porous, osteoconductive, biocompatible, and biodegradable syn-

thetic scaffold synthesized from PLGA and polyvinyl alcohol (PVA) produced via

3D printing by Bio Scaffold International Pte Ltd. Its proposed application is for

regeneration of alveolar bone after teeth extraction [117], although other ortho-

paedic uses are being explored. As it is produced by 3D printing, the advantage of

this product is that scaffolds with the shape of the defect in the patient can be

produced. Soft Tissue Regeneration Inc. is currently involved in a clinical trial

study of their product L-C Ligament®, based on a PLLA scaffold designed to

facilitate re-growth of a patient’s anterior cruciate ligament (ACL) within the

knee [118].

Fig. 5 Apparent Young’s moduli at compression of PLLA, PLLA/HAp 90:10, and PLLA/HAp/

SiO2 90:9.5:0.5 scaffolds after various times of immersion in simulated body fluid. Reprinted with

permission from [114]
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4 Surface Modification of Polylactides by Chemical

and Physical Methods

4.1 Surface Modification of Polylactides

Certain disadvantages of polylactide polymers in several tissue engineering appli-

cations have been briefly discussed, such as the lack of cell adhesion motives and

their relative hydrophobicity, which can lead to undesired effects on protein

adsorption and subsequent interaction with cells [8, 9]. Surface modification of

polymers can be achieved by physical or chemical methods and has been reviewed

in detail in a number of publications [40, 119]. Physical modification of PLA by

adsorption of ECM proteins such as COL and FN has been suggested by some

authors, although the process is not well defined and lacks strategies for sterilization

because of the negative effects on proteins, making this method less suitable

[71]. Other methods of adsorption such as the layer-by-layer (LbL) technique can

be used to apply more stable molecules such as glycosaminoglycans (GAG) that

can mimic the natural environment of cells, but can be sterilized by UV radiation or

other techniques [120, 121]. A wide variety of chemical treatments for polymers

have been described in more detail in other reviews (e.g., [122]). Treatment of

polymers for the introduction of functional groups such as amino groups has been

carried out using nitrogen plasma or allylamine [123, 124]. Plasma treatment is

useful for polylactides, and its copolymers and blends, because the treatment does

not involve any organic solvents that can migrate into the polymer or water that can

induce hydrolysis. On the other hand, previous work has successfully shown the use

of wet chemistry for modification of PLA with bioactive molecules such as heparin

(HEP) or hirudin for applications in contact with blood [125, 126]. Extensive

reviews on the surface modifications of PLA can be found elsewhere

[71, 127]. Briefly, we describe ways to modify PLA by simple adsorption tech-

niques or chemical modification to introduce amino groups that promote cell

adhesion [53] and adsorption of bioactive GAG, which promotes not only cell

adhesion and spreading, but also differentiation of hMSCs.

4.2 Covalent Activation versus Adsorptive Binding
of Polyamines

Poly(ethylene imine) (PEI) is widely used as an agent to support transfection of

cells and has been immobilized on polymers such as polyimides, showing promot-

ing effects on the adhesion of keratinocytes [128]. Hence, surface modification of

PLLA cast films with different PEIs of either high (750 kDa) or low (25 kDa) MW

(either by adsorptive or covalent immobilization) was carried out to study the effect

on the activity of bone cells. The samples obtained after adsorption of PEI were

designated as AH (PEI MW 750 kDa) or AL (PEI MW 25 kDa), where A stands for

adsorption and H and L for high and low MW PEI, respectively. Covalent binding
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of PEI to terminal carboxylic groups of PLLA was achieved using N-
(3-dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS). Details of the procedure can be found elsewhere

[129]. The samples were designated as CH (PEI MW 750 kDa) or CL (PEI MW

25 kDa), where C stands for chemical binding of PEI.

Because the surface composition and properties of biomaterials dictate the

adsorption of proteins and adhesion of cells [16], surface characterization of

substrata using X-ray photoelectron spectroscopy (XPS) was carried out to quantify

the chemical composition after immobilization of PEI (as shown in Table 1). PLLA

contained 61.6% carbon and 38.4% oxygen. After PEI modification, the ratio of C

to O increased because carbon from PEI was bound to the surface. In addition,

Table 1 shows that nitrogen was found after deposition of PEI and increased for

samples modified with high MW (HMW) PEI, especially for sample CH with

3.7 mol% nitrogen, indicating that the covalent immobilization was most efficient.

The amino group density on PEI-modified PLLA films was quantified by acid

orange assay [128] and showed consistency with XPS studies regarding the higher

amount of amino groups when HMW PEI was used (Table 1). Water contact angle

(WCA) measurements using the sessile drop method confirmed these findings,

showing a decrease in WCA from about 72� for relatively hydrophobic PLLA to

about 57� for HMW PEI, irrespective of the modification method. The results were

in line with previous studies on PEI immobilization using other types of

polymers [128].

The promoting effect on biocompatibility and osteogenic activity of PLLA

modification with PEI of different MWs by either adsorption or covalent binding

was further studied with the osteoblast-like cell line MG-63 [130]. This cell line has

a controlled growth behavior and expresses osteogenic features such as alkaline

phosphatase (ALP) activity [131]. Studies of adhesion and proliferation of MG-63

cells on different sample surfaces revealed that adhesion and cell growth were

similar for all surface modifications with PEI but showed significantly lower cell

Table 1 Surface properties of PLLA films after immobilization of poly(ethylene imine)

Sample

Surface elemental

composition (mol%)

Amino group density (�1016 cm�2) Water contact angle (�)C N O

PLLA 61.6 – 38.4 – 72.4 � 0.3

AL 64.2 0.5 35.3 2.51 � 0.19 60.5 � 0.9

CL 63.7 0.5 35.8 9.36 � 0.62 59.4 � 0.6

AH 65.1 1.0 33.9 12.14 � 0.40 56.8 � 2.7

CH 63.3 3.7 33.0 12.79 � 0.36 56.2 � 1.9

AL adsorptive binding of low molecular weight PEI), CL covalent binding of low molecular weight

PEI, AH adsorptive binding of high molecular weight PEI, CH covalent binding of high molecular

weight PEI.

Surface elemental composition was obtained by XPS, amino group density of PLLA surfaces

measured by acid orange assay, and water contact angle with the sessile drop method (Modified

from [129])
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growth on plain PLLA, which corresponds to cell behavior on more hydrophobic

materials [53].

The osteogenic activity of cells was quantified by the expression of ALP, an

enzyme involved in the calcification of bone [131]. As shown in Fig. 6, no ALP

activity of MG-63 cells was detected on the tested surfaces at day 1, which

reflects the fact that ALP activity is upregulated at later stages of culture

[132]. After 6 days, the ALP activity of MG-63 cells increased significantly

and continued to rise until day 9. Cells cultured on PEI-modified samples

expressed significantly higher ALP activity ( p < 0.05) than those grown on

plain PLLA. However, no remarkable differences were observed between the

different PEI-modified surfaces.

The results indicate that PEI is useful for covalent and noncovalent modification

of polymer surfaces such as PLLA films. The inherent cytotoxicity of HMW PEI

found in other studies [133, 134] was not observed here, which suggests that it is a

suitable candidate for making hydrophobic polymer surfaces more biocompatible.

The choice of immobilization method (adsorptive or covalent) and the MW of PEI

(low or high) depends on the desired application, such as the preparation of

polyelectrolyte multilayers (PEM) on implant materials.
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Fig. 6 Alkaline phosphatase (ALP) assay for differentiation of MG-63 cells measured as absor-

bance (A405 nm) versus culture time. PLLA plain PLLA; AL or AH PLLA modified with low (L) or

high (H) molecular weight PEI by adsorption (A); CL or CH PLLA modified with low (L) or high

(H) molecular weight PEI by covalent binding (C). Asterisks indicate a significant difference

between PEI-treated samples and PLLA, with p � 0.05. Reprinted with permission from [129]

Tailoring Bulk and Surface Composition of Polylactides for Application in. . . 97



4.3 Physical Surface Modification of PLLA
with Polyelectrolyte Multilayers

Of the possible physical surface modification techniques, LbL assembly of poly-

electrolytes (PEL) is a simple method for generating multilayers on charged

material surfaces [120, 135]. The LbL technique is based on electrostatic interac-

tion between charged substrata and PEL in aqueous solution, followed by ion

pairing during their complexation on the surface [135]. In addition, hydrogen

bonding and hydrophobic, host–guest, and other interactions are useful for com-

plexation of macromolecules, particulate material, and cells on surfaces in an LbL

approach [120]. The inner structure and surface properties of PEM strongly depend

on PEL characteristics such as MW and presence of basic or acidic functionalities

(strong or weak). Solution temperature and composition in terms of PEL concen-

tration, ionic strength, and pH are also important [136, 137]. The LbL technique can

also be applied to prepare multilayers that partly resemble the composition of the

ECM by using matrix proteins and GAG. Here, we present an example using CHI as

polycation and GEL, HA, and HEP as polyanions for formation of multilayer films

on PLLA films. The experimental details can be found elsewhere [14]. The PLLA

films were pre-activated with HMW PEI by covalent binding to maximize the

content of amino groups that acquire a positive surface charge at acidic pH values

used during PEL adsorption [129]. Multilayer formation was carried out until 10 or

11 single layers were obtained. Layer growth was studied by surface plasmon

resonance (SPR), which quantified the adsorption of PEL by changes in the angle

shift. Figure 7 shows the results of SPR measurements for GEL/CHI, HA/CHI, and

HEP/CHI multilayer formation and represents the SPR angle shifts during forma-

tion of PEM on the sensor surface with a total of 11 PEL layers.

The SPR curves revealed different increases in layer mass for the three PEL pairs

studied. Combination of the strong PEL HEP with the weak PEL CHI resulted in the

largest angle shifts, indicating highest layer mass. Multilayer growth was expo-

nential compared with the rather linear growth of HA/CHI multilayers. Further-

more, growth of the HA/CHI system was low, and almost insignificant for the

GEL/CHI system. In addition, WCA measurements indicated whether the differ-

ences in growth regimes resulted in a specific surface wettability that depended on

the PEL pair as well as the terminal layer. As seen in Fig. 8, plain PLLA films were

rather hydrophobic, with a WCA value of 72�. Modification with PEI led to a

decrease in WCA to 60�, which was in accordance with previous investigations

[24, 129]. When this surface was exposed to the polyanions, a slight increase in

WCA was observed, especially for the PEL pair HA/CHI (71�) and GEL/CHI (65�).
The terminal layer of CHI/HEP had a lower WCA of about 50�. The results of these
studies showed that both chemical and physical surface modification of PLLA can

change the overall physical properties such as wettability, but also the chemical compo-

sition of the surface without a change in bulk properties of the material.

Human MSCs, isolated from bone marrow and other tissues, possess multipotent

differentiation capacities that are stimulated by appropriate signals [138, 139]. The

induction of MSC differentiation is a highly programmed, lineage-specific process
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at the molecular level controlled by hormones, cytokines, and growth factors [140] and

by the nature and topography of scaffolds [141]. We studied whether the modification

of PLLA with PEM, which leads to a change in the microenvironment because of the

different surface composition, can have a synergistic effect in the presence of osteo-

genic stimuli on the osteogenic differentiation of MSCs. Because long-term culture in

normal medium revealed strong differences in cell morphology and growth of large

nodules on HA and HEP layers, alterations in osteogenic differentiation were expected

[129, 142]. Here, osteogenic differentiation of hMSCs was visualized by staining

calcified areas with Alizarin Red, as shown in Fig. 9.

The strongest staining in cells cultured in normal medium was found in cultures

on CHI/GEL multilayers (Fig. 9, left column), where large areas with strong red

color were visible, indicating the formation of calcified areas. Previous reports have

indicated that strong spreading of hMSCs resulted in upregulation of genes related

to osteogenic differentiation [143]. The results in this study are consistent with

previous reports [143], because both cell adhesion and proliferation studies have

demonstrated strong spreading of hMSCs on CHI/GEL multilayers [144]. In con-

trast to this, hMSCs cultured on CHI/HEP grew in aggregates, but did not show

significant staining. Weak staining was also observed in cultures on plain PLLA and

CHI/HA, indicating limited formation of calcified areas. Interestingly, some weak

staining was only found there in nodules formed during long-term culture of

hMSCs.

Striking differences were found when hMSCs were cultured on PEM-coated

PLLA in osteogenic medium (Fig. 9, right column). Generally, it is anticipated that

nodule formation is a consequence of osteogenic differentiation, which seemed to

be supported by the more hydrophilic nature of the polyanions HA and HEP. These

studies on MSC differentiation demonstrate that the simple coating of PLLA with

PEM made of ECM components can lead to a change in the microenvironment of

cells, thus promoting the desired differentiation of MSCs into osteoblasts.

5 Summary and Outlook

We summarize here the benefits of using PLA in engineering of skeletal tissues.

Bimodal pore architectures can be obtained from freeze-extraction and particle

leaching with micro- and macroporosity that enable modulation of permeability and

mechanical properties by changing the solvent content and porogen amount. Fur-

thermore, several bulk modifications of PLA (copolymerization, blending, network

formation, and composite design) allow the properties of scaffolds to be adapted for

different requirements in engineering of bone and cartilage. Although the feasibility

of PLLA scaffolds for the culture and differentiation of MSCs into chondrocyte-like

cells has been demonstrated [57], combination of PLA with hydrogels seems to be a

more powerful strategy for articular cartilage regeneration [103]. Organic–inor-

ganic composite scaffolds of PLA can be optimized as structures for bone replace-

ment, where the filler acts as mechanical reinforcement, confers bioactivity, and

neutralizes acidic degradation products of PLA.
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Fig. 9 Alizarin Red staining of human mesenchymal stem cells (hMSCs) cultured on multilayers

from gelatine/chitosan (GEL), hyaluronan/chitosan (HA) and heparin/chitosan (HEP) in normal

medium (DMEM with 10% FBS, left) or osteogenic medium (DMEM, 10% FBS and osteogenic

inducer, right) after 3 weeks. Note that cells were cultured on the terminal polyanion layers

(Scale bar ¼ 100 μm). Reprinted with permission from [14]
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In addition to changing the bulk properties of PLA, different surface modifi-

cation techniques can be applied to tailor the surfaces for specific applications in

tissue engineering. We present simple physical (adsorptive) and chemical modifi-

cations that could allow improved adhesion and growth of bone and other cells. In

addition, ECM components such as proteins and GAG can be used to change the

microenvironment of cells, fostering their differentiation into the desired lineage,

such as described here for osteogenic differentiation of hMSCs.
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Abstract Various drug delivery systems are being rapidly developed for con-

trolled drug release, improved efficacy, and reduced side effects with the goal of

improving quality of life for patients and curing disease. Poly(lactic acid) (PLA)

possesses numerous advantages compared with other polymers, including biocom-

patibility, biodegradability, low cost, environmental friendliness, and easily mod-

ified mechanical properties. These properties make PLA a promising polymer for

biomedical applications. This review introduces the specific characteristics of PLA

that enable its application for controlled drug delivery and describes different forms

of PLA used for drug delivery, including nanoparticles, microspheres, hydrogels,

electrospun fibers, and scaffolds. Previous work is summarized and future devel-

opment is discussed.
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1 Introduction

There are serious problems associated with the therapeutic use of small molecule

drugs (SMDs), including insolubility, instability (e.g., rapid degradation in physi-

ological environments), sequestration within the blood space by endothelial bar-

riers, and poor uptake by tissues and cells [1–3]. A wide variety of drug delivery

systems (DDSs) have been designed to overcome these challenges, which are of

crucial importance in healthcare and clinical applications [3–7]. Drug delivery is a

process, by which specific drugs are delivered to a target area in the organism (i.e.,

animals or humans) to achieve a therapeutic effect [8]. Controlled DDSs can be

specially designed to increase the solubility of SMDs, improve stability by

preventing SMD degradation under physiological conditions, reduce side effects

by targeting the lesion regions without affecting healthy sites, and maintain

sustained drug release at optimal doses [9, 10]. Moreover, the use of DDSs removes

the need for frequent administration, which is the primary cause of various degrees

of bodily injury. As a result, DDSs have shown significant efficacy in improving

quality of life in patients. Packaging an existing clinically approved drug into an

effective delivery system as an advanced formulation can also reduce the economic

cost and time required for new drug development.

In controlled DDSs, the carriers are as important as the bioactive drugs. Suc-

cessful delivery of drugs to target tissues requires that the carriers sustain good

stability during administration. Additionally, these carriers should be biocompati-

ble. A variety of polymers, including natural and synthetic polymers, can serve as

drug carriers, but few can meet the requirements of acceptable biocompatibility,

biodegradability, and absorbability [9, 11]. Recently, the field has begun to pay

more attention to the use of biodegradable polymers as drug carriers because of

their extraordinary performance [9, 12]. Many forms of carriers, including

nanoparticles (NPs), microspheres, hydrogels, electrospun fibers, and scaffolds,

have been investigated for the delivery of different types of drugs or for adaptation

to different situations in in vivo microenvironments.

Among the numerous biodegradable polymers that have been used as drug

carriers, poly(lactic acid) (PLA) is one of the most promising candidates (Fig. 1).
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PLA can be fabricated into various forms for controlled drug release, including NPs

[13, 14], microspheres [15], hydrogels [16], electrospun fibers [17], and scaffolds

[18]. Its various advantages include being environmentally friendly, existing in

multiple forms, exhibiting good biocompatibility and biodegradability, sustaining

long drug retention times, having easily modified mechanical properties, and being

low cost [19, 20].

PLA is derived from renewable sources, such as sugar, maize, potato, sugarcane,

and beet [21]. It is prepared by different polymerizations of lactic acid, which is in

turn typically produced by bacterial fermentation [22] or glycolysis [23], with little

environmental pollution. Furthermore, lactic acid, the degradation product of PLA,

can be removed completely in vivo. Therefore, PLA is a green biomaterial.

Lactic acid is a chiral molecule existing as L and D isomers (Fig. 2). PLA exists

primarily in three forms: poly(L-lactic acid) (PLLA), poly(D-lactic acid) (PDLA),

and poly(D,L-lactic acid) (PDLLA) [22, 24, 25]. Of these, PLLA has attracted the

most attention in DDSs as a result of its favorable mechanical properties. However,

Fig. 1 PLA-based carriers for controlled drug delivery. (a) TEM image of PLA nanoparticles

[13]. (b–e) SEM images of (b) microspheres [15], (c) hydrogels [119], (d) electrospun fibers [17],

and (e) scaffolds [18]. Reproduced from [13] with permission of Springer, from [15, 119] with

permission of Elsevier, from [17] with permission of American Chemical Society, and from [18]

with permission of John Wiley and Sons, respectively
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because PLLA has a long degradation time and is therefore likely to cause inflam-

matory responses in vivo, it is often used in combination with polymerization of D,

L-lactide monomers [22, 26].

Biocompatibility is a highly desirable trait in DDSs and has been the focus of

much research. PLA is biodegradable with high biocompatibility and does not

circulate in vivo for extended periods of time. Although PLA is hydrophobic, it

can undergo scission, primarily by hydrolysis, to monomeric units of lactic acid

in vivo even in the absence of enzymes [21]. This degradation process leaves no

foreign or toxic substances because lactic acid is a natural intermediate of carbo-

hydrate metabolism [27, 28]. As a result, PLA is highly biocompatible, biodegrad-

able, and bioresorbable in vivo.

Another advantage of biodegradable PLA DDSs is their long retention time.

Compared with other polymers, PLA possesses better biodegradability, which is

relatively moderate and can be properly controlled. This biodegradability mainly

relies on the crystallinity, morphology, and relative molecular mass of the polymer

[20]. PLA tends to be crystalline when the PLLA content is higher than 90%,

whereas the less optically pure form is amorphous [22]. Auras et al. [29] reported

that the densities of solid PLLA, PDLLA, crystalline PLA, and amorphous PLA are

1.36, 1.33, 1.36, and 1.25 g cm�3, respectively. PLA of low molecular weight is

preferred for use as a drug carrier because it has a shorter degradation time, giving

better release properties [30]. For drug carriers composed of nondegradable poly-

mers, the drug release rate slows gradually with a reduction in the amount of

encapsulated drug. PLA systems avoid this problem because the structure of PLA

gradually loosens with continued degradation in vivo. As a result, the resistance to

drug diffusion out of the PLA carrier is reduced, and the drug release rate is

Fig. 2 Chemical structures

of L-lactic acid, D-lactic

acid, L-lactide, D-lactide,

PLLA, and PDLA
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upregulated. Because the increased drug release rate counteracts the reduced drug

concentration, a long-term constant release of drug from the carrier can be

achieved [31].

The chemical and physical properties of PLA, especially its biocompatibility and

biodegradability, are easily influenced by adding different surfactants or changing

the molecular weight, size, shape, temperature, and moisture [21, 22, 29]. This

enables the creation of desired DDSs under specific conditions with different

formulations [32–38]. It is also possible to control the distribution and release

behavior of drugs in the PLA devices. As a typical example, Fernandez et al. [39]

extracted proanthocyanidins from grapes and stabilized them with PDLA using an

emulsion-evaporation method. They evaluated three factors in the formulation:

sonication time for the emulsion process, loading of grape extracts, and concentra-

tion of stabilizing agent. They concluded that the extract load and stabilizer

concentration were closely related to the properties of this drug model. Wei et al.

[25] loaded oxaliplatin (OXA) into NP and compared the drug delivery character-

istics of poly(ethylene glycol) (PEG)�PLA NP with that of PLA-only NP. They

found that the OXA concentration in the tumor in the PEG�PLA NP group was

higher than that in the PLA NP group. Furthermore, less OXA accumulated in the

liver and lungs after PEG�PLA NP was administered. The results indicated that the

PEG-modified platform possessed good drug retention ability and could deliver

more drugs to the target sites. Many others have demonstrated that PEG can resist

nonspecific absorption of proteins in the blood [40–44]. However, PEG has some

limitations as a coating for PLA DDSs, particularly in achieving effective PEG

surface densities [45, 46]. To combat this problem, Deng et al. [47] applied

hyperbranched polyglycerol (HPG) as an alternative coating of PLA NP. They

found that the antitumor agent camptothecin (CPT) had a longer blood circulation

time, higher stability, less accumulation in the liver, and better therapeutic effec-

tiveness against tumors in the HPG�PLA NP group than that in the PEG�PLA NP

group. They concluded that HPG is a better surface coating for NPs than PEG for

applications in drug delivery. In a study performed by Yamakawa et al. [48],

neurotensin analogue-loaded PDLLA microspheres with different PLA molecular

weights were prepared. The authors found that when the molecular weight changed,

the rate of initial burst and the length of time, over which the drug was released,

varied. Zeng et al. [49] examined the influence of surfactants on the diameter of

electrospun PLLA fibers by adding cationic, anionic, and nonionic surfactants, that

is, triethyl benzyl ammonium chloride, sodium dodecyl sulfate, and aliphatic

PPO�PEO ether, respectively. Rifampin (RIF; a drug for tuberculosis) and pacli-

taxel (PTX; an anticancer drug) were used as model drugs and loaded into PLLA

fibers. It was revealed that the addition of each of the three types of surfactant could

reduce the diameter and narrow the distribution of electrospun fibers. Furthermore,

RIF contained in these fibrous mats could be released constantly with no burst

release behavior.

All the advantages of PLA make it a popular drug carrier matrix, and it has been

approved by the Food and Drug Administration (FDA) for in vivo applications in

humans [21]. The next section gives details on different forms of PLA for
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controlled drug delivery, including NPs, microspheres, hydrogels, electrospun

fibers, and scaffolds.

2 PLA-Based Carriers for Drug Delivery

With the assistance of DDSs, it is possible to achieve a much greater therapeutic

effect for many clinical applications, including a reduced pain burden and improved

quality of life. It is also possible to limit side effects by controlling drug release rate

and specifically transporting drugs to target sites [50]. A variety of advanced

delivery systems have been developed to achieve high efficiency and safety in

drug delivery and overcome the disadvantages of traditional formulations

[24, 25]. The biomedical applications of PLA-based drug carriers discussed in

this section are summarized in Table 1.

2.1 Nanoparticles

NPs are spherical skeletons composed of polymer matrix, with diameters ranging

from 1 to 500 nm.

2.1.1 Properties

Of the various categories of drug carrier systems, NPs have attracted the most

attention because of their unique properties [34, 51]. NPs have many advantages

compared with other DDS formulations. First, NPs have a high drug retention rate,

which can prevent inactivation in vivo; second, NPs allow well-controlled drug

distribution by delivering drugs to disease sites with few side effects in other areas;

and third, NPs allow long-term drug release [52, 53]. A variety of biocompatible

and biodegradable biomaterials, especially PLA, have been used as raw materials

for NPs, thereby increasing their clinical utility.

2.1.2 Applications

PLA NPs have been the subject of much interest as DDSs to access the central

nervous system (CNS) [54]. The blood–brain barrier (BBB) is a significant chal-

lenge for drug delivery to the CNS, because it is composed of special endothelial

cells that form tight junctions, blocking drug transport into the CNS [34, 52]. Drugs

are typically unable to pass through the BBB in free form [34]. However, by

varying the molecular weight of PLA and using surfactants or surface modifica-

tions, the PLA NPs loaded with different drugs can be successfully delivered to the

CNS. For example, Liu et al. [13] prepared the breviscapine (BVP)-loaded PDLLA

NPs of different sizes and investigated the distribution of BVP in rats. The mean
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Table 1 PLA-based carriers for drug delivery

Category Polymer Drug Application Reference

NPs PDLLA BVP Penetrating BBB [13]

PLLA Ritonavir (RIT) Penetrating BBB [55]

PLA MTX Intranasal

delivery

[61]

PLA Endostar Cancer therapy [63]

PEG�PDLLA IFF Cancer diagnosis [64]

PEG�PDLLA PTX and RAP Cancer therapy [65]

PLA BF2dbmPLA Cell imaging [72]

PEG�PLA TNFα Inflammatory

bowel disease

[73]

PEG�PLA TNFα Inflammatory

bowel disease

[73]

PLA TC Antibacterial [74]

PEG�PLA Minocycline (MC) Periodontitis [44]

PLA/PLGA TC Periodontitis [76]

PLA Bone morphogenic

protein 2 (BMP-2)

Bone repair [77]

PLA Betamethasone phos-

phate (BMS)

Autoimmune

uveoretinitis

[79]

PEG�PLA Bis-triazole DO870 Chagas disease [80]

Microspheres PLLA�PEG�PLLA MTX Cancer therapy [97]

Dextran/

PLGA�PLA

rIL-2 Cancer therapy [98]

PDLLA Epirubicin (EPI) Cancer therapy [99]

PLLA 5-FU Cancer therapy [100]

PDLLA CDDP Cancer therapy [101]

PLLA PTX Cancer therapy [103]

PLA 5-FU Cancer therapy [104]

PLA 5-FU Cancer therapy [106]

PEG–PLA Amphotericin B

(AmB)

Local antibiotic

delivery

[108]

PLA Gentamicin (GEN) Local antibiotic

delivery

[109]

PLA Piroxicam (PIR) Anti-

inflammation

[112]

PLA IL-1β Vaccine [113]

PLA TV and FEP proteins Vaccine [114]

PLA/PLGA IFN-γ Vaccine [116]

PLLA HBsAg Vaccine [117]

Hydrogels PEG�PLCPHA CEF Antibacterial [125]

PLA/PEO/PLA Bovine serum albu-

min (BSA) and fibrin-

ogen (Fib)

Drug release [126]

PEG�PLA CDDP Drug release [128]

PLEOF Stromal derived fac-

tor-1α (SDF-1α)
Tissue

engineering

[127]

(continued)
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Table 1 (continued)

Category Polymer Drug Application Reference

PLA�L64�PLA DTX and LL-37

peptide

Colorectal perito-

neal

carcinomatosis

[129]

PLA�DX�PEG siRNA Bone repair [130]

PLA FGF and IGF-1 Cardivascular

engineering

[131]

Electrospun

fibers

PLLA 5-FU Cancer therapy [140]

PLLA DOX Cancer therapy [137]

PEG�PLA/PLGA Cefoxitin (CFX) Adhesion

prevention

[142]

PLLA Silver NP Antibacterial and

anti-adhesion

[144]

PLLA IBU Anti-inflamma-

tion and anti-

adhesion

[145]

PELA Celecoxib (CEL) Adhesion

prevention

[146]

PELA IBU Adhesion

prevention

[147]

PLLA bFGF Adhesion

prevention

[148]

PLLA Bone marrow MSCs Vascular tissue

engineering

[149]

PLLA TGF Annulus fibrosus

repair and

regeneration

[152]

PDLLA 2,3-

Dihydroxybenzoic

acid (DBC)

Antibacterial [153]

PLA Polybiguanide (PBG) Antibacterial [154]

PLA/PCL KGF Wound healing [158]

PLA/PGA IBU Wound healing [159]

Scaffolds PLA VEGF Bone repair [163]

Chitosan/PLLA BMP-2-derived

peptide

Bone repair [165]

PLLA Tranilast (TRA) Local drug

delivery

[167]

PLA EGF Nerve

engineering

[168]

PLLA Retinoic acid (RA) Nerve

engineering

[171]

PLLA β-Tricalcium phos-

phate (β-TCP)
Bone repair [170]

PLLA ALK Wound healing [172]

PLA CUR Wound healing [173]

PLA/PCL KGF Wound healing [158]

PLA IBU, ALK, and CUR Wound healing [174]
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diameters of these NPs were 177 and 319 nm. The BVP-loaded PDLLA NPs could

not only avoid capture by the reticuloendothelial system (RES), but also penetrated

the BBB and enhanced accumulation of BVP in the brain. Additionally, a larger NP

could deliver more BVP to the CNS. In another study, the PLLA NP loaded with

ritonavir (a protease inhibitor) was attached to a trans-activating transcriptional

activator (TAT) peptide [55]. The results indicated that TAT increased the transport

of NPs across the BBB. In addition, the TAT-conjugated NPs were able to maintain

a therapeutic drug level in the brain, which could be effective in controlling viral

replication in the CNS. In a recent study, Sun et al. [56] demonstrated that the

coating was necessary for drug delivery across the BBB. Compared with the

modified PLA NP, the unmodified platform was able to deliver only a small amount

of drug to the brain [34, 57–59]. However, in all cases, less than 1% of the

administered dose reached the CNS, far less than enough to achieve a significant

therapeutic effect.

By-passing the BBB is another efficient way of achieving drug delivery for CNS

diseases. Intranasal delivery is one such method for circumventing the BBB and not

only provides rapid access to the CNS, but also avoids first-pass hepatic clearance

and tends to avoid systemic side effects [60]. Unfortunately, the brain concentration

of drugs delivered intranasally is often still too low to achieve a desired therapeutic

effect. NPs may help to solve this problem: loading drugs into NPs can protect them

from degradation in the nasal enzymatic microenvironment. For example, Jain et al.

[61] delivered methotrexate (MTX) by designing the thermosensitive PLA NP that

exhibited enhanced residence time in the nasal cavity and by-passed the BBB. The

results indicated that more NP was detected in the brain than free drug. Xia et al.

[62] applied low molecular weight protamine (LMWP) to decorate the surface of

methoxy poly(ethylene glycol) (mPEG)�PLA NP and determined the percentage

of drug delivered to the brain after intranasal administration. Their results showed

that the LMWP-modified mPEG�PLA NP could be more effectively delivered to

the CNS than the unmodified one.

PLA NPs are also widely used for the diagnosis and treatment of cancers. Li

et al. [63] first fabricated PLA NP encapsulating Endostar, then conjugated the

near-infrared (NIR) dye IRDye 800CW and GX1 peptide onto NP (IGPNE). With

NIR, fluorescence molecular imaging, and bioluminescence imaging, they were

able to use this composite to attain a real-time image of U87MG tumor. Further-

more, IGPNE accumulated in the tumor site and had an antiangiogenic therapeutic

effect. Miller et al. [64] incorporated dechloro-4-iodo-fenofibrate (IFF) into the

core of PEGylated PDLLA (PEG�PDLLA) micelle and investigated its effect on

tumor targeting, as shown in Fig. 3a. The results showed that the separation process

of the drug from the carrier was extremely fast and that the drug accumulated more

in the tumor than did the carrier (Fig. 3b, c). Mishra et al. [65] investigated the

angiogenesis inhibition effect of mPEG-b-PDLLA micelle loaded with PTX and

rapamycin (RAP). The results indicated that the PTX�RAP dual drug micelle had

an enhanced antiangiogenesis effect that was promising for cancer chemotherapy.

Other studies have also reported the anticancer effects of PLA DDSs loaded with

chemotherapy drugs [66–71].
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PLA NPs also play an important role in other areas, such as live cell imaging and

treatment, and diagnosis of various other diseases. For instance, Contreras et al. [72]

prepared the PLANP based on difluoroboron dibenzoylmethane dye (BF2dbmPLA).

They found that the BF2dbmPLA NP could be internalized into cultured HeLa cells

by endocytosis and that the NP retained its fluorescence property, suggesting that

the unique optical property of this complex could be harnessed for live cell imaging.

In another study, the Fab0-bearing siRNA tumor necrosis factor α (TNFα)-loaded
PEG�PLA NP was prepared and studied for use in inflammatory bowel disease

[73]. The in vivo experiment indicated that colitis was inhibited efficiently as

the TNFα-siRNA-loaded NP was released to and accumulated in the diseased

area. Babak et al. [74] prepared PLA DDSs for long-term antibacterial applications.

They designed the composite platforms of poly(ε-caprolactone) (PCL) with differ-

ent concentrations of the triclosan (TC)-loaded PLA NPs and investigated their

drug release properties and antibacterial effects. Because of the advantages of

PLA, including its higher glass transition temperature (Tg) and lower flexibility,

Fig. 3 Micelle composition and metabolism in vivo [64]. (a) The core component consists of

PDLLA, which hosts the radioactively labeled drug 131IFF or 125IFF. The particle shell is covered

with PEG. The surfaces show a mixture of 111In-DOTA-HN-PEG and H3CO-PEG. (b)

Biodistribution (%ID) of polymer carrier and (c) IFF drug payload (%ID). All statistical data are

presented as mean � standard deviation (SD; n ¼ 3). Reproduced from [64] with permission of

Elsevier
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this biocomposite showed reduced burst release of TC and an antibacterial effect

that lasted approximately 2 years.

Various other studies have shown the therapeutic effect of drugs loaded into

PLA NPs against many diseases, including hearing loss by cisplatin (CDDP)

chemotherapy [75], periodontitis [44, 76], colitis [73], acute hepatic failure [73],

bone fracture [77], dermatitis [78], autoimmune uveoretinitis [79], and Chagas

disease [80].

2.2 Microspheres

Microspheres are another kind of fine particle dispersion system in which drug

molecules are dispersed or adsorbed. The diameters of microspheres range from

1 to 250 μm, and the main difference between NPs and microspheres is their size

[81]. Because microspheres are larger than NPs in size, they are unlikely to cross

biological barriers. Furthermore, microspheres tend to stay in place if injected into

certain tissues. Additionally, microspheres can be only taken up by phagocytosis,

whereas NPs can be taken up by both phagocytosis and pinocytosis [81]. For these

reasons, microspheres are most widely used in cancer treatment as DDSs. However,

NPs can be applied in many medical areas, as discussed in Sect. 2.1.

2.2.1 Properties

The drug-loaded microspheres can disperse specifically to target tissues in vivo,

improving local drug concentrations and reducing systemic side effects. As a result

of their excellent biocompatibility and biodegradability, PLA and its copolymers

are the most frequently used polymers for DDSs. However, discovering which

factors affect the rate of microsphere degradation and achieving more appropriate

degradation behaviors is extremely important. Previous studies have found that the

degradation of microspheres is associated with molecular weight, polymer crystal-

linity, microsphere size, and the presence of drugs [82]. Li et al. [83] found that a

copolymer with 50% lactic acid and 50% glycolic acid (50:50 PLGA) has a shorter

half-life period than 75:25 PLGA, and degrades faster than PLA.

The PLA-based microspheres loaded with different drugs are primarily deliv-

ered by intravascular injection, subcutaneous injection, in situ injection, and oral

administration. Various types of drugs have been loaded into microspheres for

medical applications, including anticancer drugs, antibiotics, antituberculosis

drugs, antiparasitic drugs, asthma drugs, and vaccines. Of these, anticancer thera-

peutics have been most studied.

The microspheres composed of biocompatible and biodegradable polymers like

PLA can also increase the stability and bioavailability of drugs, reduce gastroin-

testinal irritation, prolong the duration of drug release, and deliver drugs to target

sites [84, 85]. Guan et al. [86] formulated the PLA microspheres loaded with
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lovastatin (LVT) for oral administration, and evaluated the in vitro and in vivo

characteristics of the microspheres. They concluded that PLA microspheres could

significantly prolong the circulation time of LVT in vivo and also significantly

increase the relative bioavailability of LVT. Ding et al. [15] evaluated the drug

loading ability and drug release behavior of amorphous calcium phosphate (ACP)

microspheres containing mPEG–PDLLA. The ACP porous hollow microspheres

were found to have a high docetaxel (DTX) loading capacity, thus causing more

damage to tumor cells. Lu et al. [87] prepared the RIF-loaded PLA microspheres

using the electrospray technique and showed that drug release from the micro-

spheres lasted for more than 60 h in vitro. In another study, Chen et al. [88]

formulated the emodin (ED)-loaded PLA microspheres and studied their lung-

targeting effect. Apart from determining the optimal parameters for formulation

and sustained drug release, this research also indicated that ED was mainly deliv-

ered to lung tissue without causing toxicity to the liver and kidneys. Mirella et al.

[89] compared PLLA microspheres with poly(lactide-co-glycolide) (PLGA) micro-

spheres prepared by the same technique. They concluded that the PLLA micro-

spheres had the best physical properties, the highest drug loading content, and the

most efficient drug release behavior without any burst effect. Other studies have

similarly shown that PLA microspheres increase drug release time, stability, and

bioactivity, all of which increase their medical applicability [90–96].

2.2.2 Applications

PLA microspheres are primarily used for delivering anticancer drugs to target sites.

In a study conducted by Chen et al. [97], the in vitro and in vivo antitumor efficacy

of magnetic composite microspheres of the MTX-loaded Fe3O4-PLLA-PEG-PLLA

(MMCMs) was investigated. The results from experiments at the cellular, molec-

ular, and integrated level indicated that MMCMs with magnetic induction possess

the ability to accumulate MTX in tumor tissue, leading to apoptosis of the tumor

cells. Zhao et al. [98] investigated the antitumor efficacy of dextran/PLGA�PLA

core/shell microspheres loaded with recombinant interleukin-2 (rIL-2), as depicted

in Fig. 4. They injected a single dose of microspheres intratumorally in a subcuta-

neous colon carcinoma BALB/c mouse model and demonstrated that the antitumor

effect of the microspheres was promising. Tumor growth was significantly

suppressed in the rIL-2-loaded microsphere group (Fig. 4). Zhou et al. [99] explored

the use of epirubicin (EPI)-loaded PDLLA microspheres for treating hepatocellular

carcinoma (HCC) in mice. Compared with the blank microsphere group and the

normal saline control group, the group treated with the EPI-loaded PDLLA micro-

spheres had the longest survival time, which indicated that the PLA microspheres

combined with EPI are highly effective in treating HCC in mice. In another study,

the PLLA microspheres containing 5-fluorouracil (5-FU) were prepared [100]. The

authors found that the microspheres were primarily located in the liver and were

more efficient than free 5-FU in prolonging the survival time of rats with liver

tumors. In a study performed by Kuang et al. [101], the PDLLA microspheres
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loaded with CDDP were injected into mammary tumors in rats. These microspheres

had a similar antitumor effect as aqueous CDDP solution in that the tumor became

significantly smaller or disappeared 16 days after treatment. Fascinatingly, the

CDDP-loaded PDLLA microspheres showed less nephrotoxicity than the aqueous

CDDP solution. Other studies have also revealed the anticancer effects of drug-

loaded PLA microspheres and provided an experimental basis for further therapies

[102–106].

In addition to anticancer drugs, other kinds of drugs, including antibiotics [107–

109], anti-TB drugs [110], asthma drugs [111, 112], and vaccines [113–118] have

been loaded into PLA microspheres. Consequently, PLA microspheres are another

widely used DDS for medical applications.

Fig. 4 Properties and antitumor efficacy of rIL-2-loaded dextran/PLGA�PLA core/shell micro-

sphere [98]. (a) SEM image of drug-loaded microsphere. (b) In vitro cumulative rlL-2 release

profile of loading microsphere in phosphate-buffered saline (PBS) of pH 7.4 at 37 �C. Error bars
represent the SD (n ¼ 3). (c–f) In vivo antitumor efficacy of rlL-2-loaded dextran/PLGA�PLA

core/shell microsphere toward BALB/c mice bearing colon carcinoma. All mice were euthanized

on day 22, and tumors were stripped, weighed, and photographed. (c) Representative photographs

of tumors. (d) Representative photographs of BALB/c mice bearing tumors. (e) Tumor volumes in

the different groups (blank microsphere, rIL-2 solution, and rIL-2-loaded microsphere) as a

function of days post-treatment. Arrow represents the day that each formulation was administrated

for the first time. (f) Tumor weights after euthanizing on day 22. Data are expressed as mean� SD

(n ¼ 4). Reproduced from [98] with permission of Elsevier
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2.3 Hydrogels

Hydrogels, a type of three-dimensional (3D) polymer network containing signifi-

cant amounts of water [119, 120], have received increasing attention in the fields of

drug delivery and tissue engineering [121, 122].

2.3.1 Properties

The environmentally sensitive hydrogels are widely studied because of their bio-

compatibility and resemblance to biological tissues [123]. As a result of its bio-

compatibility, PLA has gained favor for the construction of hydrogels. The most

attractive feature of PLA hydrogels is their thermal sensitivity: the PLA copolymer

is soluble at room temperature and changes into a gel at body temperature. In

addition, PLA hydrogels have good controlled drug release properties and can

maintain drug release for over a month. However, crystallization and subsequent

precipitation in solution is a major challenge for PLA use in hydrogel fabrication.

To solve this problem, PLGA�PEG systems are often chosen. The PLGA�PEG

solution is liquid at room temperature and immediately forms a hydrogel at body

temperature. Furthermore, its mechanical properties are superior to those of

PLA-only hydrogels [124].

Compared with hydrophobic materials, hydrogels interact less strongly with

immobilized biomolecules. Because of the biocompatibility of PLA and the high

water content of hydrogels, the use of PLA hydrogels is ideal for sustained drug

release. Various studies have demonstrated this idea: for example, Lai et al. [125]

developed a thermosensitive methoxy poly(ethylene glycol)-co-poly(lactic acid-co-
aromatic anhydride) (mPEG�PLCPHA) hydrogel for cefazolin (CEF) delivery that

exhibited long-term antibacterial effects. Wang et al. [119] studied the safety of a

pH-sensitive hydrogel consisting of mPEG, PLA, and itaconic acid, and concluded

that it might be used as a safe method for drug delivery. Other studies have also

provided convincing evidence that PLA hydrogels can serve as efficient DDSs

[126–128].

2.3.2 Applications

PLA hydrogels have already shown great potential as DDSs for medical applica-

tions. In one study, researchers dispersed NPs of DTX and LL-37 peptide into a

PLA�L64�PLA thermosensitive hydrogel and evaluated the intraperitoneal effect

of this composite in a colorectal peritoneal carcinomatosis HCT116 model

[129]. They found that the hydrogel showed significant antitumor efficacy both

in vitro and in vivo. Manaka et al. [130] evaluated the bone formation effect of a

PDLLA�p-dioxanone�PEG hydrogel carrier for siRNA delivery. The hydrogel

was found to be safe and efficient for siRNA delivery, and could promote new bone
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formation (Fig. 5). Devin et al. [131] synthesized a degradable methacrylate PLA

hydrogel loaded with bioactive basic fibroblast growth factor (bFGF) and insulin-

like growth factor-1 (IGF-1). This hydrogel loaded with growth factors was injected

into infarcts in Lewis rats and found to improve cardiac function and geometry

compared with the saline control. The results indicated that PLA hydrogel can act

as a carrier of growth factors to influence cardiac remodeling. In another study, a

diblock hydrogel of mPEG�PLA was studied for adhesion prevention [122]. The

Fig. 5 Characterization of ectopic bone formation [130]. (a) Soft X-ray examination of newly

formed ectopic bone induced by hydrogel containing 2.5 mg rhBMP-2 without Noggin siRNA

[BMP(+)siRNA(�)] or with Noggin [BMP(+)siRNA(+)] for 2 weeks. (b) Bone mineral contents

of ossicles measured by dual-energy X-ray absorptiometry (DXA). *P < 0.05, compared with

control group. (c) Von Kossa and van Gieson staining of sections of undercalcified BMP-induced

ectopic bone without or with Noggin siRNA. Bone volume per tissue volume (BV/TV) is

expressed as mean. *P < 0.05 compared with control group. Reproduced from [130] with

permission of Elsevier
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results showed that the hydrogel system was equally effective compared with the

commercial anti-adhesion product. Furthermore, this hydrogel system could be

more promising for adhesion prevention if it were loaded with antifibrosis and

anti-inflammatory drugs.

Even though PLA hydrogels are not as widely used as PLA NPs and micro-

spheres, they still play an important role in controlled drug delivery.

2.4 Electrospun Fibers

Electrospinning is a facile and economic technique for producing nanoscale or

microscale fibers from different polymers. The fibers can then be used for a variety

of biomedical applications [132–137].

2.4.1 Properties

Electrospun fibers have attracted increasing attention as DDSs because of their

specific advantages, including a high surface to area ratio, which can lead to high

drug loading capacity, variable pore size, and mechanical flexibility [135, 136,

138]. Electrospinning is an efficient and simple method of rapidly and reproducibly

manufacturing fiber networks incorporating different kinds of drugs [139]. How-

ever, hydrophilic water-soluble drugs cannot be directly mixed into solutions of

PLA. Fortunately, the techniques of emulsion electrospinning and coaxial

electrospinning can be used to encapsulate hydrophilic drugs in the core of the

fibers to mitigate the initial burst release of drug [137]. Furthermore, the charac-

teristics of electrospun fibers as DDSs can be modified by biological, chemical,

optical, thermal, magnetic, and electric stimuli [139]. As a result, electrospun fibers

can be designed to achieve the desired drug transport properties for medical

application. PLA electrospun fibers play a significant role in this area.

2.4.2 Applications

Like other PLA DDSs, electrospun PLA fibers are widely used in cancer therapy.

Zhang et al. [140] manufactured the PLLA electrospun fibers loaded with 5-FU and

OXA for treatment of colorectal cancer. They found that the PLLA electrospun

fiber loaded with chemotherapy drugs significantly suppressed tumor growth and

prolonged mouse survival time. In another study (Fig. 6), researchers prepared the

electrospun PLLA fibers loaded with multiwalled carbon nanotubes (MWCNTs)

and doxorubicin (DOX) [141]. As demonstrated in Fig. 6, the combination of

photothermal therapy using MWCNTs and chemotherapy induced with DOX

greatly suppressed tumor growth, with less damage to nearby normal tissue.
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Fig. 6 Fabrication of DOX/MWCNT co-loaded electrospun PLA fibers for treatment of U14

cervical cancer in mice [141]. (A) SEM image of co-loaded fibers. (B) TEM of co-loaded fiber, and

fluorescence image of (a) PLA fiber, (b) MWCNT-loaded PLA fiber, and (c) co-loaded PLA fiber.

(C) Release profiles of DOX from co-loaded fiber in PBS at 37�C without or with NIR irradiation

of 2 W/cm2. The column zone indicates when the NIR irradiation was applied. (D) Temperature of

tumor region at different time points under NIR irradiation of 1.5 W/cm2. Control group: (a) tumor

surface, (b) 3 mm inside tumor. Fiber dressing group: (c) tumor surface, (d ) 3 mm inside tumor.

(E) Evolution of U14 tumor volumes of KM mice as a function of time. (F) Relative body weight

changes with time of U14 tumor-bearing mice. All the fibers were implanted only once in the

beginning at an equivalent DOX dose of 0.1 mg and MWCNT dose of 0.1 mg. In groups of M/laser

and DM/laser, tumor regions were exposed to NIR irradiation (1.5 W/cm2) for 10 min after fiber

dressing for 24 h. Reproduced from [141] with permission of Elsevier
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The electrospun PLA fibers loaded with various kinds of drugs are also used for

adhesion prevention [137]. Tissue adhesion is one of the most common postoper-

ative complications, in most cases requiring a second operation to remove the

adhesions [142]. Electrospun PLA membranes not only act as a physical barrier,

but can also be loaded with many kinds of drugs to prevent post-surgical adhesions.

Because of the excellent biocompatibility and biodegradability of PLA,

antibacterial drugs [142–144], anti-inflammatory drugs [145–147], drugs that facil-

itate healing [148], and synergistic combinations [149] have also been loaded into

electrospun PLA fibers.

Electrospun PLA fibers can be applied in many other medical fields, including

tissue engineering [150–152], antibiotic therapy [144, 153–155], bone repair

[156, 157], and wound healing [158, 159]. For example, Screerekha et al. [150]

developed a fibrin-based electrospun composite scaffold that provided a natural

environment for cell attachment, migration, and proliferation. The results indicated

that the electrospun-based composite was promising for myocardial tissue engi-

neering. In another study, Spasova et al. [155] prepared PLA stereocomplex fibers

using an amphiphilic block copolymer and demonstrated good antibacterial prop-

erties in experiments on blood cells and pathogenic microorganisms. Ni et al. [156]

developed an electrospun PEG/PLA fibrous scaffold to provide an interconnected

porous environment for attachment of mesenchymal stem cells (MSCs). The results

showed good cell response, excellent osteogenic ability, and outstanding biocom-

patibility of the electrospun PEG/PLA fibrous composite for bone repair. Kobsa

et al. [158] developed a PLA-based electrospun scaffold integrating nucleic acid

delivery and studied its effect in the treatment of full thickness wounds. They found

that the scaffold could serve as a protective barrier in the early stages of wound

healing, as well as induce cell migration and growth.

2.5 Scaffolds

Tissue engineering scaffolds, especially those prepared from biocompatible and

biodegradable polymers, are increasingly widely used. The scaffolds loaded with

different drugs are crucial for the regeneration of large defects.

2.5.1 Properties

PLA has also become a popular scaffold for tissue engineering, again due to its

outstanding biocompatibility and biodegradability. PLA scaffolds can be designed

to match the mechanical properties of native tissues [160]. Furthermore, because

the concentration of degradation products is reduced with increased porosity, PLA

is a favorable material for scaffold fabrication [160].
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2.5.2 Applications

PLA is promising for tissue engineering applications, not only as a scaffold

material, but also for its drug delivery properties [24, 25, 161]. PLA scaffolds can

be implanted at injured sites to support injured tissues and enhance the repair

process. By loading drugs into the scaffolds, it is also possible to generate

multifunctional PLA scaffolds for various applications [162]. However, release

properties are important when scaffolds are also harnessed as DDSs. Many param-

eters, such as loading method, scaffold properties, and choice of polymer, can all

play an important role in the mechanism of drug release, which occurs primarily via

desorption, degradation, and diffusion in the electrospun PLA scaffolds [160].

The PLA scaffolds loaded with various agents have been the subject of much

research in bone, vascular, and other tissue engineering applications. As a typical

example, Zhou et al. [163] exploited a calcium phosphate�PLA composite as a

coating for a tantalum porous scaffold (Fig. 7). Vascular endothelial growth factor

(VEGF) and transforming growth factor (TGF) were loaded into the scaffold and

used for bone defect repair. Their results indicated that the scaffold provided

growth factors, physical support, structural guidance, and interfaces for new bone

growth, and was therefore useful to guide new bone regeneration. Other studies

have also reported the superior effects of various PLA scaffolds for tissue engi-

neering [158, 164–173]. For example, Hu et al. [166] fabricated a nanofibrous

PLLA scaffold for blood vessel regeneration. The results showed that the scaffold

preferentially supported the reconstruction of tissue-engineered vascular graft. In

another study, Niu et al. [165] developed a microencapsulated chitosan (CM),

nanohydroxyapatite/collagen (nHAC), and PLLA-based microsphere–scaffold

delivery system. Bone morphogenetic protein-2 (BMP-2)-derived synthetic peptide

Fig. 7 Strategy for preparation and bone defect repair application of porous tantalum scaffold

coated with a composite of calcium phosphate and PLA. Reproduced from [163] with permission

of Elsevier
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was incorporated into the synthesized composite. The results showed that the

CM/nHAC/PLLA composite can accelerate the regeneration of cancellous bone

defect with controlled release of the incorporated peptide. Haddad et al. [168]

developed a 3D PLA scaffold with polyallylamine to introduce amine groups,

followed by grafting of epidermal growth factor (EGF) onto the scaffold. They

found that neural stem-like cells were able to proliferate on the EGF-grafted sub-

strates and might be promising for repair of the CNS. The PLA scaffolds loaded

with drugs, such as ibuprofen IBU, alkannin ALK, and curcumin (CUR), are also

used for promoting cutaneous wound healing [160]. However, a detailed discussion

is beyond the scope of this review on DDSs.

3 Conclusions and Perspectives

This review introduces the characteristics of PLA as a promising matrix for DDSs

in its five most commonly used forms: NPs, microspheres, hydrogels, electrospun

fibers, and scaffolds. The PLA DDSs can effectively deliver drugs to the target

sites, reduce drug toxicity, and increase the therapeutic effect. In addition, PLA can

be modified to achieve various desired properties in DDSs. As a result, PLA has

great potential for DDS development.

The PLA DDSs loaded with different drugs can be used for the treatment of

many diseases. For example, the PLA DDSs loaded with anticancer agents like

PTX can directly deliver drugs to tumor sites, thereby increasing drug accumulation

and retention time in the tumor while reducing systemic side effects. Meanwhile,

the PLA DDSs loaded with different cytokines, such as BMP, can control drug

release via degradation and play an important role in bone repair. The PLA DDSs

loaded with other drugs, including anti-inflammatory agents [107, 108],

antihypotensors [174], painkillers [158], and vaccines [113, 114, 118], can also

be used for other medical applications.

With the development of biotechnology, peptide and protein drugs have become

increasingly prevalent. However, the short retention time of these drugs limits their

application, as continuous administration is often impractical. PLA DDSs may be

able to improve the application of peptide- and protein-based therapeutics. Further-

more, PLA DDSs can be engineered to be intelligent drug delivery vehicles. For

example, a smart PLA glucose monitor may be engineered to be inserted into body

tissue and release the proper dose of insulin according to glucose fluctuations.

Although some aspects of PLA DDSs still need to be improved, further research

will allow PLA to play an increasingly important role as a matrix promising

material for DDSs and provide more efficacious treatment methods for many

diseases.
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3D Printing of Poly(lactic acid)

Michael Van den Eynde and Peter Van Puyvelde

Abstract Poly(lactic acid) has received considerable interest in biopolymer-

related research because of its excellent biocompatibility and sustainability. With

the advent of new processing routes based on additive manufacturing technologies

– commonly called 3D printing – applications of PLA have become more and more

widespread, especially in the biomedical field (e.g., as scaffolds for tissue engi-

neering). This review focuses on three of the most important additive manufactur-

ing routes: extrusion-based 3D printing techniques, powder-based laser sintering,

and stereolithography. For each of these methods, we discuss the processing

conditions and their effect on the end use of PLA.

Keywords 3D printing • Added manufacturing • Fused deposition modeling •

PLA • Selective laser sintering • Stereolithography
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1 Introduction

Poly(lactic acid) (PLA) is a linear aliphatic thermoplastic polymer produced by

ring-opening polymerization of lactide, which can be obtained from the fermenta-

tion of sugar feedstock [1]. Its building block, lactic acid, exists in optically active

D- and L-enantiomers and, depending on the ratio of D- to L-isomers, a broad range

of material properties can be obtained. Since its commercial introduction in 2002,

different potential applications of PLA have been explored, ranging from its use as

a high-performance compostable material to applications as tissue engineering

scaffolds in medical applications (e.g. [2, 3]). The reasons for its success are its

reasonable barrier, mechanical, and optical properties compared with some of its

petroleum-based counterparts [4, 5]. Because commercial PLAs are typically

copolymers of poly(L-lactic acid) (PLLA) and poly(D,L-lactic acid) (PDLLA),

their properties are to a large extent determined by the optical purity of PLA [6–

9]. Moreover, in enantiomeric blends of PLLA and poly(D-lactic acid) (PDLA),

multicenter hydrogen bonds can lead to PLA stereocomplex formation, which

results in enhanced thermal and mechanical properties that could open new possible

applications of PLA as an engineering material [10, 11]. Moreover, PLA can be

processed using conventional polymer processing equipment with only minor

equipment modification, which is an additional advantage of this biobased polymer

[12]. Recently, new processing technologies for PLA have been introduced, such as

supercritical foaming processes [13, 14] and electrospinning of PLA nanofibers

[15–17], which are suitable for further expanding the use of this polymer. Newer

processing technologies for PLA include the so-called additive manufacturing

(AM) technologies – commonly called 3D printing techniques – that are the topic

of this review. Originally, these production techniques were used to produce rapid

prototype parts. However, the technology has now evolved to such an extent that

end-use parts with sufficient mechanical and other properties can be produced.

First, we briefly explain the different AM technologies and then discuss the

production of PLA parts using some of the described 3D technologies.

2 Different Printing Technologies

An AM technique is defined by the joint ISO/ASTM standards as “a process that

joins materials to make parts from 3D model data, usually layer upon layer”

[18]. These technologies commonly start from a 3D computer representation of the

desired part and produce end-use parts by building them layer by layer [19, 20]. One

of the most important advantages of such additive productionmethods is the ability to

manufacture parts that have a significantly greater geometrical complexity than

possible with traditional processes such as injection molding, without the need for

costly mold tooling (e.g. [21]). Geometries that are otherwise difficult to attain can be

produced as effortlessly and at comparable cost as producing any simple shape.
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Moreover, because expensive tooling is not required, the economics of production

are dramatically changed, making low volume production and even fully customized

products possible [22, 23]. According to the ISO standards, AM technologies are

typically categorized into seven subgroups [18].

Of these groups, techniques based on material extrusion are probably the most

popular AM technology. Here, the material under consideration is forced through a

nozzle to extrude a semiliquid material that is used to create successive object

layers. Typical materials used here are acrylonitrile-butadiene styrene (ABS) and

PLA as commodity plastics, but some engineering and high-performance plastics

such as nylon, polyetherimide (PEI), and polyphenylsulfone (PPSF) have also

become available for this market. The technology is not limited to polymers

because anything that can be pushed through a nozzle can, in principle, be printed.

This has already led to some exotic applications of 3D printing such as the printing

of concrete and even the printing of chocolate and other gastronomy-related

products [24].

Related AM technologies are binder jetting and material jetting processes. In

binder jetting, liquid droplets of an adhesive binder material are deposited to bind

powder material by a process that has similarities to conventional inkjet processes.

In some variations of the process, the binder becomes part of the component. In

other variations, however, substantial post-treatment operations are required to

remove the binder materials and to densify the resulting powder-based material to

improve its mechanical properties. In material jetting, droplets of photosensitive

thermoset polymers are deposited onto a build platform to create the desired shape

by an in-situ curing operation after deposition. This process is a more modern

variant of the oldest AM technology, stereolithography, which was developed in

the mid-1980s [25]. In this approach, a liquid thermoset polymeric layer is depos-

ited and is typically cured by passing a UV-laser beam onto the desired locations,

after which a new liquid layer is spread.

Another important class of AM technologies is based on powder-bed fusion.

Here, a solid powder layer is deposited and then exposed to a heat source, which is

typically a laser (the so-called laser sintering process) or an electron beam. These

technologies are popular for part manufacturing for several reasons [26–28]. First,

different classes of materials can be sintered, ranging from metals to ceramics to

polymers. Second, no support structures need to be printed because the unsintered

solid powder bed serves as the structural support. Extrusion-based and lithography

techniques have the drawback that they require support structures that need to be

removed in a laborious (and thus expensive) postprocessing step.

A final class of AM technologies – according to the ISO standards – is based on

sheet lamination, which includes processes in which the feedstock is in the form of

a sheet that serves as a layer in the build. The different sheets are cut to shape before

being stacked and adhered to previous layers. Alternatively, the different sheets can

be bonded to previous layers before being cut and shaped to form the desired

product. After 30 years of research and development, AM has evolved from a

rapid prototyping process to a legitimate manufacturing method for end-use part

production. PLA plays a significant role as a “printing material,” albeit not in all the
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different technologies described above. In this review, we mainly focus on three

application domains of PLA as a printing material: as feedstock for extrusion-based

printing techniques, as a powder for sinter-based techniques, and as a liquid layer in

stereolithographic applications.

3 PLA in Extrusion-Based Printing Technologies

Extrusion-based processes are among the most widely used and rapidly growing

AM technologies [29] (http://www.custompartnet.com/). Within this category,

fused deposition modeling (FDM), fused filament fabrication (FFF), and melt

extrusion manufacturing (MEM) are commonly used terms to indicate technologies

based on material extrusion. The difference between these processes can be traced

back to differences in tradenames. In these processes, a filament of material is fed

into the machine through a pinch roller mechanism (see Fig. 1). The filament is

molten in a heated extrusion head and the solid portion of the filament acts as a

piston to push the melt through the print nozzle. A simple mechanism moves the

print nozzle along the horizontal xy plane. During this motion, the molten material

is deposited on a build surface that can be moved in the vertical z-direction. After
deposition, the material solidifies immediately. This process enables complex 3D

objects to be manufactured.

The most common materials used in this type of process are amorphous ther-

moplastics, with ABS being the most widely used material, closely followed by

PLA [30]. Applications of this technology are already versatile, especially in the

area of prosumer goods. For instance, extrusion-based printing techniques (using

PLA) have been widely used in the printing of teaching aides [31], science tools

[32], farming tools [33], and surgical instruments [34]. Summarizing all the

Fig. 1 Typical fused

deposition setup
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different applications already using this technology is beyond the scope of this

review. We focus here on the scientific challenges that are still faced with common

3D printing technologies, with an emphasis on PLA as the raw material.

The use of biopolymers such as PLA or polycaprolactone (PCL) is attractive for

tissue engineering applications, as discussed later [35, 36]. A major factor that

hinders further growth of this technology is the limited understanding of processing

parameters [36]. However, with the growing popularity of 3D printers for

consumer-level use, evaluation of the mechanical properties of parts produced

with this technique is crucial. Several studies have already paid attention to

different performance parameters, such as dimensional accuracy and compressive,

tensile, flexural, and impact strengths [37–39]. For instance, Lee et al. [38]

observed that the compressive strength of FDM parts was 24% higher in axially

loaded samples than in transversally loaded specimens, showing the important

effect of print orientation. Further effects of the processing properties were dem-

onstrated by Panda et al. [39], who showed that both tensile and flexural strength

increased with decreasing layer thickness. On the other hand, impact strength was

improved by increasing the layer thickness. However, these studies have mostly

been limited to ABS components rather than PLA, which is increasingly used in

popular 3D printers.

As mentioned above, the biocompatibility of PLA has raised a lot of interest in

the medical field for its use in applications such as tissue engineering and implants

that are custom-made for a specific patient [40, 41]. Evidently, there is a great need

to evaluate the properties of PLA FDM parts, especially regarding strength and

fracture characteristics because these are critical properties for both industrial and

general use. However, the situation is complex because the quality and strength of a

component is affected by several machine-related factors. In addition to printing

orientation and layer thickness, the material extrusion temperature also strongly

influences the strength of FDM components [42, 43]. Combined with other printing

settings such as print speed and building platform temperature, it is clear that the

number of experiments needed to elucidate the effect of all these parameters on the

mechanical performance can escalate drastically. To produce guidelines for optimal

mechanical performance of PLA parts produced by FDM, Torres et al. used a

design of experiments (DoE) approach [44]. Through testing of the tensile and

fracture properties, guidelines were established for FDM printers using PLA print

media. Recommendations were made for both tensile and fracture applications, as

well as for generic applications that may not necessarily be constructed for a single

loading situation. Although the given settings represent the best overall combina-

tion, as given by test results, some settings still depend on user preferences. For

instance, if aesthetics are important, a lower layer thickness and slower speed result

in a higher resolution with an improved surface finish. In such cases, layer thickness

can be lowered with little concern for a loss in strength. Other statistical models

have also been used to study the impact of process parameters on the mechanical

properties of PLA parts produced by FDM [45, 46], as well as on the fatigue [47]

and distortion properties [48]. However, there is a general consensus that the lack of

published data and the high variability in experimental results, as well as the effect
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of other less controllable factors such as humidity, require further investigations to

improve knowledge of the mechanical behavior of PLA components manufactured

by these melt extrusion-based printing techniques.

Despite the difficulties in controlling the mechanical properties, several attempts

have already been made to enhance the intrinsic mechanical behavior of PLA and to

create potential new synergies by 3D extrusion of composite materials. Regarding the

latter, compounds of PLA with tricalcium phosphate (TCP) as a resorbable compos-

ite have already been prepared [41]. TCP is one of the main constituents of bone and

is considered an ideal material for implants with osteoconductive properties that

enable the regeneration of tissue [49]. Drummer et al. demonstrated that such

compounds could be processed with FDM-based technologies and that adequate

mechanical properties could be obtained [41]. However, there is still a long way to

go to fulfill all requirements for medical scaffolds. For instance, the influence of

processing parameters on porosity and pore size distribution, as well their effects on

biocompatibility and in vivo degradation, are still largely unexamined.

To enhance mechanical properties, attempts have been made to create

composite-like PLA materials. For instance, 3D printable PLA–graphene compos-

ites have recently been produced and could be used to explore enhanced mechanical

behavior, flame retardancy, and electrical conductivity [50]. However, apart from a

proof of principle, no systematic study of the properties has been made. Even

continuous carbon fiber-reinforced PLA composites have been produced [51]. In

this approach, impregnation of the fiber inside the PLA matrix and extrusion took

place simultaneously in the extruder head of the printer. Similar to the case of

printing pure PLA melt, the many processing parameters still hamper full exploi-

tation of the potential of this process. Further experimental and modeling work is

needed to make extrusion-based methods for PLA suitable for real structural and

controlled applications.

Instead of depositing PLA materials from the melt, nozzle-based PLA printing

techniques from solution have also been proposed. This technique has the advan-

tage that the polymer can be printed at much lower temperatures, hence avoiding

degradation. Typically, chloroform is used as the solvent. Such structures are of

significant interest in regenerative medicine, where very promising applications of

biodegradable templates for tissue regeneration can be envisaged [52, 53]. In

addition, such 3D structures have interesting applications in 3D in vitro platforms

for studying the cell response to different scaffold conditions or for screening

different drug formulations [54]. One of the most challenging aspects of solution

printing is to maintain the correct viscosity of the PLA printing ink. Either the

processing temperature or the use of a plasticizer can be used to control viscosity.

Of these methods, using the right plasticizer is probably more interesting because it

allows the polymer to be processed at lower temperatures without risking thermal

degradation of the polymer [55].

Different plasticizers have already been tested, but low molecular weight poly-

ethylene glycol (PEG) seems to be the most efficient. PEG is a biocompatible,

hydrophilic polymer that is (similarly to PLA) soluble in chloroform [56, 57].

Hence, it is possible to obtain homogeneous PLA/PEG blends for the fabrication of
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3D scaffolds by this low temperature printing technique. For instance, Serra et al.

[55] demonstrated that addition of PEG increased the surface roughness and wetta-

bility. However, the formed structures were not uniform and the mechanical proper-

ties were significantly decreased. This is further illustrated in Fig. 2, which shows

SEM images of 3D-printed scaffolds. Figure 2a–c illustrates the effect of PEG

concentration on the structures, which clearly reveals differences in pore size (quan-

tified in Fig. 2e) and strut thickness of the three scaffolds. By increasing the PEG

concentration from 5 to 20 wt%, the originally designed square pores turned into

more rounded pores, which also affected porosity in general (Fig. 2g). In addition, as

can be seen in Fig. 2f, the addition of PEG resulted in a decrease in mechanical

properties, expressed here as the compressive strength. Figure 2d shows the effect of

adding a bioactive glass (G5) on the resulting structure. In this case, the plasticizing

effect of PEG yielded a good distribution of the glass particles in the polymeric

matrix. This resulted in better reproduction of the originally orthogonal pores and in

improved mechanical performance.

As demonstrated, the use of PLA for printing scaffolds by means of extrusion-

based methods is becoming more widespread. Of course, printing a scaffold is one

thing, but vascularization of large, solid, 3D polymer-based scaffolds is still an

unsolved technological barrier in tissue engineering [58] and requires significant

progress. In addition, for these applications, the use of PLA with this technology is

questioned by some researchers. For instance, Liew et al. demonstrated that FDM

and 3D printing of biodegradable polyesters might lead – because of the high

temperatures – to the rapid formation of hydroxyacids, which can lead to local

cell toxicity [59].

4 PLA in Powder-Based Additive Manufacturing

Techniques

Powder-based AM processes, such as laser sintering, enable complex 3D objects to

be built by selectively fusing together successive layers of powdered material (see

Fig. 3).

In this process, a thin layer of powder (typically of the order of 100 μm) is spread

over the build area to form the powder bed. A computer-controlled laser scans over

this area and heats the powder in areas specified by the CAD model. The temper-

ature of the powder particles that are hit by the laser rises above the melting

temperature and the particles coalesce. Between layers, the build platform is

lowered by a small increment (typically 100 μm) and a subsequent powder layer

is deposited. This process is repeated until the entire plastic part is ready. An

advantage of this technique with respect to extrusion-based methods is that the

powder that has not been sintered by the laser remains in place in each layer to support

subsequent layers, without the need to print support structures. The need for support

is an important disadvantage of extrusion-based and photopolymerization-based
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3D printing techniques. In laser sintering, the support is given by the surrounding

unsintered powder. In extrusion-based methods, it is impossible to print overhang-

ing structures without the use of support materials. The latter is also true for

photopolymerization because printing is performed on a surrounding liquid. In

laser sintering, upon completion of the build, the parts and surrounding supporting

powder present in the build platform are removed from the machine. Unsintered

powder can then, in principle, be recycled for subsequent new builds.

Despite its flexibility with respect to design, a widely acknowledged drawback

of the method is the limited range of materials, particularly polymers, that can be

used in this technique. To date, most of the market for laser sintering is dominated

by polyamide 12, which is not necessarily the best material for every application.

Hence, a lot of research effort is focused on elucidating the most important material

properties for laser sintering [60–63]. This is not an easy task given the complexity

of the laser sintering process. A first important step is to obtain a powder with good

flow properties, which is typically obtained when interparticle adhesion and friction

are low. Therefore, smooth powder particles with a high sphericity are typically

preferred for laser sintering. Flow additives, often small silica particles, are typi-

cally added to enhance powder flow [20, 64–66].

In addition to the deposition of powders layers, a proper coalescence of the

molten powder particles is crucial in obtaining dense parts. Because no mechanical

force is applied during the process, this fusion is often restricted and full density is

difficult to obtain. This part of the process is largely governed by the zero shear

viscosity of the material and, to a more limited extent (because there is not so much

Fig. 3 The laser sintering process [20]
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variation), by the surface tension of the polymer melt [67–69]. After processing, the

sintered material cools and eventually solidifies. However, because of the layer-by-

layer approach and the complex temperature distribution in this processing method,

the resulting shrinkage is not always homogeneous. For semicrystalline materials in

particular, large shrinkage during crystallization can be detrimental [70]. To post-

pone crystallization and, hence, minimize thermal gradients during laser sintering,

each powder layer is typically preheated to just below the onset of melting. The

more distant the onset of crystallization is with respect to this preheating temper-

ature, the more supercooling is allowed before crystallization sets in, which could

result in nonhomogeneous shrinkage. Therefore, the distance between melting and

crystallization peaks in a typical DSC experiment is widely used to determine the

processability of a polymer in laser sintering [20, 71–74].

Apart from postponing shrinkage, choosing a polymer with an inherently low

shrinkage is also beneficial. However, shrinkage data for sintering materials is

scarce, mainly because of the practical difficulties encountered in dilatometric

measurements on molten polymers [74]. Most often, volume changes are measured

under large pressures (PVT setups), which are extrapolated to atmospheric pres-

sures in order to become relevant for laser sintering. Recently, a new dilatometer

was developed in our group that allows measurement of shrinkage at ambient

pressures starting from the melt, which is a feature in dilatometry. This setup can

be used to determine and compare shrinkage of polymer grades relevant to laser

sintering [75].

In summary, to evaluate the sinterability of a polymer, the polymer should fulfill

the following requirements:

1. It has to be available in powder form with the correct particle size distribution

(approximately 10–80 μm) and appropriate sphericity.

2. The powder has to flow smoothly.

3. Upon melting, the viscosity should be sufficiently low to have a good

coalescence.

4. The melting and crystallization peaks should differ significantly so that the

processing window to determine the bed temperature is as wide as possible.

5. The shrinkage should be small in order to avoid possible warpage problems.

An example of this screening methodology is shown in Fig. 4. Some of the

relevant properties for laser sintering are given for the benchmark commercial

sinter grade polyamide PA2200 (EOS GmbH). As can be seen in Fig. 4a, the

powder particles are almost spherical, which is a result of the solution-precipitation

process that is used to prepare these powders. This gives rise to a very good powder

flow, as discussed by Van den Eynde et al. [66]. Figure 4b shows the melt rheology

of the same polyamide for three different temperatures. As can be seen, the material

shows significant postcondensation, especially at higher temperatures. This

postcondensation is detrimental for recycling of the powder, because every treat-

ment at high temperature leads to higher viscosity and, hence, more difficult

coalescence. This eventually leads to very porous parts with very poor mechanical

properties. Coalescence of the powder can be evaluated at the laboratory scale by
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means of a combination of a hot stage and microscopy, as seen in Fig. 4c. Coales-

cence of PA2200 is very sudden and a closed film is formed quite rapidly. Figure 4d

shows the DSC curves for the material taken at 10�C/min. As stated, a large

distance between melting and crystallization peaks in DSC is a good indication of

the tendency of the material to warp during processing. For the polyamide shown in

Fig. 4, an increased heating temperature results in significant postponing of the

onset of crystallization. This is not surprising given the fact that a higher temper-

ature also enhances postocondensation reactions, as shown in Fig. 4b. This

postcondensation results in increased molecular weight and melt viscosity, hence

Fig. 4 Characteristics of the EOS commercial sinter grade polyamide PA2200: (a) SEM image of

the powder, (b) zero shear viscosity at different temperatures as a function of time, (c) evolution of

the coalescence process (heating rate of 10�C/min), (d) DSC curves upon heating and cooling

(different heat treatments, measurements performed at 10�C/min), and (e) dilatometry performed

at 0.5�C/min (adapted from [75])
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reducing the crystallization kinetics. In fact, the subtle difficulties of sintering a

material are demonstrated here. On the one hand, the distance between the melting

and crystallization peaks becomes large, which should broaden the processing

window and reduce the risk of warping. On the other hand, an increased molecular

weight decreases coalescence and leads to lower recyclability of the powder.

Figure 4e shows the specific volume as a function of temperature, as measured

using a new dilatometer setup developed by Verbelen [75]. This particular poly-

amide shows a rather large expansion step upon melting as a result of the high

degree of crystallinity of the virgin powder. The crystallization shrinkage of 4.7% is

low compared with other semicrystalline materials.

These results show that many different and often competitive material parame-

ters are involved in the laser sinter process. Because of all these requirements (this

list is a simplified summary of what is really required), few polymer grades have

been identified as being sinterable. From the commercial point of view, the number

of polymer sinter grades is very limited at present, although a polypropylene-based

material, poly(ether ether keton) and thermoplastic polyurethanes have recently

been introduced to the market [20]. However, very little published work has been

carried out on new polymers. The available literature has mainly focused on non-

load-bearing materials for medical applications [76–78].

Literature on the laser sintering of PLA is still scarce. A few reports link PLA

and selective laser sintering in medical applications such as tissue engineering.

Tissue engineering requires the implantation of a biocompatible and biodegradable

porous scaffold that serves as a temporary template for cells to attach, develop, and

subsequently generate tissue. The success of this approach depends largely on the

performance of the scaffold. As a naturally derived biodegradable polymer, PLA

has been investigated for this application [79, 80]. However, a major stumbling

block is the lack of powder in sufficient quantities. Often, powders are produced ad

hoc in small quantities by solution methods (e.g. [79]) that are impossible to use at a

larger scale. A second drawback in the sintering of PLA for tissue engineering is the

exposure to high temperatures, which can have two consequences. First, the heat

provided by the laser could degrade the polymer, leading to changes in molecular

weight and, hence, mechanical performance. Second, in tissue engineering appli-

cations, bioactive proteins are typically introduced to serve as seeding molecules

for tissue creation. However, such bioactive components often do not withstand the

heat provided by the laser [81]. To circumvent this, a modified laser sintering

methodology (surface-selective laser sintering) was introduced [82, 83]. This tech-

nology is based on two modifications. The first modification is the use of a diode

laser with a wavelength of 0.97 μm, rather than the conventional CO2 laser that is

normally used in laser sintering. This near-infrared laser radiation is not absorbed

by the PLA. A second modification is the addition of a small quantity (<0.1 wt%) of

biocompatible carbon microparticles, homogeneously distributed at the surface of

the polymer particles [84, 85]. Because these particles are strong absorbers of the

near-infrared laser radiation, only the surface of the particles becomes molten. As

such, bioactive species trapped within each particle retain their activity during the

processing step. A proof-of-concept of this approach was demonstrated by Antonov
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et al. [82] by incorporating the enzyme ribonuclease A in PLA particles. However,

because the polymer partially melts, there is a delicate interplay between retaining

sufficient bioactivity and obtaining appropriate mechanical properties of the

sintered part.

For structural applications, laser sintering of PLA has not been extensively used.

One of the stumbling blocks here is probably the lack of powders with sufficient

flowability. PLA is known to be hard to mill, even in a cryogenic environment

[75]. This automatically leads to a lack of sufficient sphericity and, hence, poor flow

properties. Moreover, because PLA typically shows some cold crystallization,

heating the material to the bed temperature induces stickiness of the powder,

which makes it impossible to deposit a defect-free layer. Such cold crystallization

can be eliminated by annealing the powder, but this would require an additional

processing step before the feeding the powder to the sinter machine. Bai et al. [86]

investigated the effect of adding nanoclay to PLA on the mechanical properties of

sintered parts. They demonstrated that PLA parts could be produced by the method

and that adding nanoclay improved the flexural modulus of the produced parts.

However, flexural moduli were reported in the range of 100–700 MPa, which is

dramatically lower than the reported moduli of standard injection-molded parts

(about 3,000 MPa).

5 Photopolymerization-Based 3D Printing of PLA

One of the oldest AM techniques, developed in the late 1980s, is based on

photopolymerization and is commonly called stereolithography (SLA). Origi-

nally, a HeCd laser system was used to spatially control the polymerization of a

photocurable resin that had been deposited in a layer (see Fig. 5). The building

Fig. 5 A stereolithography

setup
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principle is similar to the laser sintering process, but a liquid layer is deposited

instead of a solid powder layer. This causes a problem with sintering because

uncured liquid cannot support the structure that is being built. Hence, to print

complex parts, support structures also need to be manufactured and removed

afterwards. When the part is ready, the unpolymerized resin is removed and,

typically, the part is postcured in a UV oven to convert any unreacted groups

and strengthen the part [87].

To produce parts within a decent time frame, the kinetics of the curing reaction is

crucial because it affects the curing time and the thickness of the layer that can be

polymerized. Typically, the kinetics can be controlled by the power of the light

source, the scan speed, and the chemistry and amount of monomer and

photoinitiator. In addition, UV absorbers can be added to the resin to control the

degree of polymerization [88]. To ensure proper bonding between successive

layers, the conversion at the interface should be slightly higher than the gel point.

However, this local overexposure might result in further curing of the previous

layer. Potentially, parts of the previous layer that were intended to remain uncured

risk being partially polymerized. This effect might become significant when print-

ing porous structures [89].

Regarding accuracy and resolution, SLA outperforms other AM techniques. In

most of the above-mentioned methods, the smallest details are about 50–200 μm in

size and many commercially available SLA setups can build objects at an accuracy

of 20 μm. More sophisticated SLA setups can build structures with submicron

resolution, which is impossible to achieve with the other technologies [90].

Materials that are used in SLA must contain photocurable moieties in order to

undergo photocrosslinking. However, the amount of available resin is also rela-

tively limited for this technique (cf. the laser sinter process). Typical resins for use

in SLA are based on low molecular weight polyacrylate or epoxy-based materials

that form glassy networks upon polymerization and crosslinking. Over the past

decade, several resins have been developed and the resulting mechanical properties

of the cured networks encompass a wide range, making them not only useful as

prototypes but also as functional parts that can be used in more demanding end-use

applications [91]. PLA is also finding its way into the SLA field, mainly in

applications related to tissue engineering. The manufacture of precisely designed

tissue engineering scaffolds by SLA is becoming a new standard.

A lot of work has been done in the development of biodegradable resins. These

are typically based on poly(propylene fumarate), ε-caprolactone, or D,L-lactide [92–
97]. For engineering tissue such as bone, strong and rigid biodegradable materials

are required. The amorphous poly(D,L-lactide) has already been applied in bone

fixation devices in clinical environments [98, 99] and in scaffolds suitable for bone

tissue engineering [100–102]. The ability to process PLA by SLA opens many

possibilities because a large variety of structures can be prepared with different

mechanical properties, cell seeding possibilities, and culturing capabilities. Differ-

ent chemical approaches have been followed to make PLA processable withSLA.

PLA networks can be formed by photo-initiated radical polymerization of

polylactide oligomers that are end-functionalized with an unsaturated group such
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as methacrylate [103], fumarate [104], or acrylate [105]. However, to make such

materials processable with SLA, a diluent is required to reduce the viscosity of the

resin, which should be lower than approximately 5 Pa s [106]. Reactive diluents

such as methyl methacrylate and N-vinyl-2-pyrrolidone have been used. However,

the introduction of these diluents results in significant amounts of nondegradable

material [92]. The latter can be overcome by using nonreactive diluents such as

ethyl lactate [97].

6 Conclusion

This chapter reviews the use of PLA in AM (3D printing) processes. Three

important 3D technologies have been considered: extrusion-based AM methods,

methodologies based on powder sintering, and SLA. PLA can be processed by any

of these techniques, but chemical modification is needed in the case of SLA. The

main engineering application of PLA processed with these methods is the

manufacturing of scaffolds for tissue engineering. All 3D printing techniques

described here are eligible for this use, although differences in resolution have

been reported. PLA functions very well in extrusion-based AM techniques and

many applications in the prosumer area and in the medical field have already been

reported. However, the use of PLA in more structurally demanding applications is

still limited, but further development of specific material requirements targeted for

a specific 3D-printing technology (e.g., powders with sufficient flow properties)

could open up more applications for this versatile biodegradable polymer.
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Poly(lactic acid) for Sensing Applications

Yoshiro Tajitsu

Abstract The piezoelectric responses of polymers in practical use are divided into

the following classes with different piezoelectric characteristics: chiral polymers

(optically active polymers), ferroelectric polymers, and cellular electrets. The

piezoelectricity of chiral polymers is in response to shear strain, that of a ferroelec-

tric polymer is in response to tensile strain, and that of cellular electrets is in

response to strain perpendicular to the film surface. Study of the piezoelectricity

of poly(L-lactic acid) (PLLA), which is a chiral polymer, has advanced in the last

few decades, and its practical application to sensor devices has progressed accord-

ingly. In this chapter, the piezoelectric characteristics of PLLA and its applications

to sensor devices are systematically discussed.

Keywords Angle detection • Chirality • Fiber • Film • Piezoelectricity • PLLA •

Sensing • Touch panel
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1 Piezoelectricity in Polymers

The development of new human–machine interfaces (HMIs) for mobile devices

such as smart phones has been actively progressing. As a key material of such

HMIs, the piezoelectric element has attracted considerable attention. Piezoelectric-

ity is the ability of dielectrics to generate an electric charge in response to mechan-

ical stress. The opposite effect also occurs, that is, the application of voltage

produces mechanical strain in piezoelectric materials. Both these effects can be

measured, making piezoelectric materials suitable for use in sensors and trans-

ducers (actuators). Organic piezoelectric materials such as piezoelectric polymers

are transparent, light, and flexible. Furthermore, the fabrication of thin films is

simple, resulting in high expectation of their application as actuators and sensors

[1–9].

First, a summary of the important discoveries in the history of piezoelectric

polymers is given. The piezoelectricity of polymers was first investigated for wood

and cellulose in 1955 and bone in 1957 [1]. Both materials exhibit shear piezoelec-

tricity. Later, tensile piezoelectricity in the axial direction was found in bone and

tendon in 1964 [7]. Pyroelectricity, which generates a state of electrical polarization

by a change of temperature, was discovered in 1966 [6]. Tensile piezoelectricity in

poly(vinylidene fluoride) (PVDF) was discovered by Kawai in 1969 [1, 3, 8] and

shear piezoelectricity in poly(L-lactic acid) (PLLA) was found in 1991 [8]. Polymers

that have chirality and a helix structure, such as α-helix polypeptides and optically

active polymers such as PLLA, are well known to exhibit shear piezoelectricity

[4]. In 2012, Li of the University of Washington discovered ferroelectricity in the

aorta wall, which is a property of materials that have spontaneous polarization that

can be reversed by the application of an external electric field. The piezoelectric

charge constants, d, for various piezoelectric polymers are given in Table 1 [1, 3, 4,

7, 8]. The d-constant refers to the polarization (coulombs per square meter, C/m2)

generated per unit of mechanical stress (newtons per square meter, N/m2) applied to

a piezoelectric material. Table 1 demonstrates that PVDF and PLLA can be

considered suitable polymer materials for forming practical elements.

Table 1 Magnitudes of piezoelectric d-constant

Biopolymers d (pC/N) Synthetic polymers d (pC/N)

Polysaccharides Polypeptides (shear)

Cellulose 0.1 Poly-γ-methyl-L-glutamate (PMLG) 3.3

Chitin 1.5 Optically active polymers (shear)

Amylose 3.0 Poly-L-lactic acid (PLLA) 10

Proteins Polar polymer (tensile)

Keratin 1.8 Polyvinylidene fluoride (PVDF) 20

Collagen 4.0 Porous electret (tensile)

Fibrinogen 2.5 Porous polypropylene (pPP) 400

DNA (�100�C) 0.01 Quartz d11 ¼ 2.3 pC/N
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2 Origin of PLLA Piezoelectricity

The piezoelectricity of dielectric materials having translation symmetry, such as

single crystals, is capable of being predicted from the symmetry of the crystal

system [10]. When considering the piezoelectricity of a dielectric material, the

strain sj (extension j ¼ 1–3, shear strain j ¼ 4–6) induced by an electric field Ei

(i ¼ 1–3) is represented by the equations below. The electric displacement Di

(i ¼ 1–3) induced by stress Tj (tensile stress j ¼ 1–3, shear stress j ¼ 4–6) is also

given:

Di ¼ dijTj ð1Þ
Si ¼ dijEi inverse effectð Þ ð2Þ

Here, dij (i ¼ 1–3, j ¼ 1–6) is a piezoelectric tensor. According to Eq. (1), an

electric charge (Di) is produced when a mechanical stress (Tj) is applied. This is the
direct piezoelectric effect. Devices that use the direct piezoelectric effect include

pressure sensors, hydrophones, and many other types of sensors. Also, according to

Eq. (2), conversely, a mechanical deformation (Sj) is produced when an electric

field (Ei) is applied. This is referred to as the inverse piezoelectric effect. Using the

inverse piezoelectric effect, it is possible to produce devices that generate acoustic

sound waves. Examples of piezoelectric acoustic devices are speakers or buzzers.

Non-acoustic inverse piezoelectric devices include motors and actuators.

It is important to clarify the crystal system of PLLA [11, 12]. The PLLA crystal

structure is based on a base-centered orthorhombic unit cell, as shown in Fig. 1. It

contains two 10/3 helical chains in a PLLA crystal unit. The point group of the

PLLA crystal system is D2 and there are three independent shear piezoelectric

tensors, d14, d25, and d36. The origin and ultimate cause of the piezoelectricity is the

cooperative motion of permanent dipoles existing on the helical chain molecules of

PLLA. Here, it is emphasized that pyroelectricity (i.e., polarization resulting from a

temperature change) is not anticipated in PLLA crystals because of its D2 symmetry

[12]. The existence of pyroelectricity is a very important factor in HMI applications

for the following reason. If a piezoelectric sensor material exhibits pyroelectricity,

then it can immediately detect heat from a finger when it is used as an HMI;

therefore, it is not possible to distinguish whether the signal originates from the

pressure or the heat of the operator’s hand. Stable PLLA films with a sufficiently

high piezoelectric constant to be used for sensing applications have been success-

fully produced and further developed into potential HMI devices (see Sect. 4).

Shear stress is applied to the chain molecules in PLLA with a 10/3 helical

structure through its methyl groups [13]. All the atoms in the chain molecules are

displaced, as shown in Fig. 2. In particular, the plane on which the C–O bond and

carboxyl bond (C═O) exist is rotated. As a result, the C═O bond, which has a larger

dipole moment than the other bond, is displaced. Rotation of the C═O bond changes

the polarization of the entire long-chain molecule, resulting in the shear piezoelec-

tricity of PLLA [14]. In summary, the origin of the observed macroscopic
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piezoelectricity, where charges are induced on a PLLA film surface when shear

stress is applied, is understood to be the result of rotation of some C═O bonds

[13, 14]. Thus, the macroscopic piezoelectricity of a drawn PLLA film is a result of

its intrinsic piezoelectricity due to its crystal state. However, in general, transla-

tional symmetry does not exist in a PLLA film because of its complex high-order

structure, as shown in Fig. 3. In other words, amorphous components are always

present in the complex high-order structure. No one-to-one correspondence has

been found between macroscopic piezoelectric properties and crystal characteris-

tics. The mechanism of macroscopic piezoelectricity is made complicated by the

existence of the complex high-order structure, as discussed in the next section.

3 Macroscopic Piezoelectricity of PLLA Films

This section first describes the piezoelectricity caused by the helix structure of

PLLA chain molecules, in particular, the right- and left-hand helices. Furthermore,

the macroscopic piezoelectricity of PLLA films is described on the basis of their

high-order structure.

a = 1.06 nm

b = 0.61 nm

c = 2.88 nm

c

a

b

Fig. 1 Crystal structure

of PLLA
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3.1 Helix Structure and Piezoelectricity

Poly(lactic acid) is a chiral polymer with two optical isomers, and its chain

molecules form a helical structure as a result of its chirality. One isomer is PLLA

and the other is poly(D-lactic acid) (PDLA). The helical structure of PLLA is left-

handed, as shown in Fig. 2, whereas the helical structure of PDLA is right-handed.

It is emphasized that the sign of the piezoelectric constant of PDLA is opposite that

of PLLA because of the clockwise and counterclockwise spiral structures of their

helical structures, respectively. The internal displacement of the dipoles is the

origin of the shear piezoelectricity. Shear piezoelectricity is observed in polypep-

tides with an α-helix structure and its sign depends on whether the optical activity is
L or D [7]. A useful example of shear piezoelectricity in a polypeptide is poly

(β-phenethyl L-aspartate) (PPLA), which undergoes helix inversion from right-hand

C

H

permanent dipole 

O C C

CH3

OH n

O

Fig. 2 PLLA molecule
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to left-hand in response to increasing temperature [15]. Macroscopic shear piezo-

electric measurement of films of optically active PPLA and the change in piezo-

electric constant during helix inversion have been investigated. It was found that

PPLA exhibits shear piezoelectricity d*¼ d0 – jd00 and an irreversible sign inversion
of d0 at approximately 140�C, as shown in Fig. 4 [16]. It was confirmed that the

inversion of PPLA from a right-hand to left-hand helix in the solid state progresses

irreversibly at 130–140�C. This strongly implies that the macroscopic sign inver-

sion of d0 is a result of irreversible helix inversion. It is surprising that the

macroscopic shear piezoelectricity remains even though a major change (i.e.,

helix inversion in the crystalline region) has occurred in the complex high-order

structure, including the amorphous region. This unique property of shear piezo-

electricity is expected to contribute to the analysis of complex molecular motion in

basic science.

3.2 Macrosymmetry and Piezoelectricity

According to the definition of the piezoelectric effect in Eqs. (1) and (2), all

components of the piezoelectric tensor (dij) should vanish in materials possessing

a center of symmetry. In polymer films, amorphous components are always present

in complex high-order structures, as shown in Fig. 3. In other words, polymer films

have no translation symmetry and there is a possibility that a center of symmetry

Fig. 3 High-order structure of PLLA shown at various scales
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Fig. 4 Temperature dependences of (a) complex piezoelectric modulus d*¼ d0 – jd00, (b) complex

Young’s modulus C* ¼ C0 + jC00, and (c) complex piezoelectric modulus e* ¼ e0 – je00 of PPLA.
Copyright The Japan Society of Applied Physics [16]
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exists macroscopically. Therefore, for the piezoelectricity of polymer films, mac-

roscopic symmetry must be considered on the basis of point group theory [12]. As

shown in Fig. 5, asymmetry is imparted to a film by conventional methods such as

drawing and poling. The purpose of the drawing process is to macroscopically

arrange the chain molecules in a polymer film in the same direction in the entire

film. The purpose of the poling process is to macroscopically arrange the dipole

moments of molecules along the same direction in the entire film. Actually,

piezoelectricity of an isotropic film does not occur, even though the piezoelectric

tensor dml exists in the crystal state. The point group of drawn and poled films of

ferroelectric polymers such as PVDF is C2v as shown in Fig. 5. Thus, six indepen-

dent piezoelectric constants exist. The symmetry of such films is the same as that

for a PVDF crystal. A drawn and poled PVDF film is known to exhibit high tensile

piezoelectricity at the macroscopic scale [3]. On the basis of its point group, PVDF

is predicted to exhibit pyroelectricity. On the other hand, the point group of a drawn

polymer film is D1v, as shown in Fig. 5 [8]. In this case, it is important that a mirror

plane perpendicular to the film surface exists. Furthermore, in this case, piezoelec-

tricity does not arise. However, the PLLA molecule has chirality, as shown in

Fig. 5. In this case, the mirror plane disappears, the point group becomes D1, and

three independent piezoelectric constants exist. The shear piezoelectric constant of

PLLA is high compared with those of other shear piezoelectric polymers, as shown

in Table 1.

Thus, to clarify the piezoelectricity of PLLA, the shear piezoelectricity of other

polymers is explained as follows. In wood, cellulose crystallites are uniaxially

oriented with no preferential orientation of the polar axes [4]. The symmetry is

D1. In this case, the macroscopic symmetry is the same as that of PLLA shown in

Fig. 5. Thus, the piezoelectric matrix is relatively simple and only the shear

piezoelectric coefficients d14 and d25 remain finite, which have the same value

but opposite signs. The observed value of the piezoelectric constant is proportional

to the average of the piezoelectric coefficients of the crystal, the degree of

0 0
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orientation, and the degree of crystallization. On the other hand, tensile piezoelec-

tricity together with shear piezoelectricity has been observed for bone and tendon.

The tension or pressure in the orientation direction produces polarization in the

same direction. The polar axes of collagen crystallites are preferentially oriented in

the same direction. Thus, the piezoelectric constants d31 and d33 can be observed

[4]. In this case, pyroelectricity can also be observed in the same way as for PVDF.

The magnitude of the shear piezoelectric constant d14 is similar to that of quartz

crystal, but the magnitude of the tensile piezoelectric constant is one order of

magnitude smaller. Molecules of polypeptides such as collagen contain CONH

dipoles with an asymmetric carbon atom [3]. A polypeptide forms an α-helical
structure, which is one of the distinguishing secondary structures of polypeptides.

This helical structure also plays a major role in the intramolecular hydrogen

bonding between the peptide and the main chain, in which the CONH dipoles are

aligned. The CONH dipoles are rotated under the application of shear stress. Here,

the key word is “chirality.” When mechanical stress or an electric field is applied,

the peptide dipoles undergo slight internal rotations, similar to those in PLLA, as

shown in Fig. 2.

4 PLLA as Sensing Material

This section describes how a new PLLA sensor device was produced as an actual

application of a PLLA film by a world-famous electronic device company, Murata

Manufacturing Co., Ltd. Furthermore, the possibility of using PLLA fiber sensors

as next-generation sensor devices is discussed.

4.1 Deformation-Sensitive Touch Panel (PLLA Film Sensor)

This section introduces the promising industrial applications of PLLA film sensor

devices. PLLA films, which have a larger shear piezoelectric constant than the other

polymers in Table 1 and no pyroelectricity, are anticipated to be used as sensors and

actuators in unconventional HMIs because of their high flexibility and transpar-

ency. A PLLA sensor has been combined with a projected capacitive touch panel to

realize a deformation-sensitive touch panel [17].

Two types of PLLA film were prepared. One film was cut from uniaxially

oriented PLLA film at an angle of 45� from the orientation direction of the

molecules (PLLA45). The other film was cut from uniaxially oriented PLLA film

at an angle of 0� (PLLA0). It was confirmed that when PLLA45 was pasted onto a

plate, it could detect the bending motion of the plate. When PLLA0 was pasted onto

a plate it could detect twisting motion in the plate. Figure 6 [17] shows the test plate,

with PLLA45 (thickness 35 μm) attached to the surface of a plastic plate (base

plate). PLLA0 film with thickness of 35 μm was attached to another surface and an
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organic electrode was placed on both surfaces of each sensor. Figure 7 [17] shows

the relationship between the deformation of the base plates with PLLA45 and

PLLA0 and the amount of electric charge generated. Figure 7a shows the defor-

mation of the base plate and Fig. 7b shows the twisting. It is of major importance for

sensor application of PLLA that sensing of the bending and twisting motions can be

Fig. 6 Test plate for sensing motion. Copyright The Japan Society of Applied Physics [17]

Bending sensor

Twisting sensor

Deflection (nm)

(a)

Bending sensor

Deflection (deg)

Twisting sensor

(b)

Charge(nC)

Charge(nC)

Fig. 7 Relationship between charge and deflection by (a) bending and (b) twisting. Copyright The

Japan Society of Applied Physics [17]
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performed independently. Furthermore, the relationship between the amount of

electric charge generated and the displacement should be highly linear. The results

indicate that PLLA45/PLLA0 can be used as a pressure sensor for a touch panel.

Another advantage of PPLA is that its piezoelectric voltage coefficient (piezo-

electric g constant¼ piezoelectric d constant/dielectric constant ε, corresponding to
sensing sensitivity) is high because its ε value of 2.7 is much lower than that of

inorganic piezoelectric materials. In other words, the sensitivity of PLLA is

very high.

A deformation-sensitive touch panel in which PLLA45 and PLLA0 were com-

bined with a projected capacitive touch panel has been produced. The touch sensor

comprises a PLLA film. A polycarbonate plate is used as the surface plate of the

touch panel. The electrode consists of three layers, as shown in Fig. 8 [18]. Figure 8

(a)

(b) Cover glass

PET film

RX electrode

PET film

PLLA film

Pressure detection electrode2

PET film

Pressure detection electrode1

TX electrode and

RX electrode(1st Layer)

TX electrode(2nd Layer)

Pressure detection

electrode(3rd Layer)

Pressure detection

electrode(4th Layer)

Fig. 8 Pressure-sensing electrode: (a) plan view and (b) layer structure. Copyright The Japan

Society of Applied Physics [18]
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shows a plan view of an electrode (Fig. 8a) and the electrode layer structure of a

touch-sensing electrode (Fig. 8b). A diamond or rectangular structure is generally

used for the electrodes, which are fabricated in a double layer system, with a drive

electrode (TX) and a detection electrode (RX). An RX electrode is formed on the

first layer and a TX electrode on the second layer. An electrode is formed directly

under the RX electrode so that the TX and RX electrodes adjoin each other. Another

electrode is formed on the third layer, and this electrode is separated into four

portions. This sensor detects the moment of deformation. Furthermore, using an

integrated circuit, the sensor can also detect absolute displacement. Murata

Manufacturing released a prototype deformation detection touch panel as shown

in Fig. 9 [18]. Multitouch functionality can be maintained, and three-axis (XYZ)

detection can be achieved, while retaining all the advantages of projected capacitive

touch panels, by using a simple three-layer electrode structure. The product was the

first PLLA sensor device fabricated by Murata Manufacturing Co., Ltd. This

flexible device was reported in television broadcasts worldwide in 2011, including

those by the BBC (UK) and CBS (USA).

4.2 Motion Capture with PLLA Fibers

This section describes the potential use of PLLA fiber sensors in next-generation

sensor applications.

Fig. 9 Prototype deformation detection touch panel (Murata Manufacturing Co., Ltd.)
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4.2.1 PLLA Fiber Sensor

Our aim was to realize PLLA fibers with high orientation of the fiber axis and a high

degree of crystallinity. PLLA with a D-isomer content of 0.1% was prepared. We

first attempted to obtain an axis-oriented PLLA fiber by a high-speed spinning

process. To make the PLLA fiber sensor, two types of helical torsion coil were

prepared, one with a PLLA fiber wound spirally in the counterclockwise direction

(PLLA fiber left-hand coil) and one with a PLLA fiber wound spirally in the

clockwise direction (PLLA fiber right-hand coil). To fabricate each coil, a PLLA

fiber was formed around a metallic bar in an oven, then annealed at 120�C for

10 min and quenched to obtain a soft and flexible PLLA fiber coil, as shown in

Fig. 10 [19].

4.2.2 Sensing of Expansion and Twisting

Figure 11 [19] shows the sensing device used for simultaneous sensing with two

PLLA fiber coils. Both ends of the PLLA fiber left-hand coil and the PLLA fiber

right-hand coil were tightly bonded to an epoxy-plastic block [19]. When expansion

and constriction strains were induced in the two PLLA fiber coils, a response signal

caused by the piezoelectricity of the PLLA fiber was subsequently detected, as

shown in the upper part of Fig. 12 [19]. A positive peak signal was obtained from

both the PLLA fiber left-hand coil and the PLLA fiber right-hand coil when

expansion strain was induced. Also, a negative peak signal from both coils was

obtained when the constriction strain was induced. In these cases, the peak signals

from the two coils had the same sign. Typical experimental results for twisting

motion are shown in the lower part of Fig. 12. It was found that the signals from the

two coils differed in sign when the coils were twisted. In other words, it is possible

to differentiate between counterclockwise twisting and clockwise twisting simul-

taneously using the two coils.

Fig. 10 PLLA fiber coil.

Copyright The Japan

Society of Applied Physics

[19]
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4.2.3 Sensing of Rotation Angle

An experimental system was produced for sensing rotation angle using a PLLA

fiber coil, as shown in Fig. 13. The signal produced in response to rotation was

processed via a charge amplifier and an LED display that displayed the angle.

Figure 14 shows a plot of the output voltage against rotation angle. A linear

relationship was found between the rotation angle and the induced voltage. On

the basis of the experimental results, a device for measuring rotation angle that has a

simple structure and provides high reliability and high precision can be provided

using PLLA fiber coils.

4.2.4 Visual Demonstration of Sensing of Human Motion Using PLLA

Fiber Left-Hand and Right-Hand Coils

Using the PLLA fiber coils, we attempted to simultaneously detect human pulse

rate and arm motion. A PLLA fiber sensor system was prepared in which a PLLA

fiber coil was linked to a personal computer (PC) used for simple image processing

[19]. Still images of various types of motion of the arm of a subject were prepared in

advance. The response signal generated by each PLLA fiber coil was processed by

the PC to determine which of the still images most closely matched the motion of

the arm. In the demonstration, PLLA fiber left- and right-hand coils were placed on

the forearm of a subject on the outside of his coat sleeves, as shown in Fig. 15 [19].

The arm was flexed, extended, and rotated. This demonstration was recorded with a

video camera. Typical examples of images selected by the PC for different

expansion

contriction

clockwise

twisting

counterclockwise

twisting

left-hand PLLA fiber coil

right-hand PLLA fiber coil

epoxy block epoxy block

Fig. 11 Experimental setup

used for the sensing

demonstration employing

PLLA fiber left- and right-

hand coils. Copyright The

Japan Society of Applied

Physics [19]
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movements of the arm are shown in Fig. 16 [19]. We were able to visualize the

inward rotation and outward rotation of the forearm and upper arm by means of

computer graphics.

5 Conclusion

PLLA exhibit unique shear piezoelectricity and no pyroelectricity. Furthermore, it

exhibits flexibility and transparency. All these characteristics satisfy the require-

ments of new HMIs such as flexible smart phones and wearable devices. A

deformation detection touch panel using a piezoelectric PLLA film sensor has

been produced in combination with a projected capacitive touch panel. This touch

panel can detect both bending and twisting motion, as well as the degree of
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Fig. 14 Plot of signal voltage from charge amplifier against rotation angle

Fig. 15 PLLA fiber left-hand and right-hand coils, respectively, placed on the wrist and arm of a

subject. Copyright The Japan Society of Applied Physics [19]
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deformation resulting from such motion. The basic function of the sensor is the

same as that of current projected capacitive touch panels; therefore, the operations

of touching, stroking, and multitouch gestures can be used. This touch panel shows

great promise for future applications requiring flexible sensor devices. We have

described a soft sensor using the PLLA fiber coil and a new technique for sensing

using a shear piezoelectric PLLA fiber. Our results indicate the strong possibility of

realizing a new soft sensor using biodegradable chiral piezoelectric polymers such

as PLLA fibers. In particular, piezoelectric PLLA fibers are expected to have a wide

range of applications.
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Abstract As a result of increasingly stringent environmental regulations being

imposed on the automotive sector, ecofriendly alternative solutions are being

sought through the use of next-generation bioplastics and biocomposites as novel

vehicle components. Thanks to its renewability, low cost, high strength, and

rigidity, poly(lactic acid), PLLA, is considered a key material for such applications.

Nevertheless, to compete with traditional petroleum-sourced plastics some of the

properties of PLLA must be improved to fulfill the requirements of the automotive

industry, such as heat resistance, mechanical performance (especially in terms of

ductility and impact toughness), and durability. This review focuses on the prop-

erties required for plastics used in the automotive industry and discusses recent

breakthroughs regarding PLLA and PLLA-based materials in this field.
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Abbreviation

ABS Acrylate-butadiene-styrene

ATBC Acetyltributylcitrate

BioPA Bio-polyamide

BioPE Bio-polyethylene

BS Biomax® Strong (Commercial impact modifier)

CE Chain extender

CL25A Cloisite® 25A

DEHA Bis(2-ethylhexyl) adipate

DOA Dioctyl adipate

DSC Differential scanning calorimetry

EBS Ethylene bis-stearamide (nucleating agent)

EMA-GMA Ethylene-methyl acrylate-glycidyl methacrylate

ENR Epoxidized natural rubber

GTA Glyceryl triacetate

HDT Heat deflection temperature

HNT Halloysite nanotube

NCH Nylon-clay hybrid

OEM Original equipment manufacturer

OMC Organic modified clay

OMLS Organically modified layered silicate

PA Polyamide

PBGA Oligomericpoly(1,3-butylene glycol adipate)

PC Polycarbonate

PCL Polycaprolactone
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PDLA Poly(D-lactic acid)

PEBA Polyether block amide

PEG Polyethylene glycol

PET Polyethylene terephtalate

PHA Polyhydroxyalkanoate

PLLA Poly(L,D-lactic acid)

PLS Polymer-layered silicate nanocomposites

PMMA Poly(methyl methacrylate)

PP Polypropylene

PPA Poly(1,2-propylene glycol adipate)

PS Polystyrene

PTT Polytrimethylene terephtalate

PU Polyurethane

RH Relative humidity

sc-PLA Stereocomplex of polylactide

TAC Triacetin

TBC Tributylcitrate

TPU Thermoplastic polyurethane

1 Introduction

Reducing vehicle weight is an important issue for the automotive industry, and

plastics are attractive materials for addressing this challenge. Because of their

renewable origin, bioplastics help minimize the environmental impact of car

production by further reducing CO2 emissions and energy consumption

[1, 2]. Besides, it is crucial for the industry to develop sustainable alternatives to

products derived from petroleum oil, because the price of petroleum oil is unstable

and its feedstock is expected to run out in the near future. Of the bioplastics existing

today on the market, some are already suitable for the automotive sector, particu-

larly formulations based on poly(lactic acid) (PLLA)and its composites [3]. Several

key points contribute to the success of PLLA, especially its excellent (bio)degrad-

ability/recyclability and attractive physical and mechanical properties such as high

rigidity, strength, and easy processability using conventional processing techniques

such as extrusion and injection molding [4, 5]. However, although PLLA can fulfill

environmental regulations regarding the automotive sector, the development of

technical PLLA-based materials for automotive applications still encompasses

some thresholds that have not yet been achieved. These requirements include

high toughness, durability, processability at high temperature, and high production

rate at affordable cost [6].

Several strategies such as blending with petroleum-based polymers, plasticizers,

impact-modifiers, and micro- and/or nanosized fillers have thereby been proposed

in efforts to overcome these drawbacks [7]. This chapter describes the great

potential of PLLA-based materials and their future trends, while mentioning their
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current drawbacks and the improvements required to sustain their successful imple-

mentation in the automotive sector. Special emphasis is placed on the current and

future use of PLLA-based materials for some automobile parts as both bulk and

fibrous materials.

2 (Bio)plastics in the Automotive Industry

The plastics industry plays a significant role in the environmental, societal, and

economic dimensions of sustainable development. Plastics meet the societal

demands of today’s products in packaging, lightweight components for cars and

aircraft, electronic housing, insulating materials for buildings, medical devices, etc.

Yet, the plastics industry still has to face up to great challenges concerning

improvements in safety, protection of the environment, and energy-saving in

plastics manufacturing processes as well as during their lifetime. In the automotive

sector, plastics and polymer composites are more and more appealing because their

light weight can help decrease the fuel consumption of vehicles, without adversely

affecting safety issues. Indeed, automotive manufacturers are tending to replace

traditional materials such as metals and metal alloys for lightweight materials such

as plastics and composites [8, 9]. As an illustration, the contribution of plastics to

the average weight of a vehicle is presented in Fig. 1. Today, plastics typically make

up 16% of the average weight of a new vehicle and will account for 18% by 2020,

with more than 50% of a modern vehicle’s volume. This renders cars lighter and

more fuel efficient, resulting in lower greenhouse gas emissions [10, 11].

Fig. 1 Evolution of the percentage of plastics in vehicles by weight. Reproduced with permission

from [10] Copyright © 2012, A.T. Kearney, Inc
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Furthermore, an important challenge for the twenty-first century is undoubtedly

sustainable management of resources, accompanied by new environmental regula-

tions and a strengthening bioeconomy. This latter refers to the sustainable produc-

tion and conversion of renewable resources from agriculture into energy and a large

range of food, health, fiber, and industrial products [12]. This trend is pushing

automotive manufacturers to propose renewable alternatives to traditional plastics,

while fulfilling current and new specifications for automotive parts, the aim being

production of smarter, lighter, greener and, if possible, low cost cars. In that

context, bioplastics meet these requirements because they have similar structural

and functional characteristics as their petroleum-sourced counterparts. Note that the

term “bioplastics” covers materials that are both partially and fully biosourced.

Beyond their initial use for packaging applications [13–15], bioplastics have

reached a very high level of maturity for a large range of automotive applications,

offering high performance together with reduced environmental impact. It is there-

fore not surprising that the use of bioplastics is continuously increasing in technical

applications, including for the automotive sector (Fig. 2).

2.1 Technical Requirements for Plastics Used in Car
Applications

Today, plastics are employed not only to build internal parts in cars but also

external components such as bumpers, body panels, laminated safety glass, trims,

and many others (Fig. 3). In exterior applications, plastics are not only used for their

light weight, but also because they give designers the freedom to create innovative

concepts, for instance parts of a complex shape that could not be massively

manufactured using other materials such as metals. In other words, plastics are

nothing less than revolutionary. They have shown to be great materials for creating

comfortable, durable, and aesthetically pleasing interior components, while pre-

serving occupant protection and reducing noise and vibration levels. Furthermore,

they have proven to be strong, durable, corrosion-resistant, and able to withstand

high temperatures under harsh engine environments. These properties make plastics

suitable for electrical, powertrain, fuel, chassis, and engine applications.

Usually, the choice of materials made by vehicle manufacturers depends on a

combination of several criteria. Some of the criteria are the result of regulation and

legislation on environmental and safety concerns. Other criteria relate to production

costs, mechanical and physical properties, and weight reduction. Different charac-

teristics are often mentioned as material selection criteria for the automotive

industry (Fig. 4) [17–21]. These criteria vary according to the type of vehicle and

component application. In many cases, different factors may conflict with each

other and therefore a successful design is only possible through an optimum and

balanced solution.
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Many types of petroleum-based plastics that can provide the technical require-

ments for the automotive sector are employed in more than 1,000 different parts of

all shapes and sizes. The most important polymers in the automotive industry are

polypropylene (PP), used for instance in body panel bumpers and fuel systems;

polyamide (PA), used in seats and electrical components; poly(methyl)methacry-

late PMMA and polyurethane (PU) used in lighting; and polycarbonate (PC) used in

bumpers, dashboards, and interior and exterior trim and usually associated with

acrylate-butadiene-styrene (ABS) [22].

Fig. 2 Global production capacities of bioplastics 2017 by market segment. Reproduced with

permission from [16]
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2.2 Why PLLA Is Being Viewed as a Key Material for Cars

Together with other bioplastic polymers such as polyhydroxyalkanoate (PHA),

polycaprolactone (PCL), polytrimethylene terephthalate (PTT), biopolyamide

(BioPA), and biopolyethylene (BioPE) [23], one of most popular alternatives to

traditional petroleum-based plastics in automotive applications is poly(L-lactic

acid) (PLLA), as currently derived from cornstarch. In spite of intensive R&D on

PLLA science and new technology to enable large-scale production, the industrial

application of unmodified PLLA is currently limited to short-term goods such as

packaging, cold drink cups, bottles, and textiles [24–26]. Nevertheless, a number of

factors can help extend the application of PLLA to more durable goods: high

Fig. 3 Autoparts of lightweight plastics and rubber

Fig. 4 Criteria used in automotive plastics selection and component design
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strength, rigidity, compostability, and recyclability [27]. To assess the strengths and

weaknesses of PLLA, its physical and mechanical properties can be compared with

those of the most commonly used plastics in automotive applications (see Table 1).

The mechanical properties of PLLA appear very attractive, particularly its Young’s
modulus (>3.5 GPa), making it an excellent alternative to commonly used stiff

polymers.

In the context of designing ecofriendly products, both to satisfy customer

demand and increasingly strict legislation [33], PLLA possesses undeniable assets

compared with petroleum-based polymers. First, it is derived from bioresources

(starch plants), which are abundant and renewable. Moreover, one of the most

positive points of PLLA production in comparison with the other hydrocarbon-

based polymers is its low CO2 emission. Carbon dioxide is the most important

contributor to global climate change. Because CO2 from air is readily transformed

when plants grow, the use of PLLA has the potential to reduce the environmental

impact of greenhouse gases compared with petroleum-based polymers. In addition,

emerging green technologies enable a decrease in greenhouse gas emissions during

PLLA production processes. Vink et al. [28] showed that the net greenhouse gas

emission of NatureWorks PLLA decreased from 2 kg CO2 equivalents/kg polymer

in 2003 to 0.3 kg in 2006. Furthermore, Jamshidian et al. [29] estimated that the net

greenhouse gas emissions for next-generation PLLA using wind energy can achieve

�0.7 kg CO2/kg polymer (Fig. 5).

PLLA has also received some interest from other industrial sectors because of its

relatively low price and commercial availability compared with other bioplastics.

This is certainly the key point for any successful polymer application. In fact, the

average price of commercial PLLA in 2015 was less than 1.8 €/kg, which is

sufficiently close to other petroleum-based polymers such as PET and is the lowest

Fig. 5 Net greenhouse gas emission of commercial PLAs and other polymers. PLA/NG
NatureWorks® PLA next-generation, PLA5 NatureWorks® PLA in 2005, PLA6 NatureWorks®

in 2006, HIPS high impact poly(styrene), PC poly(carbonate), GPPS general purpose poly(sty-

rene), PET am PET amorphous, PET ssp. PET solid state polycondensed. Reproduced with

permission from [29] Copyright © 2010 Institute of Food Technologists®
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among biodegradable polymers [30]. Clearly, the PLLA market is still in its

infancy, but it is expected that a decrease in production costs and improvement in

product performance will result in a clear breakthrough in PLLA industrial use.

Many researchers have developed a more efficient and economic route for cheaper

and greener PLA production [31, 32, 34]. It is estimated that PLLA production

capacity, currently around 180,000 tons/year, should exceed more than 1� 106 tons

in 2020 [35]. In addition to lower gas emissions, increasingly affordable cost, and

appealing mechanical properties, PLLA possesses other assets not generally avail-

able with petroleum-based plastics. Among those assets are excellent biocompati-

bility, (bio)degradability, and recyclability; furthermore, it can be readily processed

in large-scale processing equipment such as injection molding units [36, 37]. More

particularly, PLLA can be processed by injection molding, sheet-extrusion, blow

molding, thermoforming, and film forming and is one of the few plastics suitable

for 3D printing [38].

This new technology process for plastics is very important for the automotive

industry and aftermarket because it allows the realization of automotive parts of

incredibly complex geometry and enables production of spare parts on demand

[39, 40]. Recently, an electric Street Scooter C16 short-distance vehicle was built

by a team at Aachen University [41]. 3D printing using ABS polymer was used for

all the vehicle’s exterior plastic parts, including the large front and back panels,

door panels, bumper systems, side skirts, wheel arches, and lamp masks and for

interior components such as the retainer instrument board and a host of smaller

parts [41]. Local Motors made a car called the “Strati” by building the chassis and

body of its cars using giant 3D printers and raw materials [42].

Referring to Table 1 and comparing PLLA with the traditional plastics used in

automotive applications, neat PLLA has many appealing properties such us high

rigidity but cannot fulfill all the criteria required by the automotive sector, most

importantly in terms of brittleness and heat resistance. Several strategies have been

studied in efforts to overcome these drawbacks.

3 Development of High-Performance PLLA-Based

Materials

As discussed, the major drawbacks of PLLA that hamper its application in the

automotive industry are its inherent brittleness, low heat resistance, limited flexi-

bility in design, and poor durability. In order to make PLLA suitable for such

applications, many studies have focused on modifications of PLLA, mainly of its

bulk properties. These modifications have involved control of crystallinity and

processability via blending, plasticizing, stereocomplexing, and other modifications

depending on the properties to be improved. There is no unique way to improve

PLLA properties and the most interesting solutions are generally a combination of

different routes; however, not many have been successful as a result of antagonist
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effects when combined. Those modifications are described in detail in the next

sections, with an emphasis on PLLA-based materials that fit automotive require-

ments in terms of processing (e.g., injection molding), properties (e.g., stiffness),

and durability.

3.1 Tough and/or Ductile PLLA-Based Blends

In cases that require a high level of impact strength and ductility, especially for a

vehicle’s exterior parts, the impact toughness and ductility of PLLA in its pristine

state is often insufficient. Therefore, there have been tremendous efforts to develop

ways to improve these mechanical properties. These approaches are summarized

next, with a focus on how the protocols also influence other mechanical properties

in the resultant materials.

3.1.1 Plasticized PLLA Blends

Plasticization is a widely used technique for improving the processability of

thermoplastics. The main role of plasticizers is to decrease the glass transition

temperature (Tg). In addition, plasticization frequently opens new possibilities for

material processing by lowering degradation rate, which enables processing of

materials in equipment with reduced extrusion pressure and mixing time [43]. Fur-

thermore, it can also increase polymer ductility and flexibility, which is related to

the decrease in Tg. The choice of plasticizer for PLLA is dictated by factors relating

to the intended application (e.g., nontoxicity of plasticizer for food and medical

applications) as well as by general criteria such as non-volatility to avoid evapora-

tion under the high temperature conditions used during processing, and miscibility

for creating homogenous blends with PLLA. Another point is that the plasticizer

must migrate as little as possible from the material bulk, otherwise plasticized

PLLA blends can rapidly regain the inherent brittle properties of neat PLLA [44].

Many different molecules and classes of plasticizer have been tested for PLLA

[45, 46], the three main types being monomeric plasticizers, oligomeric and poly-

meric plasticizers, and mixed plasticizers. Only plasticizers designed for injection-

molded parts are selected here for discussion. Examples of the thermal and

mechanical properties of PLLA plasticized with these three classes of plasticizers

are given in Table 2 and described in more detail.

Jacobsen and Fritz [47] used glucose monoester (DehydatVPA 1726), partial

fatty esters (LoxiolVR GMS95), and polyethylene glycol (PEG) with a molecular

weight of 1,500 g/mol (PEG1500), to plasticize PLLA and examined the effect on

the tensile strength and unnotched Charpy impact strength of injection-molded

PLLA specimens. A significant improvement in both elongation (180%) and impact

resistance (unbroken specimens under unnotched Charpy impact tests) was reported

with the addition of 10 wt% PEG1500. In the case of glucose monoester and partial
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fatty acid ester, elongation of PLLA was improved but impact strength was slightly

decreased at all concentrations examined (i.e., 2.5–10 wt%). Murariu et al. [48]

studied the plasticization of PLLA using three low molecular weight ester-type

plasticizers, bis(2-ethyldhexyl) adipate (DOA), glyceryl triacetate (GTA), and

acetyltributylcitrate (ATBC). Addition of up to 20 wt% plasticizer led to a gradual

decrease in Young’s modulus and increased ductility in the following order of

efficiency, GTA>ATBC>DOA. The best notched impact performance was seen in

PLLA plasticized with 20 wt% GTA, with unbroken specimens. By comparison,

Table 2 Thermal and mechanical properties of plasticized PLLA blends

Plasticized

PLLA blends

Molecular weight

(g/mol)

Content

(wt%)

Tg
(�C)

σ
(MPa)

E
(GPa)

ε
(%) Reference

Monomeric plasticizers

PLLA 74,000 100 54 57 3.75 5 [47]

Loxiol GMS95 – 2.5 – 52 3.4 14

5 – 48 3.2 7

10 45 45 3 8

Dehydat VPA

1726

– 2.5 – 53 3.3 5

5 – 47 3 6

10 40 38 2.5 13

PLLA 74,500 100 62 66 1.02 11 [48]

ATBC 402.5 10 44 51 0.97 11

20 38 30 0.27 317

DOA 370.6 10 45 29 0.72 36

20 45 21 0.67 78

GTA 218.2 10 48 38 0.76 8

20 29 24 0.01 443

Polymeric plasticizers

PEG 1,500 2.5 – 50 3.2 5 [47]

5 – 44 2.5 7

10 28 38 1.3 180

PLLA 121,400 100 58.6 69.8 1.77 6 [49]

PPA 1,900 5 49.3 63.2 1.39 6

10 40.6 49.6 1.3 157

15 33.3 39.8 0.882 315

20 27 25.7 0.554 362

25 24.3 14.4 0.374 410

Mixed plasticizers

PLLA 207,400 100 – 58 – 4 [50]

TAC/PBGA – 5 – 48 – 4

9 – 36 – 180

13 – 24 – 349

29 – 17 – 327

Tg is the glass transition temperature; σ, E, and ε refer to the tensile strength, elastic modulus, and

tensile elongation at break, respectively
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addition of ATBC led to the lowest improvement in the impact strength of the three

plasticizers, with “only” an increase of 77% at 20 wt % ATBC.

The main drawback of monomeric plasticizers is their tendency to migrate out of

the polymer bulk [51]. This drawback can be overcome by using polymeric

plasticizers [47, 49]. Recently, it has been shown that PLLA can be efficiently

plasticized and toughened by melt-blending with poly(1,2-propylene glycol

adipate) (PPA) [49]. Thermal and dynamic mechanical analysis revealed that

PPA was partially miscible with PLLA, and morphological investigation of the

blends showed that PPA was compatible with PLLA. As a result, the blends showed

a decrease in the tensile strength and Young’s modulus with an increase in PPA

content (5–25 wt%) (Table 2). However, the elongation at break and impact

strength dramatically increased as a result of plastic deformation. The notched

Izod impact strength reached 100 J/m with 25 wt% of PPA. The results show that

polymeric plasticizers can cause an additional increase in impact strength. Never-

theless, increasing the molecular mass of plasticizers can lead to poor miscibility

with the polymer, causing phase separation [52].

Mixed plasticizers combine an oligomeric or polymeric plasticizer with a small-

molecule plasticizer. Therefore, they can lead to a medium drop in Tg and more

balanced mechanical properties (in terms of elongation, tensile modulus, and

strength) than the individual plasticizers. Mixed plasticizers combining low molec-

ular weight triacetin (TAC) and oligomeric poly(1,3-butylene glycol adipate)

(PBGA) have been employed to improve the ductility of PLLA, as reported by

Ren et al. [50]. They found that this combination led to significant improvement in

the elastic properties (for plasticizer content higher than 5 wt%), with a dramatic

decrease in tensile strength as the content of plasticizer increased (Table 2).

To enhance mechanical properties without altering the rigidity of PLLA too

much and to improve flexibility and toughness, Notta-cuvier et al. [53] had the idea

of combining plasticizers with Halloysite nanotubes (HNT) as reinforcing

nanofillers, leading to more attractive properties for automotive applications. In

particular, this composition achieved the right combination of good rigidity and

tensile flexural strength imparted by HNT with better ductility and toughness

provided by tributylcitrate (TBC) plasticizer. Tensile behavior and impact results

are represented in Fig. 6 and show that the ductility and impact resistance of PLLA/

HNT/TBC ternary blends were improved to an extent that depended on the amount

of plasticizer. Moreover, a high content of TBC (12.5–15%wt) enhanced the impact

resistance of the blend, but led to a drop in rigidity and flexural strength. For a good

balance of properties, an optimized PLLA/HNT/TBC composition containing 10wt%

of plasticizer was proposed as a biosourced alternative blend for automotive

application.

In summary, several studies have demonstrated that plasticizers can play a

significant role in tuning the properties of PLLA plastics, mainly to improve the

flexibility and ductility of PLLA blends, and could also pave the way to novel

applications. However, there are still some limitations associated with plasticiza-

tion, including leaching during use, lack of thermal stability, and substantial

reductions in strength and modulus. This illustrates the need to carefully estimate
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plasticizer content to reach a better compromise between ductility and strength,

especially for automotive applications.

3.1.2 Rubber-Toughened PLLA Blends

Several successful strategies have been proposed to improve the ductility and

toughness of PLLA. Of these, melt-blending with rubbers has proved to be efficient,

thanks to its remarkable toughening effect and the fact that is based on easy-to-

perform and cost-effective techniques. A variety of biodegradable and

nonbiodegradable flexible polymers have been used as toughening modifiers for

PLLA to improve the balance between stiffness and toughness. Various reviews

report the most commonly used polymeric additives to be effective PLLA impact

modifiers [45, 54–59]. However, this section is strictly limited to recent and

noteworthy studies concerned with developing rubber-toughened PLLA blends

for engineering applications requiring high ductility and impact toughness.

When aiming to improve PLLA ductility and impact toughness, the use of

impact modifiers can be of great interest because they allow an increase in energy

dissipation through the material during deformation, without affecting stiffness and

thermal stability [60]. Several commercial impact modifiers have been specifically

designed to toughen PLLA. When dispersed in the form of rubbery microdomains

(with an average size of 0.1–1.0 μm) within the PLLA matrix, they enable a

significant increase in energy absorption during impact [61, 62]. However, it is

well known that their toughening effect is of varying magnitude, depending on their

miscibility with the PLLA matrix, thermal stability under PLLA processing tem-

peratures, interfacial adhesion between the dispersed rubbery phase and continuous

PLLA matrix within the blend, etc. Of the impact modifiers compatible with PLLA,

Biomax® Strong (BS) from Dupont Company is probably the most investigated

because it was specifically designed to improve PLLA toughness. In this regard, BS

Fig. 6 (a) Nominal behavior of PLLA/TBC/HNT compositions and PP-B in tensile tests at

1 mm min�1. (b) Izod impact resistance (notched specimens) of PLLA/TBC/HNT compositions

and PP-B. Sample codes refers to the following weight contents (PLLA/TBC/HNT): N9 (91/0/9);

P10 (90/10/0); P15 (85/15/0); P10N9 (81/10/9); P12N9 (78.5/12.5/9); and P15N9 (76/15/9).

Reproduced with permission from [53] Copyright © 2015 WILEY-VCH Verlag GmbH &

Co. KGaA, Weinheim
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was used by Taib et al. [63], who noted a significant improvement in notched Izod

impact strength of PLLA from 3.6 to 14 kJ/m2 with use of 10% BS, and to 28 kJ/m2

with 20 wt% BS. For more suitable PLLA blends in automotive applications with

simultaneously enhanced impact and thermal resistance, ethylene acrylate BS

impact modifier was used by Bouzouita et al. [64] to develop a PLLA/PMMA/BS

ternary blend capable of competing with commercial ABS/PC blends for the

manufacture of injection-molded automotive parts. Thermal mechanical analysis

revealed that ternary blends showed a miscible PLLA/PMMA matrix, but the

impact modifier was phase-separated and formed immiscible blends. The effect

of PMMA content on the notched impact strength and tensile mechanical properties

of ternary PLLA-based blends showed that a significant gain in tensile elongation

and impact toughness was achieved (116 � 4% and 44 � 2.5 kJ/m2, respectively,

with addition of 25 wt% PMMA and 17 wt% BS) with only a slight decrease in

tensile rigidity and strength (Fig. 7). To understand the evolution of toughness in

PLLA/PMMA/BS blends, the average size and distribution of rubber microdomains

were analyzed. Results revealed that blend impact toughness and fracture mecha-

nisms depend on rubber particle size, with an optimum of 0.5–0.55 μm achieved at

25 wt% PMMA content. However, PMMA content higher than 50% led to poor

mechanical properties and low interfacial adhesion between PLLA/PMMA matrix

and BS nodules as a result of the low affinity of impact modifier with PMMA. To

conclude the study, the authors selected PLLA/PMMA/BS (58/25/17) as the most

promising composition made of at least 50% biosourced polymer in terms of

ductility/stiffness balance and characterized by competitive mechanical properties,

compared with commercial ABC/PC blends, for use in automotive applications

(Table 3).

Using BS impact modifier, Notta-Cuvier et al. [65] prepared PLLA/plasticizer/

impact modifier/nanoclay quaternary compositions designed for automotive appli-

cations. Good ductility and toughness were achieved with the binary blend (PLLA/

BS) at a resiliency of 16.5 kJ/m2. A synergistic effect of BS (10 wt%), plasticizer

TBC (10 wt%), and the nanoclay Cloisite® 25A (1 wt%) was surprisingly seen, with

Fig. 7 (a) Tensile stress–strain curves for PLLA and PLLA/PMMA/BS blends. (b) Effect of

relative content of PMMA on the notched impact strength of PLLA/PMMA/BS blends. Adapted

with the permission from [64] Copyright © 2016 Wiley Periodicals, Inc
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an optimal toughness of 42.8 kJ/m2. Analysis also revealed that a compromise is

needed between high tensile rigidity and strength on one hand, and high ductility on

the other hand, as illustrated in Fig. 8. In Fig. 8, the mechanical properties of a

mineral (talc)-filled polypropylene (PP-talc), commonly used in automotive appli-

cations, were taken as reference. The composition PLLA + 10 wt% BS + 10 wt%

TBC + 3 wt% CL25A (composition 8 in Fig. 8) has, globally, the most interesting

properties compared with PP-talc. In particular, this composition was characterized

by an interesting level of ductility, while its rigidity and strength were higher than

those of the mineral-filled PP (10 kJ/m2compared with 4.8 kJ/m2 for PP-talc).

Zhang et al. [66] developed super-toughened PLLA multiphase reactive blends

using a commercial class of renewable elastomeric copolymers. Polyether block

amide PEBA (Pebax®) offered high impact resistance and excellent elasticity, and

an ethylene-methyl acrylate-glycidyl methacrylate (EMA-GMA) terpolymer

impact modifier (commercialized under the name of Lotader® AX8900; Arkema

Ltd.) improved the interfacial adhesion of PLLA/PEBA blends and enhanced

toughness. As shown in Fig. 9b, only limited improvement in impact strength was

Table 3 Summary of all mechanical properties of PLLA70/PMMA30/BS compared with those of

ABS/PC (tensile tests performed at a displacement rate of 1 mm/min, ASTM-D-638 norm)

Compounds ABS/PC PLLA70/PMMA30/BS

Tensile modulus (GPa) 2.3 (0.1) 2.5 (0.1)

Ultimate tensile strength (MPa) 52 (1) 49 (3)

Tensile elongation at break (%) 19 (5) 116 (4)

Impact strength (KJ/m2) 20 (1) 44 (2)

Reproduced with the permission from [64] Copyright © 2016 Wiley Periodicals, Inc

Fig. 8 (a) Summary of all mechanical properties compared with those of PP-B. Numbers refer to
PLLA/TBC/BS/CL25A composition codes: 1 (100/0/0/0); 2 (90/0/10/0); 3 (90/10/0/0); 4 (80/10/

10/0); 5 (90/0/10/1); 6 (90/0/10/3); 7 (80/10/10/1); 8 (80/10/10/3), in weight percentages. Values

presented are ratios of properties of compositions 1–8 divided by those of PP-talc, so that

qualitative comparisons are immediate (a value higher than 1.0 stands for a mechanical property

higher than that of PP-talc). (b) Summary of all mechanical properties compared with those of

PP-B (focus on lower values). Adapted with permission from [65] Copyright © 2016 Elsevier Ltd
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achieved for binary PLLA/PEBA blends but significant enhancement of PLLA

impact toughness, together with higher elongation at break, thanks to addition of

the impact modifier. Elongation at break increased with the EMA-GMA content,

reaching almost 73% with 20 wt% of impact modifier (20 times higher than that of

the neat PLLA). Nevertheless, a decrease in tensile strength and modulus for

ternary blends was noticed with an increase in EMA-GMA content (Fig. 9a). This

result can be attributed to the presence of soft PEBA and EMA-GMA elastomers.

Good interfacial adhesion was achieved by addition of Lotader AX8900. A

supertough PLLA ternary blend was thus developed, exhibiting an impact strength

of 500 J/m with only partial break of impact specimens, therefore allowing this

blend to be used in automotive interior parts.

Although many of the solutions investigated for achieving a decrease in PLLA

brittleness and/or an improvement in PLLA impact strength are not fully

ecofriendly, blending PLLA with ecofriendly rubber modifiers [67–72], elastomers

[73, 74], and biodegradable polymers [75, 76] has gained momentum in recent

years. Zhang et al. [67] reported an improvement in the impact strength of PLLA

with the incorporation of 20 wt% of epoxidized natural rubber containing 20 mol%

(ENR20) and 50 mol% (ENR50) of epoxidation content. ENR20 was found to

impart higher impact strength to the PLLA matrix than ENR50 (Fig. 10). Moreover,

the higher content of epoxy groups in ENR50 led to an increase in viscosity and

therefore decreased deformability of the blends. Interchain crosslinking reactions

and molecular entanglements were more pronounced in PLLA/ENR50 blends and,

in turn, increased the tensile strength.

Fig. 9 (a) Tensile properties of PLLA/EMA-GMA/PEBA ternary blends as a function of the

weight fraction. (b) Notched Izod impact strength and percentage elongation at break of PLLA/

EMA-GMA/PEBA ternary blends as a function of the weight fraction: (A) neat PLLA; (B) PLLA/
PEBA (80/20); (C) PLLA/EMA-GMA (80/20); (D) PLLA/EMA-GMA/PEBA (70/10/20); (E)
PLLA/EMA-GMA/PEBA (70/15/15); and (F) PLLA/EMA-GMA/PEBA (70/20/10). Adapted

with the permission from [66] Copyright © 2014 American Chemical Society
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3.1.3 Annealing Process

Of the additional approaches related to process modification, the literature shows

that annealing is an effective method for improving the mechanical properties of

PLLA blends (rigidity and impact strength), in particular for injection-molded

parts. Annealing modifys the inherent crystalline structure and crystal polymor-

phism, which have a deep impact on the mechanical properties of PLLA [77–84].

Perego et al. [83] studied the effect of crystallinity on the mechanical properties

of PLLA of different molecular weights. To promote further crystallization, PLLA

injection-molded specimens were annealed at 105�C for 90 min under nitrogen.

DSC analysis demonstrated that the crystallinity degree of PLLA reached

42–65 J/g, instead of 3–13 J/g for nonannealed PLLA, as a function of molecular

weight ( �Mv). Annealing PLLA samples also led to some increase in impact strength,

depending on the evolution of crystallinity and molecular weight. Values of

notched impact strength ranged from 66 to 70 J/m, following the molecular weight

of PLLA. The highest tensile elastic modulus attained was 4.15 GPa, resulting from

the higher crystallinity degree of annealed materials (Table 4).

From a general viewpoint, in the automotive industry, annealing is mainly used

for semifinished components after shaping or cold-forming, with the aims of

producing a uniform material structure that offers softness and removing any

residual stresses for both alloy and plastic components [85, 86]. Annealing is

carried out after heating the material at a specific temperature for a definite period

of time, followed by slow cooling to room temperature. This process is used to

control the degree of crystallinity and/or orientation of the material and to remove

any internal stresses within the product that were created during primary

processing. Annealing can also improve impact resistance and reduce the tendency

to crazing and cracking during service. It can also offer additional value to the final

alloy, such as improved welding properties, better corrosion resistance, and good

dimensional and shape accuracy. Unfortunately, this post-process is expensive and

Fig. 10 Impact strength of

pure PLLA, ENR20/PLLA,

and ENR50/PLLA blends.

Reproduced with

permission from [67]

Copyright © 2012

Elsevier Ltd
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involves longer production times. Moreover, annealing can induce some structural

defects within the part, making it difficult to control shrinking and complicating

part ejection. Therefore, it cannot be seen as a promising solution for mass-

production processes currently used in the automotive industry.

3.2 Heat-Resistant PLLA-Based Blends

In some applications, heat resistance over extended periods of time is compulsory.

Yet, heat resistance is an important issue for plastics used in engineering applica-

tions. Indeed, all polymers exhibit a wide variation in mechanical and physical

properties as a function of temperature. Apart from the extreme temperature

attained in combustion chambers, automotive parts may face service temperatures

ranging from �40�C for a car parked outdoors in a cold country to 85�C for the

driver interior, and even 125�C under the bonnet [87]. With increasing temperature,

polymer strength and rigidity tend to decrease dramatically. Above a given tem-

perature, rigidity drops in a more pronounced way and becomes too low to enable

the use of the material in these technical parts. In this regard, the heat deflection

temperature (HDT) is defined as the temperature at which a standardized test bar

deflects a specified distance under an imposed load value (see ASTM D648

procedure). HDT is therefore an effective way to evaluate the thermal stability, or

heat resistance, of plastics [88]. Many researchers have studied the improvement in

heat-resistance of PLLA by manufacturing, for example, PLLA-based green com-

posites containing reinforcing fibers. Fibers from wood [89], banana [90], kenaf

[91], bamboo [92], and cellulose [93] can all increase HDT, but the resulting

composites is brittle.

Table 4 Mechanical properties of nonannealed and annealed PLLA

Property Molecular weight

( �Mv)

ΔHm
a

(J/g)

Notched strength

(J/m)

Modulus of elasticity

(GPa)Specimen

PLLA-I 23,000 8 19 3.65

Annealed

PLLA-I

20,000 65 32 4.2

PLLA-II 31,000 13 22 3.6

Annealed

PLLA-II

33,500 59 55 4.0

PLLA-III 58,000 8 25 3.6

Annealed

PLLA-III

47,000 48 70 4.15

PLLA-IV 67,000 3 26 3.65

Annealed

PLLA-IV

71,000 42 66 4.15

Adapted with permission from [83] Copyright © 1996 John Wiley & Sons, Inc
aEnthalpy of melting
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By contrast, nanofilled PLLA/petroleum-based thermoplastic blends can offer a

good balance between thermal stability and ductility, allowing their use in the

automotive sector.

3.2.1 PLLA-Based Nanocomposites with High Thermal Properties

Polymer nanocomposites are commonly defined as the combination of a polymer

matrix and nanofillers that have at least one dimension in the nanometer range. The

nanofillers can be one-dimensional (1D; nanofibers or whiskers), two-dimensional

(2D; plate-like nanofillers) or three-dimensional (3D; nanoparticles). The use of

nanocomposites in vehicle parts and systems is expected to enhance manufacturing

speed, improve thermal stability, and reduce weight. Applying this technology only

to structurally noncritical parts such as front and rear panels, cowl ventilator grids,

and valve/timing covers could allow a reduction in weight. Indeed, nanocomposite

plastic parts offer a 25% weight savings on average compared with highly (micro)

filled plastics and as much as 80% compared with steel [94, 95]. As important as the

process advantages and weight and energy savings are, nanocomposites can also

offer enhanced physical properties. Depending on composition, nanocomposites

show stiffness and strength comparable to, or even better than, metals [96–

102]. Nanofillers can also improve the corrosion resistance, noise dampening,

thermal stability, and dimensional stability of a material. However, as a relatively

new approach, it is still unknown whether the cost/performance ratio of

nanocomposites is superior to that of materials currently used by the automotive

industry.

Layered silicate (clay) nanocomposites (PLS) are among the best-known

nanocomposites. Their interesting properties at low nanofiller content make them

appealing in both academic and industrial realms [103]. Three main methods have

been proposed for preparation of nanocomposites: in situ intercalative polymeriza-

tion, solution intercalation, and melt intercalation [104, 105]. Clay materials can be

dispersed and exfoliated into polymers by conventional melt-compounding or

solution methods. Toyota Motor Company successfully pioneered an in situ inter-

calation polymerization method to create a Nylon–clay hybrid (NCH) for manu-

facture of an automotive timing belt cover [106]. Although in situ intercalative

polymerization is the most efficient technique for obtaining an exfoliated structure,

it is not the most viable option for current industrial challenges [104, 107]. Alterna-

tively, the melt-intercalation technique is more versatile and less environmentally

harmful. Therefore, it is the most efficient method for the preparation of polymer

nanocomposites from an industrial viewpoint. The main advantages in comparison

with other approaches are the utilization of elevated shearing force and the absence

of solvent during preparation. The applied shear force during mixing readily pro-

motes the diffusion of polymer chains from the bulk to the clay gallery spacing,

resulting in further nanoplatelet delamination and improved nanofiller distribution

and dispersion [105].
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Addition of layered silicates can potentially achieve enhanced barrier properties,

high heat deflection temperatures, improved rate of biodegradation, good optical

properties, and antimicrobial properties; therefore, numerous research studies have

focused on the development of PLLA-based nanocomposite blends for food pack-

aging and medical applications [96–102]. However, only limited studies deal with

PLLA-based nanocomposites for automotive applications, for instance in the form

of PLLA nanocomposite foams and injection-molded PLLA nanocomposites

[61, 108–117]. Liu et al. [61] developed a nanocomposite of thermoplastic poly-

urethane (TPU)-toughened PLLA/talc/organic modified clay (OMC) and demon-

strated that the annealing process is necessary for improving the heat resistance of

PLLA. As shown in Table 5, the differences between compositions of injection-

molded specimens were negligible before annealing, with HDT values of about

60�C. Annealing increased HDT values to more than 120�C, mostly due to the

increase in crystallinity resulting from thermal treatment and, to a lesser extent, to

some interactions between PLLA and TPU molecular chains.

Thermal stability, mechanical performance, and added-value properties such as

flame retardancy are among the most targeted properties for PLLA materials

intended for the automotive sector. Sinha Ray et al. [110] reported the flexural

properties of neat PLLA and various PLLA nanocomposites prepared with organ-

ically modified layered silicate (OMLS) (injection-molded samples). The flexural

modulus, flexural strength, and distortion at break of neat PLLA and various PLLA

nanocomposites were measured at 25�C and the results showed a significant

increase in flexural modulus for PLLA nanocomposites with 4 wt% of OMLS

(5.5 GPa) compared with that of neat PLLA (4.8 GPa). This was followed by a

much slower increase with OMLS content, and a maximum at 5.8 GPa (increase of

21%) for 7 wt% OMLS. In addition, the flexural strength and distortion at break

remarkably increased for 4 wt% OMLS, then gradually decreased with increased

Table 5 Heat deflection temperatures of PLLA, PLLA/TPU blends, and their nanocomposites

Specimen

Content (wt%) HDT of injection-molded

specimens (�C)
HDT of annealed

specimens (�C)PLLA TPU Talc OMC

LA 100 0 0 0 59.2 –

LAT4C0 96.0 0 4.0 0 61.1 129.5

LAT4C02 94.0 0 4.0 2.0 63.9 133.3

LAT4C06 90.0 0 4.0 6.0 60.1 133.4

LAT4C10 86.0 0 4.0 10 0 63.1 126.1

LAT4C14 82.0 0 4.0 14.0 61.7 130 6

LU 90 10 0 0 60.6 –

LUT4C0 86.4 9.6 4.0 0 60.1 130.3

LUT4C02 84.6 9.4 4.0 2.0 58.9 122.7

LUT4C06 81.0 9.0 4.0 6.0 60.6 115.3

LUT4C10 77.4 8.6 4.0 10.0 59.2 123.1

LUT4C14 73.8 8.2 4.0 14.0 59.1 128.1

Adapted with permission from [61] Copyright © 2013 Society of Plastics Engineers
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OMLS loading. The study revealed that a high content of OMLS leads to brittleness

in the material and that there is an optimal amount of OMLS in nanocomposites,

which must be carefully adjusted to achieve the most significant improvement in

mechanical properties. Murariu et al. [109] developed a calcium sulfate-containing

PLLA-based nanocomposite with flame-retardant properties for technical applica-

tions requiring rigidity, heat resistance, and dimensional stability. Accordingly,

composites of PLLA and β-anhydrite II (AII) characterized by specific end-use

flame-retardant properties were added together with selected OMLS. Co-addition

of AII and OMLS led to PLLA nanocomposites characterized by good nanofiller

dispersion, thermal stability, and adequate mechanical resistance. The flame-

retardant properties, as measured by cone calorimetry (Table 6), displayed a

significant increase in ignition time (TTI) compared with neat PLLA and a sub-

stantial decrease (about 40%) in the maximum (peak) rate of heat release (pHRR).

The composite successfully passed the UL94 HB standard flammability test in

terms of nondripping effect and extensive char formation (Fig. 11).

In summary, PLLA-based nanocomposites show very interesting properties that

should enable their more widespread use in automotive applications in the near

future, in particular for reduced energy consumption resulting from weight reduc-

tion. The high strength and rigidity of these materials are also undeniable assets.

Table 6 Flame-retardant properties of PLLA nanocomposites compared with pristine PLLA, as

determined by calorimeter testing at a heating flux of 35 kW/m2

Composition (% by weight) TTI (s) pHRR (kW/m2) Decrease in pHRR (%)

PLLA (reference) 75 374 Reference

PLLA-43% AII 98 319 [15]

PLLA-3% B104 75 285 [24]

PLLA-3% C30B 62 244 [35]

PLLA-40% AII-3% C30B 88 230 [39]

PLLA-40% II-3% B104 91 217 [42]

Reproduced with permission from [109] Copyright © 2009 Elsevier Ltd

Fig. 11 Behavior of specimens during UL94 HB testing: (a) PLLA and (b) PLLA-43% AII

burned with drips; (c) PLLA-40% AII-3% C30B and (d) PLLA-40% AII-3% B104 burned without

drips. Reproduced with permission from [109] Copyright © 2009 Elsevier Ltd
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However, nanofilled PLLA blends still have low heat resistance in the absence of

additional heat processes such as annealing.

3.2.2 PLLA/Petroleum-Sourced Polymer Blends of High Thermal

Stability

The comparatively high thermal stability of commonly used petroleum-based

thermoplastics, as indicated by their HDT values (Table 1), has encouraged interest

in compounding PLLA with petroleum- or biosourced polymers to improve the

HDT [118, 119]. In some cases, compounding in association with toughening

modifiers also achieved high impact properties, leading to a competitive partially

biobased material with enhanced thermal stability and mechanical performance that

is suitable for use in vehicle parts. PLLA/PC blends have been widely reported

[120–125] as a simple binary blends or with addition of some additives such as

chain extenders and compatibilizers to significantly enhance toughness and heat

resistance, while minimizing the reduction in stiffness. Recently, Srithep et al.

[124] developed a PLLA/PC blend with the addition of epoxy-based chain extender

(CE) to improve compatibility of the blend by reaction between the epoxide groups

in the CE and the hydroxyl/carboxylic end groups of PLLA and PC. The HDT value

of PLLA/PC blends without and with addition of CE was improved from 62�C for

PLLA + 50%PC to 106�C after mixing with CE (Table 7).

PMMA is often viewed as an excellent polymer partner for PLLA, resulting in

blends exhibiting high miscibility, excellent thermal stability, increased HDT, high

sustainability, and good ageing behavior [126–129]. Recently, Samuel et al. [128]

prepared miscible PLLA/PMMA blends of enhanced thermomechanical properties

and confirmed that the addition of even a moderate amount of PMMA can deeply

modify the thermal properties of PLLA (in terms of Tg and HDT values), which

were easily adjusted between those of neat PLLA and neat PMMA. More particu-

larly, the HDT progressively increased from 51.5 to 54.8�C with 20 wt% PMMA

and up to 61.9�C with 50 wt% PMMA. Similarly, Bouzouita et al. [64] reported the

design of PLLA/PMMA blends with incorporation of impact modifier. The authors

confirmed that the addition of impact modifier led to a supertough ternary blend

(33 kJ/m2 with 50 wt% PMMA) but also noticed that the impact modifier had a

slight influence on HDT, which reached 63�C for ternary PLLA/PMMA/BS blends

with 50 wt% PMMA.

Table 7 Heat deflection

temperatures of PLLA/PC

blends and/or chain extender

(CE) blends (HDT

normalized measurement test)

[124]

Compound HDT (�C)
PLLA 55

PLLA + 30% PC 57

PLLA + 50% PC 62

PLLA + 50% PC + 1.1%CE 106

PC 136
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3.2.3 Heat-Resistant PLLA-Based Stereocomplexes

Together with the development of PLLA/petroleum-sourced polymer associations,

other studies have focused on making PLA stereocomplexes (sc-PLA) [130], as

stereocomplexing is generally judged to be an effective method for increasing

material crystallinity. Poly(L-lactic acid) (PLLA) and poly(D-lactic acid) (PDLA)

readily form stereocomplexed crystallites with a distinct crystal structure that leads

to a high melting point in the range of 220–230�C, that is, values that are signif-

icantly higher than those of PLLA homocrystallites (approximately 170�C)
[131, 132]. Stereocomplexing can therefore enhance PLLA properties in terms of

resistance to heat and hydrolysis, in particular. A drawback of stereocomplexing is

that it can lead to brittle PLLA-based materials, which could dramatically reduce

their industrial implementation, as shown by Torres et al. [133]. Other research has

aimed at simultaneously improving the HDT and toughness of PLLA using

stereocomplexing [134–136]. Similarly, Nam et al. [137] prepared sc-PLA by

extruding PLLA with various amounts of PDLA and 10–20 wt% of two types of

commercial impact modifiers (BioStrong 120, Elvaloy) to enhance both thermal

(Table 8) and mechanical properties.

As shown in Table 8, HDT dramatically increased to over 100�C as a result of

incorporation of different amounts of PDLA. Nevertheless, impact strength

decreased with addition of PDLA (18 J/m for neat PLLA to 11 J/m with 15 wt%

of PDLA). Once impact modifiers were added, HDT decreased with the increase in

impact modifier content (Table 8). Taking all results into account, a well-balanced

composition of toughened sc-PLA with 10 wt% of impact modifier could compete

with petroleum-based polymers. In this context, Corbion Purac [138] created a

developmental grade of highly heat-resistant PLLA (not commercialized yet) that

Table 8 Thermal properties and heat deflection temperatures of sc-PLA blends with or without

impact modifiers [137]

Compounds ΔHm, H
a (J/g) ΔHm, SC

b (J/g) HDT (�C)
PLLA 37 – 56

PLLA/PDLA (92/8) 30 8 110

PLLA/PDLA (85/15) 28 17 110

PLLA/PDLA (75/25) 17 30 110

PDLA 54 – 53

PLLA/PDLA (92/8) + 10 wt% Strong 120 31 5 70

PLLA/PDLA (92/8) + 20 wt% Strong 120 29 6 65

PLLA/PDLA (85/15) + 10 wt% Strong 120 27 15 87

PLLA/PDLA (85/15) + 20 wt% Strong 120 31 10 79

PLLA/PDLA (92/8) + 10 wt% Elvaloy 30 8 90

PLLA/PDLA (92/8) + 20 wt% Elvaloy 26 7 81

PLLA/PDLA (85/15) + 10 wt% Elvaloy 24 13 101

PLLA/PDLA (85/15) + 20 wt% Elvaloy 23 12 97
aMelting Enthalpy of homopolymer
bMelting Enthalpy of stereocomplex
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in a given stereocomplex form could replace polystyrene (PS), PP, and ABS-type

materials in applications where heat performance is compulsory.

As shown in Fig. 12, the key driver behind the improvement of HDT in blend A

is the presence of PLLA homopolymers that are nucleated with a small amount of

PDLA homopolymers and a traditional nucleating agent. The improved heat per-

formance of blend A was obtained without adding a significant amount of filler. To

achieve a higher modulus, and an even higher temperature resistance, talc was

added to blend A to form blend B (4 GPa and 120�C for blend B instead of 3 GPa

and 105�C for blend A), leading to better performance than those of PP and PS

blends. To achieve an impact resistance comparable to that of ABS, blend A was

impact-modified and, to minimize the drop in modulus, talc was added to obtain

blend C, which was characterized by a good balance of properties (33 kJ/m2 for

impact resistance, 3.5 GPa for tensile modulus, and 95�C for HDT).

Sections 3.1 and 3.2 presented the most efficient way to improve PLLA impact

strength, ductility, and thermal stability in order to obtain PLLA-based materials

with properties compatible with their implementation as automotive components.

Another key point when developing materials for use in the automotive industry is

to ensure their good processability through mass production methods, typically by

injection molding. This subject is discussed in the next section.

Fig. 12 Typical results of using PLLA homopolymer blends, showing heat performances similar

to those of PS, PP, and ABS. Reproduced with permission from [139]© Copyright 2015 Corbion
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3.3 Mold-Injected PLLA Materials for Automotive
Applications

In the automotive industry, PLLA components are generally produced by injection

molding, similarly to other thermoplastics. The advantage of injection molding is

continuous production capability with minimal maintenance and labor, allowing

significant economies for large-scale production. Several factors are involved in the

injection molding process and have a great influence on the injected part; these

include material formability, characteristics of the molding machine, mold design,

and process conditions [139, 140].

The typical cycle for an injection molding process has been detailed by Lim et al.

[141] (Fig. 13). The authors described the different steps of the cycle and gave some

advice on how to avoid defects in injection-molded products. Although the cooling

time must be sufficient to ensure a dimensionally stable injected part, cycle time

should be minimized to maximize production throughput.

The slow crystallization rate of PLLA compared with that of commonly used

injection-molded thermoplastics is a major obstacle to its use in the automotive

industry (i.e., at high production rate). Indeed, the injection molding cycle time in

the automotive industry is typically within the range of 20–60 s [142], which

implies a high cooling rate. However, the crystallization half-time, t½, of a pure

sample of PLLA was reported in the literature as being in the range of 17–45 min,

depending on crystallization temperature, stereochemistry, and molecular weight

[143]. Therefore, injection molding of PLLA for automotive parts is limited to the

manufacture of parts for which a high degree of crystallinity is not required. Indeed,

using a post-annealing step or longer cycle time to obtain sufficient crystallinity for

PLLA components would be impractical for high volume automotive use. In

Fig. 13 Typical cycle for an injection molding process. Reproduced with permission from [141]

Copyright ©2008 Elsevier Ltd

202 A. Bouzouita et al.



addition, the slow crystallization rate of PLLA also causes difficulties during part

ejection, again increasing molding cycle duration.

An efficient way to accelerate crystallization of PLLA is by incorporation of

nucleating agents. In polymers, nucleating agents provide additional sites for

initiation of crystallization and influence crystalline morphology and crystallization

kinetics [144–146]. For example, blending PLLA with 5 wt% talc can fundamen-

tally change the crystalline morphology of the blend (Fig. 14). Judging from

polarized optical micrographs of PLLA formulations, spherulite concentration

increases after nonisothermal crystallization from the melt, whereas spherulite

size decreases in PLLA/talc compared with neat PLLA. Therefore, talc addition

can lead to much more heterogeneous nuclei and can reduce the size of spherulites

[147]. Nucleating agents have a remarkable effect on the kinetics of crystallization

by reducing t½, leading to better processability of PLLA. In some cases, they may

also lead to enhanced mechanical properties [116].

Shi et al. [148] demonstrated that the addition of 1 wt% aromatic sulfonate

derivative LAK-301 (Takemoto Oil & Fat Co) to PLLA as an effective nucleating

agent led to a dramatic reduction in t½ of up to 2 min, with a crystallinity content

reaching 27%. Kolstad [149] showed that talc can be added to PLLA to effectively

modify the crystallization rate of the polymer. The t½ of the polymer reduced from

3 min at 110�C to approximately 25 s with the addition of 6% talc to PLLA. At the

same content of talc, for 3% mesolactide copolymerized with L-lactide, the t½ value

reduced from 7 to 1 min. The stereocomplexation of PLLA and PDLA was

previously mentioned as an effective way to increase PLLA HDT (see Sect.

3.2.3). It can also be regarded as a potential tool for self-nucleation of PLLA.

Schmidt and Hillmyer [150] investigated self-nucleation of PLLA, in which small

crystallites of the stereocomplex were formed by blending up to 15% PDLA into

PLLA. They compared the effectiveness of self-nucleation with the heterogeneous

nucleation obtained after addition of talc, finding self-nucleation to be more

Fig. 14 Polarized optical micrographs of neat PLLA (left) and PLLA containing 5 wt% talc

(right) at 122�C after quenching from 180�C. Adapted with permission from [147] Copyright

©The Royal Society of Chemistry 2013
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efficient. Self-nucleation reduced t½ by nearly 40-fold, in the best case, whereas a

similar loading of talc only decreased t½ by twofold under the same conditions. The

majority of works dealing with nucleation of PLLA are focused on the study of

crystallization kinetics, morphology, and some mechanical properties, but Harris

and Lee [143] pushed forward the study of nucleated PLLA using talc and ethylene

bis-stearamide (EBS) by optimizing the parameters for injection molding and post-

processing in order to increase crystallinity within the finished injected part.

Furthermore, HDT and flexural strength were both analyzed. The authors showed

that the addition of 2% of nucleating agent (talc or EBS) improved the crystalliza-

tion rate by over 20 times and 65 times for EBS and talc, respectively, compared

with neat PLLA. The authors then worked on the optimization of processing

conditions, especially for nucleated samples, aiming to increase PLLA crystallinity

and mechanical performance.

Post-annealing processing of both nucleated and neat PLLA materials was found

to increase the crystallinity of PLLA to a maximum level of 42% (Fig. 15a).

Interestingly, annealing is significantly faster in the presence of nucleating agent.

Injection molding the PLLA materials into a preheated mold (110�C) was found to

significantly increase the crystalline content of the molded specimens to their

maximum level (41–43%) in both neat and nucleated PLLA materials (Fig. 15b).

Furthermore, the same crystallinity was reached at a lower temperature in the

nucleated samples than for neat PLLA; for instance, a crystallinity ratio of 35%

was reached at a mold temperature of about 80�C for nucleated samples, compared

with about 100�C for neat PLLA. The combination of nucleating agents and process

optimization therefore resulted in an increase in crystallinity level in the final

injection-molded part, together with a decrease in processing time. Moreover, an

increase of 30�C in the HDT (Fig. 15c) and an improvement in flexural modulus by

over 25% were achieved thanks to material nucleation and process optimization.

Previous research has demonstrate that PLLA crystallization kinetics can be

improved to make PLLA-based materials suitable for high-rate production

Fig. 15 (a) Crystallinity versus annealing time at 80�C for neat PLLA, PLLA + talc, and

PLLA + EBS samples. (b) Crystallinity as a function of injection molding mold temperature for

neat PLLA and PLLA + talc samples. (c) Dependence of HDT on annealing time at 80�C for neat

PLLA, PLLA + talc, and PLLA + EBS samples. Adapted with permission from [143] Copyright

© 2007 Wiley Periodicals, Inc
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processes by injection molding, which is a typical process in the automotive

industry. Furthermore, the increase in crystallization rates achieved in these

works and discussed in this section can result in reductions in both cycle time and

energy consumption during injection molding. Moreover, materials with higher

crystallinity degree show increased mechanical properties, especially in terms of

rigidity and strength (and sometimes thermal resistance) and are thought to have

better durability. The issue of the durability of PLLA blends is the subject of the

next section.

3.4 Durable PLLA/Polymer Blends

The plastics and polymer composites developed recently can provide mechanical

performances that can withstand the stresses related to many applications, including

those applied to loaded parts. However, some operating conditions, such as high

temperature, corrosive chemicals in fluids and lubricants, electric currents, weather

variations, or minerals from roadways, can be too harsh to be sustained by some

plastics and polymer composites over a vehicle’s lifetime. Both interior and exterior

parts can be exposed to a large range of temperatures (�40 to 125�C), together with
high humidity levels, throughout the vehicle’s lifetime (possibly more than

10 years). Obviously, these conditions can have long-term detrimental effects on

the durability, performance, and aesthetics of the materials in automotive compo-

nents. The suitability of a material for automotive application must therefore be

evaluated regarding long-term performance.

Under specific conditions, PLLA presents a fast degradation rate, which makes it

appealing for disposable applications but inadequate for applications requiring

long-term durability. This explains why the majority of current commercial appli-

cations for PLLA blends are oriented toward clothing and linens and disposable

packaging and objects (e.g., water cups). Unfortunately, very few research studies

or applications concern the use of PLLA in durable goods [151, 152], and even less

in cases of the severe environmental conditions that can be encountered in auto-

motive applications. Among the few available works, Harris and Lee [153] inves-

tigated the durability of a commercial injection molding grade of PLLA through its

crystallization behavior. Commercially available injection molding grade PLLA

and annealed PLLA were conditioned at a temperature of 50�C and 90% relative

humidity for 12 weeks, which corresponds to a simulated environment for automo-

tive interiors. Moisture absorption, molecular weight, and mechanical perfor-

mances were investigated. Both amorphous and crystalline PLLA showed

significant moisture absorption, allowing hydrolysis to occur. The linear regression

of average molecular weight was more accentuated for amorphous PLLA than for

crystalline PLLA (Fig. 16a, b). The effects of moisture and heat-conditioning on

mechanical performance were examined through the evolution of flexural strength

(Fig. 16c). This decreased significantly for both amorphous and annealed PLLA. In

conclusion, the properties of the conditioned samples were not maintained, even for
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crystallized PLLA, and commercial PLLA grades remain inadequate for durable

use in automotive parts.

However, different approaches have proved to improve the durability of PLLA-

based materials. A possible approach is to blend PLLA with resins that are not

susceptible to hydrolysis and could therefore prevent contact between PLLA and

water by acting as moisture barrier [154, 155]. In this regard, Harris and Lee [155]

studied the durability of PLLA/PC blends (100, 45, 30, and 25 wt% PLLA) for use

in injection-molded automotive interior parts. Harsh conditions were set up to study

the durability of the blends, namely 70�C and 90% relative humidity for 62 days,

corresponding to 10 years of in-field exposure for an automotive interior component

in the climate of southern Florida. The durability of ABS/PC was used as a basis for

comparison. Results demonstrated that the presence of PC can improve the long-

term performance of blends compared with neat PLLA (durability increase for one

in-field exposure year). Nevertheless, all samples containing PLLA exhibited

extreme degradation after 14 conditioning days, resulting in a drop in mechanical

performance (in terms of flexural strength; see Fig. 17a) together with the formation

of a large amount of brown liquid residue at the sample surface as a result of

hydrolysis of the PC phase (accompanied by the appearance of potentially health-

harmful bisphenol-A (BPA); see Fig. 17b, c). Although PC was initially blended to

stabilize PLLA and improve overall durability, the final durability of the blend was

only marginally improved because of the hydrolytic degradation of PC. It should be

noted that PC suffered more from hydrolysis when blended with PLLA than with

ABS.

In conclusion, the formation of PC/PLLA blends has not yet achieved a dura-

bility level high enough for automotive applications, regardless of PC content.

However, blending PLLA with more durable polymer resins in order to enhance

the durability of blends constitutes a promising research field.

Fig. 16 (a) Moisture absorption as a function of conditioning time for amorphous and crystalline

PLLA. (b) Dependence of molecular weight on conditioning time for amorphous and crystalline

PLLA. (c) Dependence of flexural strength on conditioning time for amorphous and crystalline

PLLA. Adapted with permission from [153] Copyright © 2009 Wiley Periodicals, Inc
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4 PLLA in the Automotive Industry: Current Applications

Corporate environmental responsibility has to become reconciled with business

economics. Therefore, original equipment manufacturers (OEMs) must adopt the

use of biobased materials. However, before biobased materials can replace con-

ventional nonrenewable materials in the automotive industry, different criteria must

be fulfilled, in addition to environmental benefits, namely cost, suitable physical

and mechanical properties, processability, and continuous supply. The willingness

for a more widespread use of biobased materials by the automotive OEMs is

heavily influenced by those criteria, as is already the case for currently used

conventional materials.

The previous sections showed PLLA to be an environmentally friendly polymer

that can respond to the requirements of car manufacturers for some applications. In

particular, PLLA-based materials can be tailor-made for different manufacturing

processes, including injection molding, sheet extrusion, blow molding,

thermoforming, film forming, and fiber-spinning. This is an undeniable asset for

the use of PLLA in products of different forms and applications [141, 156].

4.1 PLLA-Based Plastics and Reinforced Plastics
for Automotive Interior Parts

Thanks to technological breakthroughs in recent years, significant progress has

been made in the development of PLLA-based blends, not only at the laboratory

scale but also at industrial scale, which makes PLLA biopolymers suitable for a

growing number of automotive components, in particular vehicle interior parts.

Indeed, biobased PLLA blends are used today by many automobile manufacturers,

including Mazda, Toyota, Ford, and Hyundai Motors for the manufacture of various

components (see Table 9). Some car manufacturers (or their suppliers) have

developed their own blends based on PLLA or some other biobased or

Fig. 17 (a) Flexural strength as a function of conditioning time of PLLA/PC blends. (b)

Hydrolysis of PC. (c) Chemical structure of bisphenol-A (BPA). Adapted with permission from

[155] Copyright© 2012 Wiley Periodicals, Inc
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petroleum-based thermoplastics or fibers for use in interior automotive parts. For

instance, Teijin has developed in cooperation with Mazda a new brand of high-

performance stereocomplexed PLA, called BIOFRONT, by utilizing superior poly-

merization techniques and molecular structure control techniques

(stereocomplexation). Major quality improvements were achieved compared with

conventional PLLA, and BIOFRONT can be found in car dashboards and door

tread plates [160].

Another major revolution in biobased materials for automotive application was

the introduction by Toyota of a PLLA/kenaf fiber biocomposite in the Raum mini-

MPV [157]. Specifically, Toyota substituted the PP matrix used within its kenaf

fiber-based composite with a PLLA resin, thanks to a unique technology that

optimizes the raw material mixture and molding conditions to achieve a high

level of heat and shock resistance. This 100% plant-derived composite is particu-

larly used in door trims. It is worth noting that increasing use of composites made of

natural fibers coincides with attempts to reduce the use of expensive glass [168],

aramid, and carbon fibers and also lighten the car body considerably by taking

advantage of the low density of most natural fibers. Renewable fibers as reinforce-

ments are increasingly used in composites for the interior parts of many passenger

and commercial vehicles. When regrouping different studies, it is noticeable that in

most cases “green composites” made of PLA, semicrystalline PLLA, and natural

fibers such as flax, ramie, or jute have mechanical properties that can compete with

those of the traditional PP/glass fiber composites (Fig. 18 shows performance in

terms of tensile strength and Young’s modulus) [169].

Following the pioneering work by Toyota, many automotive OEMs and sup-

pliers have launched research aimed at introducing biocomposites into their vehi-

cles. For instance, R€ochling Automotive produces a wide range of automotive

plastic parts such as air filter box and interior trim parts using a PLLA-based

biopolymer called Planutra™ [162]. This biopolymer, developed by Corbion

Purac, is an ecological and economic alternative to traditional thermoplastics and

could replace PP, ABS, and polyamide. Composites made of modified PLA

Planutra™ and wood fiber reinforcement are already undergoing tests and are

Fig. 18 Mechanical performance of several fiber-based composites. Reproduced with permission

from [169] Copyright © 2012 Elsevier Ltd
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being exposed to temperatures well above 100�C. These materials are claimed to

show improved hydrolysis and thermal resistance up to 140�C, as well as a good

scratch and UV resistance.

4.2 PLLA-Based Fabrics and Nonwovens Products

The use of fabrics in cars is increasing as a promising strategy for production of

lighter vehicles that consume less fuel. In that context, more and more applications

using tissues and nonwoven composites are being developed in the automotive

industry. Depending on the formulation, such materials can offer flexibility, low

weight, sound absorption, improved aesthetics, cost-efficiency, and ecofriendliness.

From nonwoven interior and trunk carpets to knitted or woven upholstery, package

trays, and dash panels, textile producers are finding innovative ways to keep the

momentum going. There are now more than 40 applications for inner automobile

seat upholstery, belts, airbags, cladding, filters, and insulating materials. More than

35 m2 of flat textile surfaces can be found inside one of today’s cars [170]. Recently,
there has been a gradual switch in many automotive applications toward the use of

recycled materials or materials made of natural fibers, instead of conventional

fabrics. Many current applications are described in Table 9. Mazda Motor Corpo-

ration, with the cooperation of Teijin Fibers Limited, has developed a heat-resistant

PLA-based fabric (commercialized under the name BIOFRONT, see Sect. 4.1),

which was initially used for the manufacture of a high-quality and highly durable

car-seat fabric for the new Premacy Hydrogen RE Hybrid vehicle [163]. During

manufacture of BIOFRONT, the molecular architecture of the polymer is con-

trolled to improve fiber strength until the fabric attains sufficient resistance to

abrasion and light damage. Recently, the project “Nature Wins” succeeded in

producing a 100% biobased composite with biopolymer PLLA as matrix and mix

of hemp and flax fibers as reinforcement [164]. The fibers were assembled into

various structures such as yarn and woven and nonwoven fabrics and the flax/PLLA

nonwoven composite used to make a molded demonstration model of a race car

seat. Recently, the BIOFIBROCAR project has focused on the development of

PLLA-based fibers to be used as an alternative to PET and PP fibers in car interiors

[167]. The developed PLLA compound was shown to fulfill the requirements of

automotive interior applications in terms of thermal resistance, antimicrobial resis-

tance, and odor emission. Its conversion into fabric and nonwoven samples allowed

fabrication of a prototype of a 100% biobased molded door panel, with the

association of two nonwoven layers and a woven fabric.
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5 Conclusions and Perspectives

The automotive industry is one of the mainsprings for the development of

bioplastics and biocomposites in durable applications, due to its well-structured

network of car manufacturers, OEMs, and raw material suppliers. All have shown

significant need for bioplastics and biocomposites to meet joint objectives in terms

of reduction of vehicle weight combined with increasing demands for environmen-

tally friendly materials.

In this review, the technical requirements for plastics used in automotive appli-

cations are presented, with a special emphasis on renewable PLLA-based materials.

Attention is paid to the development of PLLA-based blends and the different

modifications that make PLLA suitable for automotive applications in terms of

mechanical properties (ductility combined with high rigidity and strength), high

heat resistance, durability, and good processability, even under high-rate produc-

tion. Some of these modifications can provide relevant PLLA-based materials for

intensive use in the automotive sector, allowing car makers to invest in ecofriendly

vehicles using developed PLLA-based bioplastics and biocomposites. For instance,

Koronis et al. [169] judiciously mentioned that “the application of green composites

in automobile body panels seems to be feasible as far as green composites have

comparable mechanical performances with the synthetic ones.” However, up to

now, automotive application of tailored PLLA compounds has been limited to

interior parts, particularly because of long-term durability issues under the severe

environmental conditions that exterior parts have to withstand. However, in near

future, research efforts can offer PLLA-based blends suitable for the exterior parts

of vehicles. One issue to be investigated now concerns the recyclability and to some

extent biodegradability of these novel parts in the end-life scenario. A final question

here is, why not using 3D printing processes to print full size cars? PLLA is proven

to be a good candidate for use in 3D printing, and it would improve the need for

storage facilities in the case of spare parts.
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Bio-based materials, see Poly(lactic acid)
Biodegradable mulching, 47
Biomaterial, 53–54
Biomax® Strong (BS), 190–191
Bioplastics, automotive industry

bioeconomy, 181
evolution of plastics, 180
global production capacities, 181, 182
PLLA

net greenhouse gas emission, 185
vs. petroleum-based polymers, 183, 185
physical and mechanical properties, 184,

185
production capacity, 186
short-term goods, 183
Strati car, 186
3D printing, 186

technical requirements, car applications,
181–183

Biopolymers, see Poly(lactic acid)
Bioresorbable vascular scaffolds (BVSs),

56–58
BioSeed®-C, 94
Blends, polylactides, 88–89
Block copolymers, 87–88
Blood–brain barrier (BBB), 114, 117
Breviscapine (BVP), 114, 117
BVSs, see Bioresorbable vascular scaffolds

C
Carbon nanotubes (CNTs), 67
Cardiac patches, tissue-engineered, 65–68
Cardiovascular applications

coronary stents
bioresorbable vascular scaffolds, 56–58
coronary artery disease, 55
drug-eluting stents, 55
in-stent restenosis, 55

tissue engineering
ECM function, 59
RM approach, 58
TEHV, 61–63
TEVG, 63–65
3D scaffolds, 59–60
tissue-engineered cardiac patches,

65–68
CDDP-loaded PDLLA microspheres, 121
Central nervous system (CNS), 114, 117
Chemical grafting, 92
Chitosan (CHI), 89
CNS, see Central nervous system
Composites, organic–inorganic, 91–94

Controlled DDSs
carriers, 110

biodegradable polymers, 110
PLA (see Poly(lactic acid), controlled

drug release)
SMD solubility, 110

Copolymers, block, 87–88
Coronary artery disease (CAD), 55
Crosslinking, 89–90
Crystallization

bell-shaped growth curve, 4, 5
cold, 5, 6
exothermic, 4
growth rate, 4
isothermal, 4, 5
temperature, 4

D
DDSs, see Drug delivery systems
Dechloro-4-iodo-fenofibrate (IFF), 117
Design of experiments (DoE) approach, 143
Difluoroboron dibenzoylmethane dye

(BF2dbmPLA), 118
Dimethyl sulfoxide (DMSO), 89
Docetaxel (DTX), 120
Doxorubicin (DOX), 124, 125
Drug delivery systems (DDSs)

controlled (see Controlled DDSs)
definition, 110
packaging, 110

Drug-eluting stents (DESs), 55

E
Electrospinning technique, 66–67
Electrospun fibers

applications, 124–126
properties, 124

Electrospun scaffolds, 67
Emodin (ED)-loaded PLA microspheres, 120
Ethylene bis-stearamide (EBS), 204
Extracellular matrix (ECM) function, 59
Extrusion-based printing technologies

amorphous thermoplastics, 142
biocompatibility, 143
DoE approach, 143
FDM, 142
FFF, 142
fused deposition setup, 142
intrinsic mechanical behavior, 144
MEM, 142
PEG, 144–145

222 Index



TCP, 144
3D printable PLA–graphene

composites, 144
3D-printed scaffolds, 145, 146
tissue engineering applications, 143

Extrusion process, 8–9

F
FFF, see Fused filament fabrication
Fiber yarns
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Packaging applications, 47–48
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