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A B S T R A C T

In a large number of medical devices, a key feature of a biomaterial is the ability to successfully bond to living
tissues by means of engineered mechanisms such as the enhancement of biomineralization on a bone tissue
engineering scaffold or the mimicking of the natural structure of the extracellular matrix (ECM). This ability is
commonly referred to as “bioactivity”. Materials sciences started to grow interest in it since the development of
bioactive glasses by Larry Hench five decades ago. As the main goal in applications of biomedical devices and
tissue scaffolds is to obtain a seamless tissue-material interface, achieving optimal bioactivity is essential for the
success of most biomaterial-based tissue replacement and regenerative approaches. Polymers derived from lactic
acid are largely adopted in the biomedical field, they are versatile, FDA approved and relatively cost-effective.
However, as for many other widespread biomedical polymers, they are hydrophobic and lack the intrinsic ability
of positively interacting with surrounding tissues. In the last decades scientists have studied many solutions to
exploit the positive characteristics of polylactide-based materials overcoming this bottleneck at the same time.
The efforts of this research fruitfully produced many effective tissue engineering technologies based on PLA and
related biopolymers.

This review aims to give an overview on the latest and most promising strategies to improve the bioactivity of
lactic acid-based materials, especially focusing on biomolecule-free bulk approaches such as blending, copoly-
merization or composite fabrication. Avenues for future research to tackle current needs in the field are iden-
tified and discussed.

1. Introduction

1.1. Tissue-material interfaces and the concept of bioactivity

The outcome of the majority of medical devices which are in contact
with a biological environment depends on an effective interaction be-
tween the host organism and the graft or implant. In ideal terms, this
interaction should minimize foreign body reactions (e.g. fibrosis),
control post-implant inflammation and eventually lead to the formation
of a seamless interface between the two parts and thus to complete
embedding of the device within healthy human tissues. General ap-
proaches used to overcome foreign body response and subsequent in

vivo instability have been reported. These include coating with bio-
compatible materials and using anti-inflammatory and angiogenic
drugs [1]. In practice, a successful biomaterial should be designed in
such a way that the ability of its interface to interact with the biological
system is significantly improved, in terms of cell migration, extra-
cellular matrix (ECM) deposition and vascularization, towards the ideal
seamless state. Generally speaking, a material that is able to address
this issue and that is characterized by the ability of positively interact
with tissues is labelled “bioactive”. Bioactivity is broadly defined as the
ability of a material to successfully interact with a targeted living tissue
[2–5]. However, since biological tissues have very diverse character-
istics (e.g. composition of the ECM), also the specific features of a
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bioactive material will highly depend on the tissue it is targeted for. For
instance, the term bioactivity is often associated with bone regeneration
and, more specifically, with biomineralization, the process of deposi-
tion of hydroxyapatite crystals on the surface of biomaterials in order to
achieve the attachment of bone cells and the formation of mature bone
[6,7]. This link between bioactivity and bone gradually developed
when the adjective bioactive started to be strongly associated with the
family of SiO2-Na2O-CaO-P2O5 glasses discovered by Larry Hench in the
late sixties [8] and to a few other bone-bonding glass-ceramic materials
[2,9]. In this context, a device will be called bioactive if it is able, once
in contact with living bone tissue or a simulated body fluid (SBF) [10],
to specifically guide the crystallization of calcium phosphate salts to-
wards hydroxyapatite, thus promoting the link between artificial and
natural components. For instance, Fig. 1 shows the mechanism of
bioactive mineralization for biosilicates [11].

This trend of linking bioactivity exclusively with bone tissue is clued
by the significantly higher amount of publications that feature the
terms “bioactivity” and “bone” compared to other tissues (source:
PubMed and Scopus). Nevertheless, it is in fact conflicting with the
actual definition of bioactivity as the property of enhancing the tissue-
medical device interface.

Specifically referring to biomaterials and tissue engineering (TE), a
bioactive scaffold or other TE device can be defined as a structure with
an integrated biological functionality that supports and modulates cell
growth and the subsequent regeneration of tissue. In other words, a
bioactive tissue engineering scaffold will positively regulate cell and
tissue response, determining a more effective communication and in-
tegration with the host organism, regardless of the type of tissue [3].
The entity of this bond between the material and the targeted tissue can
be quantified by the bioactivity index (IB), introduced by Hench in 1988
and defined as follows, where t0.5 bb is the time required for> 50% of

the interface to be bonded:
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t
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B
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Contrary to expectations, the bioactivity index of bioactive glasses
and glass-ceramics is reported to present a threshold level (i.e. IB > 8)
beyond which this class of materials bonds with soft tissues as well
(Fig. 2). This suggests that, even though the contribution of studies that
investigate bioactivity as enhancement of mineralization is funda-
mental, two main conclusions can be drawn. Firstly, that scientific lit-
erature has primarily focused on bioactivity towards inorganic mate-
rials for bone. We believe this is a consequence of the raise of the
concept of bioactive material within Hench's study on bone regeneration.
Secondly, there is a vast less explored area of bioactive materials meant
to target soft tissues. As a matter of fact, latest research on bioactive
glasses is branching from the traditional bone tissue engineering path to
novel and innovative applications targeting soft tissues, such as nerves
and skin, and to the investigation of the effect of bioactive glasses (BGs)
on angiogenesis [13,14].

There is an interesting branch of the biomedical field investigating
the optimization of tissue-material interface (i.e. bioactivity) of
polymer-based systems for diverse tissue engineering applications
[15,16]. However, no review paper has been found to report on the
strategies used to improve the host/implant interface performance of
one of the most used materials for biomedical applications: polylactic
acid (PLA). Polymers derived from lactic acid have been largely
adopted in the biomedical field, since they are versatile, tunable and
relatively low-cost, however they lack intrinsic bioactivity (as per the
definition above) and they necessitate the development of tailored
technologies to improve their bond to tissues.

In this review we present an overview on the latest and most

Fig. 1. Illustration of the mechanism of hydroxycarbonate apatite (HCA) formation on the surface of a bioactive glass in contact with body fluids: the surface modifies
into an open-structured silica gel exchanging ions with body fluids (Stages I to III). Calcium and phosphate ions arrange into an amorphous calcium phosphate layer
(Stage IV). Then the CaP layer incorporates hydroxyl and carbonate ions, determining the crystallization of HCA (stage V).
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promising strategies to improve the bond between tissue and material
of lactic acid-based tissue engineering devices. In particular, whenever
possible, we have covered literature beyond bone and cartilage, fo-
cusing on a broader definition of bioactivity and identifying those ap-
plications in which polylactic acid is modified in order to enhance the
interaction with any kind of tissue (both soft and hard). We will prin-
cipally discuss studies that conducted analyses with the intent of
achieving bond improvement (e.g. bioactivity testing, collagen de-
position, histologies). Moreover, since bioactivity is generally defined
as an intrinsic property of a material we intend to sum up approaches
that can be defined as “bulk strategies”: therefore this review will avoid
describing more pharmaceutical-based approaches such as surface
modifications with biomolecules or other species, addition of growth
factors (GF) and drug delivery devices. These topics are already dis-
cussed in-depth in recent reviews [17,18].

2. PLA synthesis and properties

2.1. PLA: biocompatible, bioresorbable and not bioactive

In the past fifty years PLA has attracted considerable attention as a
structural material for biomedical applications thanks to its bio-
compatibility, biodegradability, mechanical properties and versatility.
However, when PLA was first synthesized in 1932 by Wallace Carothers
(renowned for the development of nylon), it was initially considered a
failure because of its lack of long term stability and especially because
of its extremely high production costs [19]. PLA was then abandoned
until 1954, when DuPont patented the synthesis process and started to
commercially synthesize the polymer [19]. In the sixties PLA started to
raise interest as a candidate material for medical applications such as
sutures and bone implants [20], but the wide production of PLA was
still unsuitable due to elevated fabrication costs. From then on the
advances in the fermentation of glucose to produce lactic acid together
with the development of manufacturing techniques that exploit re-
newable agronomic resources (e.g. sugar cane, corn starch) determined
an exponential growth in industrial interests towards PLA. Its degrad-
ability, which at first was considered a disadvantage, gradually turned
into its most interesting property for broad consumption (e.g. dis-
posable packaging, hygiene products, diapers and even clothing) as
well as for high-tech biomedical devices. Particularly relevant was the
work of Langer and Vacanti, who started investigating the suitability of

PLA as base material for the fabrication of tissue engineering scaffolds
[21]. In the same years Vert and coworkers conducted an in-depth in-
vestigation of the degradation behavior of PLA and other similar ali-
phatic polyesters, highly contributing to the explanation of the phe-
nomenon [22–24]. For instance they are responsible for the description
of the commonly accepted model, based on diffusion-reaction phe-
nomena combined with autocatalytic effect, which explains how and
why massive PLA devices often incur failure [23].

Currently, the worldwide production of PLA peaks at> 300k tons
per year, mostly coming from a few major manufacturers.

As schematized by Xiao et al. [25], there are five main advantages
that favor the growth of polylactic acid-based technologies within the
biomedical field: (i) unlikely many other biomaterials, several products
have been approved by the FDA for direct contact with biological fluids
already in the 1970s; (ii) nowadays PLA is obtained from renewable
resources at relatively low costs; (iii) PLA is easily thermally proces-
sable compared to other similar polymers (typical forming processes
involved are film casting, foaming, extrusion and fiber spinning); (iv)
PLA needs low energy consumption during its production; (v) PLA is
biocompatible and not toxic both in solid form and when degraded.

However, with these many positive characteristics some drawbacks
come along. The principal disadvantages of polylactic acid are that (i)
its hydrolysis degradation rate is too low for numerous applications,
both industrial and biomedical, and (ii) it is usually brittle. However, to
overcome these limitations the neat polymer can be modified by adding
or blending other species. A major drawback is the fact that (iii) PLA is
strongly hydrophobic, potentially eliciting inflammatory response
when implanted because of scarce interaction with the cells. Moreover,
the acidic byproducts of degradation can also intervene in the setting of
an inflammation. Altogether, PLA can be considered a non-bioactive
polymer. In PLA-based biomedical devices additional bioactivity has to
be provided by other components since the base polymer does not ef-
fectively promote the link with the tissue by itself. This goal can be
achieved via diverse strategies that must be tailored depending on the
specific target tissue. Some relevant approaches are blending [26],
fabrication of composites, including nanocomposites [27,28], surface
bio-functionalization [29,30], and plasma treatments [31].

2.2. Synthesis of PLA

PLA is a biodegradable thermoplastic aliphatic polyester. Its pre-
cursors (i.e. lactic acid monomers or lactides) are routinely produced by
fermentation of renewable agricultural sources; therefore, they can be
produced at relative competitive cost and energy expense compared to
other similar materials. Lactic acid is a small 2-hydroxycarboxylic acid.
It has a chiral carbon atom and exists in two stereoisomers: L-lactic acid
and D-lactic acid enantiomers (S and R respectively), as shown in Fig. 3.

The lactic acid is industrially synthetized by hydrolysis of lactoni-
trile, generally formed by the addition reaction of acetaldehyde and
hydrogen cyanide. As a function of the lactic unit, different lactide can
be obtained (Fig. 4). The typical way to produce the lactide is by

Fig. 2. Compositional dependence (in weight percent) of bone bonding and
soft-tissue bonding of bioactive glasses and glass-ceramics. The region high-
lighted in red is the soft-tissue bonding region, where IB > 8. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
Adapted from reference [12]. Reproduced with permission of John Wiley and
Sons.

Fig. 3. Stereoisomers of lactic acid. Respectively (S)-(+)-lactic acid on the left
and (R)-(−)-lactic acid on the right.
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depolymerization of the corresponding oligo(lactic acid) (OLLA) ob-
tained by polycondensation of the lactic acid. This reaction is catalyzed
by metal compounds of Sn, Zn, Al, etc. Then, the crude lactide is pur-
ified by melt crystallization or recrystallization from solution.

There are two main synthetic routes to produce PLA: (I) Direct
polycondensation of lactic acid and (II) Ring-opening polymerization
(ROP) of lactide. The first process was established by Mitsui Chemicals
Co. (Japan) in 1995, wherein lactic acid and catalyst are azeotropically
dehydrated in a refluxing, high boiling point, aprotic solvent such as
diphenyl ether. To obtain very high weight-average molecular weight
PLA the process is conducted under reduced pressure in order to de-
crease the amount of water of PLA in the polycondensation [32]. This
method is especially effective for the co-polycondensation of L-lactic
acid (PLLA) with other monomers (hydroxyl-acids and diol/di-
carboxylic acid combinations). The ring opening polymerization
method is mostly used for high throughput industrial production. It is
convenient for controlling the molecular weight of PLLA and achieving
a high molecular weight polymer (Mw > 106). NatureWorks LLC
(USA) or Hisun (China), for instance, produce PLA by this synthetic
route. Fig. 5 reports the stereoisomers of the polymer starting from D-
lactide and L-lactide.

The polymerization of pure L- or D-lactides gives isotactic homo-
polymers of, respectively, PLLA and PDLA. This phenomenon gives
several possibilities of tuning the properties of the polymer depending
on its final application [33]. If the starting compound is pure, L or D
stereoisomer, the final product is semicrystalline and it shows a melting
temperature around 180 °C. A decrease of the purity of L- and D-lactide
means a reduction of crystallinity and Tm. If the reagents are rac- and
meso-lactides the resulting polymer is called PDLLA, which is a ra-
cemic, atactic sequence of D and L monomers. PDLLA has no crystalline
component and it is completely amorphous. Following the ROP route
many copolymers can be produced starting from PLLA or PDLA. The
synthesis of stereoregular PLA is a novel and effective strategy to tailor
its properties even more precisely [34]. The stereo-regularity of D- and
L-monomers can be finely controlled unit by unit. In this way, by
changing the chain length and/or the block succession, it is possible to
tune the mechanical and physical properties (degradation rate,

crystallinity, melting temperature).
One of the most important features in food or liquid packaging

polymers is their permeability to gases, water vapor and aroma mole-
cules. This is also true for polymers used to fabricate scaffolds. Bao et al.
[35] studied the properties of PLA (L/D ratio of 98.7/1.3) in terms of
gas permeation and activation energy of N2 (nitrogen), O2 (oxygen) and
CO2 (carbon dioxide) at 30 °C. The authors reported permeation values
that are lower than other similar materials, highlighting a possible
optimization pathway for PLA based materials.

2.3. Degradation of PLA

The possibility to finely tune the degradation behavior of PLA is a
key feature in the development of effective biomedical devices. For this
reason, during the years the degradation behavior of this family of
polymers was thoroughly investigated and rich literature is available on
the topic [22–24,36–40]. It is now commonly accepted that the phe-
nomenon that leads to degradation of PLAs is simple proton catalyzed
(i.e. the degradation is a strong function of pH [39]) hydrolytic chain-
scission. Other parameters affecting degradation are temperature, mo-
lecular weight, chain ending groups and chain stereo-configuration
among others [39,40]. According to Zhang et al. [40], a main variable
affecting the kinetics of PLA degradation is the purity of the polymer.
Briefly, while PLAs characterized by low purity and the presence of low
molecular weight compounds follow first order kinetics, the degrada-
tion of polymers subjected to purification treatments is characterized by
the presence of an initial lag phase and by third order kinetics. Fur-
thermore, the crystallinity degree determines degradation rate and
autocatalysis, being the latter a major degradation phenomenon of
amorphous domains [36]. In parallel with hydrolytic degradation, there
seems to be a contribution to degradation by enzymes when PLAs are
subjected to a biological environment. However, it is not clear yet if
enzymes are directly responsible for an increase in degradation rate or
if they only indirectly contribute to it by enhancing the removal of by-
products [36].

3. PLA applications

Poly(α-hydroxy acids), and in particular PLA, have shown large
potential for biomedical and pharmaceutical applications in the last
decades [36,41]. Various studies have investigated in-depth the me-
chanical and degradation properties of PLA, exploiting its characteristic
of degrading into species that can be eliminated via the normal Krebs
cycle to develop a vast amount of biomedical technologies [42–45].
Different techniques have been used to process PLA, with various en-
antiomer compositions, into porous biodegradable scaffolds: among
others particulate leaching [46], phase separation [47–50], electro-
spinning [51] and 3D micro-printing [52]. Moreover, polylactic acid,
especially in combination with polyglycolic acid, was studied as a drug
delivery carrier [53]. It was adopted as a carrier for many species such
as bovine serum albumin (BSA) [54], triclosan [55], lysozyme [56],
leuprolide [57], insulin [58,59], ketoprofen [60]. PLGA copolymers are
especially suitable for drug delivery since the addition of glycolic
monomers speeds up the degradation. The general rule states that the
degradation rate and the glycolic acid monomers content are directly

Fig. 4. Stereoisomers of lactides.

Fig. 5. Stereoisomers of the polymer starting from different lactides.
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proportional with the exception of 50:50 PLGA, which shows the fastest
degradation time (i.e. circa 1–2months) [61,62]. PLA has been pro-
cessed into fibers [60], films [44], microparticles or microspheres [63],
micelles [53] and hydrogels [64]. The possibility of combining it to
form copolymers was also studied: several works presented copolymers:
PLA-polyethylene glycol [53,65], PLA-polyglycolic acid [52], PLA-
polycaprolactone [66,67] and more.

In this review we chose to illustrate the principal applicative stra-
tegies that aim to enhance the tissue-material interface properties (i.e.
bioactivity) of PLAs following a well-known materials science di-
chotomy: inorganic (ceramic) and organic (polymers) materials. For
clarity, inorganics and organics will be further classified into well-
known categories (e.g., bioactive glasses, metal oxides, and so on).
Selected case studies that distinguish themselves for outstanding per-
formances in optimizing the bond between tissue and device will be
presented and discussed.

3.1. Combination of PLA with inorganic materials

Manufacturing micro or nanocomposite materials for tissue en-
gineering by combining the bioactivity and mechanical proprieties of
ceramics (as fillers) with the high processability and flexibility of
polymers (as matrix) is probably one of the most widespread and ex-
plored route to produce synthetic scaffolds that successfully support
tissue regeneration [68–70]. Indeed the composite approach is one of
the most known and effective techniques to enhance bioactivity, as
defined in Section 1.1. Practically, every kind of inorganic material that
could have a bioactive effect was already studied as filler. And since
polylactic acids are a well-known class of polymers, FDA approved for
several applications in direct contact with biological fluids, many of
these studies have considered PDLLA, PLLA, PLGA or similar polymers
as the matrix phases. Due to the rigid mechanical nature of most
ceramics, these technologies are mostly (but not exclusively) suitable
for bone tissue regeneration. The use of inorganic fillers in a polymeric
matrix has mainly three goals: (i) triggering biomineralization as a
phenomenon that helps the successful bond between bone tissue and
material, (ii) enhancement of the original mechanical properties of the
polymeric phase and, (iii) fine tuning of the degradation of the scaffold.
The release of ions such as Ca, Mg and Si could stimulate osteoblast
proliferation and differentiation, as already discussed in the in-
troductive section of this article. Furthermore, the addition of an in-
organic phase to a biodegradable polymer may alter the in vitro and in
vivo degradation rates of the polymer phase, providing additional
tuning properties. For instance, the dispersion of alkaline ions in water
from a ceramic phase such as wollastonite or bioactive glass can de-
termine a local pH buffering effect that reduces the rate of hydrolysis of
the matrix polymer and, in the case of PLA, consequently reduces the
risk of inflammation that could occur due to excessive pH reduction
[71]. The inorganic materials used to improve the bioactivity of PLA
can be mainly divided into four categories: calcium-based, bioactive
glasses, carbon nanostructures and metal oxides.

3.1.1. Calcium-based inorganic fillers
In this review we define a calcium (Ca)-based class of ceramic fillers

that give bioactive characteristics to PLA based matrices. Ca-based PLA
fillers reported in literature are mainly formulations of calcium-phos-
phate (CaP) salts (e.g. hydroxyapatite and β-tricalcium phosphates)
[72–75], calcium silicates [76] such as wollastonite (CaSiO3 mineral
containing also small quantities of iron, magnesium, and manganese)
[77,78] and diopside (MgCaSi2O6) [79,80] (Table 1). Okada et al. [78]
presented a study that highlights the efficacy of the combination of the
high processability of PLA with the ability of wollastonite to induce the
precipitation of ECM mineral phase. The group prepared and tested
three different protocols – casting, spin coating and hot pressing
methods – to combine the polyester with CaSiO3 particles in order to
obtain the same level of bioactivity reducing the amount of filler as

much as possible. The bioactivity was evaluated by incubation in SBF
for 14 days and subsequently a morphological scanning electron mi-
croscopy (SEM) study was performed in order to identify characteristic
hydroxycarbonate apatite (HCA) structures. Ca, P and Si ion release
assays were also performed. The results showed an increase of bioac-
tivity from casting to spin coating to hot pressing method. The com-
posite scaffolds prepared via hot pressing method showed the fastest
rate of apatite formation compared to the other methods probably due
to the direct exposure of CaSiO3 particles on the surface of the com-
posites to the SBF fluid [78]. In addition to the aforementioned fabri-
cation techniques, PLA can be processed in several other ways. A
popular technique among tissue engineering applications is electro-
spinning, a method that allows the production of non-woven fibrous
mats that were proven to be a very promising substrate for cell growth.
For instance, Dong et al. [76] reported an effective fabrication of
composite nanofibers of PLA with another type of calcium silicate (i.e.
belite, Ca2SiO4) via electrospinning. The results of the characterization
on scaffolds produced with this approach proved that, compared to bare
PLA fibers, composite structures favor cell activity and the formation of
new ECM. Successful formation of HA crystals occurred while cell
proliferation and alkaline phosphatase (ALP) secretion increased
(Fig. 6). In particular, the secretion of ALP is an important sign of os-
teoblast activity and thus a sign of the activation of cells towards an
effective bonding of the material with new, mineralized ECM.

In a similar recent study, a nanofibrous PLA mat was coated with a
calcium silicate powder suspended in a chitosan slurry. When cultured
on these composite mats, mesenchymal stem cells responded with in-
creased secretion of collagen type I and fibronectin compared to poly-
lactide-only mats. In addition to this, genes that correlate with hard
tissue formation (alkaline phosphatase, ALP) and osteogenic differ-
entiation (osteopontin, OPN and osteocalcin, OC) were overexpressed
in comparison with control PLA samples [81].

Similarly to calcium silicates, diopside (DP), a pyroxene mineral
with chemical composition MgCaSi2O6, is adopted in bone and peri-
odontal tissue engineering for their excellent osteogenesis/cemento-
genesis [79,80]. Composite PLLA/diopside scaffolds were fabricated via
solvent casting and particulate leaching, using an inorganic phase with
average pore size of 400–500 μm at 20% and 40% wt/wt DP/PLLA
ratios [79]. In vitro degradability, bioactivity and in vivo osteogenesis
of the scaffolds were investigated. White rabbits with an induced defect
in the left leg were chosen for the in vivo investigation. The results
showed that the addition of DP into PLLA improved the in vitro de-
gradability and biomineralization according to the concentration. The
composite scaffold also enhanced ALP activity of osteoblast cells in
vitro and, coherently, the formation of new bone in vivo. Overall, the
results of the studies on PLA/DP composites show that this approach
can improve the bioactivity and the tissue/material interface compared
to the bare polymer not only in vitro, but also and more interestingly in
an in vivo experimental set-up.

Among other Ca-based materials, calcium phosphates (CaP) are
highly interesting because of their affinity with the natural components
of bone matrix and because of their excellent osteoconductivity [82].
CaPs are biocompatible and present high affinity for proteins able to
stimulate proliferation and differentiation of osteoprogenitor cells, such
as BMP-2 [83], thus promoting the integration of the medical device
with the surrounding tissues. As a function of the ratio between calcium
and phosphate (Ca/P) it is possible to distinguish several compounds:
(I) hydroxyapatite (HA), chemical composition Ca5(PO4)3(OH) and Ca/
P=1.67; (II) β-TCP, chemical composition Ca3(PO4)2 and a Ca/
P=1.5, and (III) biphasic calcium phosphate (BCP), which refers to
blends of HA and β-TCP without specific ratio. CaPs ceramics can be
combined with polymers to create composites with or without chemical
surface modifications [84]. When CaPs are combined into a composite
scaffold usually their degradation rate is slower than the one of the
polymer, this allows an optimal balance between cell proliferation and
infiltration, new tissue formation, biomineralization and the
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simultaneous resorption of the implant [85]. Furthermore CaPs release
degradation products tend to precipitate as carbonated apatite, a sub-
stance with similar composition and chemical structure to the mineral
phase of physiological bone tissue [86]. The beneficial effects of the
degradation of CaPs was evaluated in vivo by Shin et al. [87] in a recent
publication. The study reports the results of a 16 weeks implantation in
a rabbit femoral model, showing enhanced bone-to-implant contact
ratio using a composite of TCP microspheres and PLA compared to a
commercially available TCP-based bone filler. The authors claim that
this increase in tissue-material interface is a consequence of the pores
generated near the surface during the degradation of the composites
[87].

There are numerous studies investigating the bioactivity of com-
posites of polylactides and CaP [73,87–89]. As an example, Kang et al.
[72] performed in vitro test in dynamic SBF fluid to test the effect on
bioactivity of β-TCP/PLLA composites. Scaffolds made combining β-
TCP and PLLA were fabricated via particulate leaching and had an
average porosity of 200–400 μm [72]. Two set of bioreactor-aided in
vitro tests were performed. These experimental set-ups allow in vitro
experiments with conditions that are closer to a real biological en-
vironment. In one case the scaffolds were immerse in a dynamic flow
chamber of SBF at 37 °C and a flow rate of 2ml/100mlmin, a value
close to the physiological blood flow rate in bone tissue; in the second
case a dynamic loading of 0.6 Hz and 0.1MPa was also added. The
experiments in both cases lasted 6 weeks and the outcomes were
characterized in terms of morphology, weight loss and compressive
strength. The results showed a good formation of apatite in all condi-
tions with an increase of biodegradation rate on the scaffold with me-
chanical loading [72].

An unusual, but yet effective approach for the fabrication of bone
tissue engineering scaffolds was recently proposed as a valid alternative
to popular calcium phosphates based technologies. PLA can be com-
bined with naturally occurring calcium carbonates from the shell of
various mussels. These calcium carbonates can be either isolated from
natural sources [90] or synthetized ex novo [91]. In a case study by Liu
et al. [90] three compositions have been investigated: PLLA combined
with nacre, aragonite and vaterite. Freeze-dried PLA foams with

microparticles of calcium carbonates (~50 μm) were obtained from
nacre of different species of shells. The results showed that both ara-
gonite and nacre (but not vaterite) increased the proliferation and ALP
activity of osteoblasts at competitive levels compared to more estab-
lished calcium phosphate technologies. This result, together with the
documented enhancing ability of nacre towards biomineralization [92],
confirms that nacre can be a promising filler of biodegradable polye-
sters to develop osteoconductive composite scaffolds for bone re-
generation.

3.1.2. Bioactive glasses (BGs)
Bioactive glasses (BGs) have been investigated in many studies as

solution for tissue engineering challenges thanks to their ability to in-
duce the expression of genes that regulate osteogenesis, angiogenesis
[93,94] and to enhance the production of relevant growth factors (GFs)
for the repair of tissues [95,96]. The strongest advantage of BGs is that
they have a particularly strong and established way of eliciting a po-
sitive biological response towards the formation of new, well-connected
tissue in the absence of growth supplements [97].

The first bioactive glass, produced in the late 1960s, is the so called
45S5, characterized by a chemical composition of 45% SiO2, 24.5%
Na2O, 25.4% CaO and 6% P2O5 (wt%) [9] (see Section 1.1). In the last
five decades, in order to increase its processing characteristics main-
taining optimal bioactivity, several other BG compositions have been
developed. For instance “1393” and “6P53B” glasses with K2O and
MgO, 58SBG with a higher amount of CaO or boron containing com-
positions such as 1393B1 and 1393B3 [98]. Apart from the main
composition of the vitreous structure, which leads to silicate, phosphate
and borate BGs, an effective strategy to produce optimal bioactive
glasses is by doping with small quantities of biologically active metal
ions with therapeutic effects (e.g. osteogenesis, angiogenesis, anti-
bacterial activity) [99]. The most common field of application of BGs in
tissue engineering is in bone and tooth repair and regeneration, ex-
ploiting their ability of enhancing biomineralization, osteoconduction
and osteostimulation [100–102]. Nevertheless in recent years the use of
BGs as filler in polymeric network raised increasing attention also in the
regeneration of soft tissues [13,103]. Wilson et al. [104] first studied

Table 1
Selected strategies to enhance PLA bioactivity using Ca-based fillers.

Filler Type of
polymer

Technique Applications Advantages References

CaP PDLLA Monolithic composite with TCP
microsphere

Bone tissue
regeneration

Better bone-to-implant contact in a rabbit model Shin [87]

PDLLA Monolithic composite
———
Coating

Bone graft substitutes Beneficial effect of CaP towards osteogenic
differentiation of hMSCs

Tahmasebi Birgani
[73]

PLLA Particulate leaching Bone tissue
engineering

Increase in bioactivity and mechanical
properties

Kang [72]
Lou [75]

PLLA Electrospinning Bone regeneration
mats

Optimal stem cells differentiation D'Angelo [74]

PLGA Brushite composite with polymeric
micro-extruded fibers

Load bearing bone
cement

Improved mechanical properties that stimulate
bone formation in vivo

Maenz [89]

Wollastonite (CaSiO3) PDLLA Solvent casting Bioactive films Improved bioactivity and mechanical properties Ye [77]
PDLLA Solvent casting

———
Spin coating
———
Hot pressing

Scaffolds for TE Bioactive with minimal amounts of filler Okada [78]

Belite (Ca2SiO4) PLLA Electrospinning Bone tissue
engineering

Increased ALP activity and expression of ALP,
BSP and OCN genes

Dong [76]

Diopside (CaMgSi2O6) PLLA Solvent casting
———
Particulate leaching

Bone tissue
engineering

Increasing of degradability and bioactivity Liu [79]

Amorphous calcium
silicates

PDLLA Electrospinning
———
Coating

Bone regeneration Increased secretion of collagen I and fibronectin.
Increased expression of ALP, OPN and OC genes

Su [81]

PDLLA Particulate
leaching

Bone tissue
engineering

Expression of osteogenic genes (collagen type I,
OPN, OC and ALP)

Jin [174]
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the possibility of bonding between BGs and soft connective tissues.
Interestingly, the hydroxycarbonate apatite (HCA) crystallites formed
on BG surfaces can bond to chondral interface metabolites and specific
ion dissolution products can promote and regulate angiogenesis. In
more recent years other publications reported the positive effects of BGs
on the formation of healthy fibroconnective tissue. For instance, Bi
et al. [98] assessed the performance of an array of bioactive glasses
(45S5, 1393, 1393B1 and 1393B3) in vivo in terms of bone regenera-
tion, angiogenesis and hydroxyapatite conversion. Their results con-
cluded that 45S5 was characterized by the highest pro-angiogenic effect
while the best bone formation performance was the one of 1393B1.
Similarly, Arkudas et al. [94] recently published an in vivo study
showing the pro vascularization potential of 45S5 Bioglass®. Angio-
genesis is a key feature and one of the main bottlenecks in the
achievement of successful bond between scaffold and the surrounding
biological environment. In an innovative sol-gel approach, organically
modified glass (Ormoglass) and PLGA were blended in trifluoroethanol
(TFE) and electrospun into nanofibrous mats for guided regeneration
[105]. The degradation behavior of these mats leads to the leaching of
essential ions, first of all calcium, which in turn locally regulate and
enhance angiogenesis [105–107]. The pro-angiogenic potential of BGs
could come in handy to overcome the problem and take tissue en-
gineering to a new level. Two reviews on soft tissue engineering

applications of BGs, have been published, listing achievements and
possible future trends [13,103]. In parallel also reviews summing up
the countless applications of BGs in bone tissue engineering are avail-
able. In particular we would like to highlight recent comprehensive
literature reviews of bioactive glass scaffolds for bone tissue en-
gineering [108–110] and polymer/BGs composites [110–112].

Bioactive glasses have been extensively combined with PLA
[113–117] (Table 2). Different strategies have been adopted to in-
tegrate BG fillers into PLA to enhance the bioactivity and tissue-mate-
rial bond of the pure polymer, including: freeze-extraction techniques
[118], modified phase separation protocols [48], previous treatment of
BG with 3-aminopropyltrimethoxysilane (APS) or polydopamine [119]
to increase the bond polymer/filler [120], blend of PLA/PCL [121], BG-
coated PLA/chitosan [122] and combination of BG with TiO2 [123],
among others. Blaker et al. [117] for instance reported, in a series of
publications, their studies on the integration of BGs into porous PDLLA
matrices fabricated via Thermally Induced Phase Separation (TIPS).
Composite samples were fabricated with different concentrations of BG
from 5% to 40%. An in-depth investigation on these scaffolds was
carried out in order to validate their performance as bone tissue en-
gineering devices, which included investigation of bioactivity
[117,124], cell cultures with human osteosarcoma cells [116,117] and
human bone marrow cells [125], in vitro degradation [124,126],

Fig. 6. Schematic representation of the formation of hydroxyapatite on PLLA/Ca2SiO4 electrospun fibers (top). SEM micrographs of the fibers before and after
immersion in SBF (middle) and EDX spectrum of the scaffolds showing high peaks for calcium and phosphorus (bottom).
Adapted from reference [76]. Reproduced with permission of Elsevier.
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porosity assessment [124], thermogravimetric analysis [115], me-
chanical testing [115] and long term in vitro degradation (up to
600 days) [113] (Fig. 7). Regarding the investigation on the bond be-
tween scaffold and tissue, SBF tests were carried out up to 28 days and
specimens analyzed via SEM, XRD and Raman spectroscopy: the ana-
lyses confirmed the ability of the scaffolds to trigger the deposition of

HA on their surfaces. In particular, as expected, after 28 days a con-
tinuous HA layer of 7 μm in thickness was found on the specimens
containing the highest amount of BG (i.e. 40%). A similar PLA/BG
composite was also used to produce membranes for tissue engineering
[97]. Asymmetric membranes (PDLLA/BG), in terms of different dis-
tribution of BG on the two sides of the membrane, were produced via

Table 2
Selected strategies to enhance PLA bioactivity using bioactive glass fillers.

Filler Type of lactide Technique Applications Advantages References

BG PLGA Salt leaching Regeneration of bone
defects

Increase of collagen secretion
Enhancement and modulation of osteogenesis
in vitro depending on the composition of the
glass
Induction of ectopic bone formation in vivo

Filipowska [175,176]
Pamula [177]

PDLLA Thermally Induced Phase
Separation (TIPS)

Scaffolds for TE Tuning of degradability, mechanical properties,
biodegradation and cell viability
Increase in bioactivity

Blaker [113,115,117]
Maquet [124]
Verrier [116]
Yang [125]

PDLLA Solvent casting Membranes Spatial distribution of filler Leal [127]
PLA/PCL 50:50
(v/v)

Electrospinning Membranes Production of submicron fibrous BBG-
containing membranes

Rowe [121]

PLGA 75:25 (v/
v)

Immersion precipitation Nerve guidance conduits Peripheral nerve regeneration and protection
Therapeutic ions release

Zhang [178–181]

PCL/PDLLA
70:30

Salt leaching Soft and hard tissue
engineering

No inflammation
Formation of healthy connective tissue
Ectopic bone formation

Meretoja [128]

Ormoglass PLDLLA 70/30
L-lactide/DL-
lactide

Sol gel blend electrospinning Vascularized tissue
engineering

Ideal pH and Ca2+ release for the stimulation of
angiogenesis

Sachot [105]

BG/TiO2 PDLLA Solvent casting Films Increasing of bioactivity Wei [123]
BG treated with APS PLLA TIPS Scaffolds for TE Increasing of the bond polymer/filler Zhang [120]
Mesoporous BG treated

with dopamine
PLLA Selective laser sintering Soft and hard tissue

engineering
Improved hydrophilicity and bioactivity
Increased cell adhesion, proliferation and ALP
activity

Xu [119]

Fig. 7. SEM micrographs of PDLLA foams with 30% of Bioglass® after 600 days in SBF. (a) Evidence of severe blistering on the surface of the pore walls. The blistering
appears both distal and proximal to the HA particles. A section of the pore wall is shown at high magnification (inset), revealing the HA particles on the pore wall
(arrowed). (b) Transverse section, showing HA particles proximal to blister formation. (c) HA particles shown at high magnification.
Reproduced from reference [113] with permission of Elsevier.
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solvent casting [127]. One side of the membrane is richer in BG, spe-
cifically developed to be in contact with the tissue defect and stimulate
its regeneration thanks to ion leaching. The other side has less BG and
acts as a barrier from the external environment (i.e. other tissues).
Bioactivity tests after 21 days showed an asymmetric distribution of the
HCA layer on two sides of the membranes, regular coating on the BG
richer side and a smooth surface on the BG-free layer. Another form of
PLA/BG composite scaffolds has been recently reported by Goh et al.
[122]. Electrospun PLA/chitosan blended fibers were dip-coated with
BG. After immersion in SBF solution for 7 days, apatite was formed and
fully covered the entire surface of fiber mat, indicating an enhancement
of bioactivity of polymer by an incorporation of BG. A further en-
hancement of the fabrication of composites of PLA and BG is the
modification of one of the two components (usually BG) with 3-ami-
nopropyltrimethoxysilane (APS), a molecule capable of bonding both
the organic and inorganic phase of the composite and thus improving
the interface between the phases [120]. Similarly, the interface be-
tween a mesoporous bioactive glass (mBG) and PLLA was improved by
crosslinking dopamine on the surface of the mBG [119]. The im-
provement of the interface between the two phases of the composite
was identified as a key feature in order to tailor the long term de-
gradation behavior of the polymer [113]. These findings suggest that
PLA/BG composites, thanks to their tunable degradation and optimal
enhancement of biomineralization, are structures characterized by op-
timal bioactivity and interface properties in bone tissue engineering
applications. These beneficial properties of BGs and their composites
are well-established and make them very promising candidates for
tissue engineering. However, there is still a lot of room for improve-
ment. Especially, as already mentioned, BGs can improve the devel-
opment of soft tissues. In this direction, polyester-based (i.e. copoly-
mers of PLA and PCL) scaffolds with a particulate bioactive glass filler
(particle size < 45 μm) were implanted subcutaneously in a rat model
to evaluate the entity of the bond development with surrounding tis-
sues, both soft and hard, in an in vivo set-up. Results after 4 weeks of
implantation revealed no major inflammatory response, minor host
response and overall good biocompatibility. Moreover, the scaffolds,
especially the ones with BGs, where characterized by optimal cell and
ECM infiltration that determined the formation of new, well-vascular-
ized connective or bony tissue. Specifically concerning bone tissue, the
biomineralization after 12 weeks in scaffolds with BGs increased seven-
fold. These results suggest that PLA/BG scaffolds are candidates to
achieve an optimal bond between material and tissues, being the latter
both soft and hard [128]. In particular, some authors propose the ap-
plication of these systems in areas where the device must bond both to
soft and hard tissue at the same time (e.g. middle ear and articulation
implants) [13,128].

3.1.3. Carbon nanotubes and fibers
PLA-based polymers have been reported to give promising results

when used to fabricate tissue engineering structures in combination
with carbon nanotubes (CNTs) and fibers. This combination is reported
to be particularly effective: specific interactions occur between couples
of enantiomers and promote an optimal dispersion and self-networking
of the CNTs [129]. The suitability of the PLA/nanotubes pair targeting
various tissues has been investigated [130–136]. Once again, the
highest amount of reports on the topic concern bone tissue engineering
[131,132,135,136]. Some exemplary cases of the synergic combination
of PLA and carbon nanotubes to optimize the bond of scaffolds with the
target tissue are discussed below.

Mikael et al. [132] presented an effective way to produce composite
scaffolds from PLGA microspheres and multi-walled carbon nanotubes
(MWCTs) with various surface modifications. The scaffolds generally
showed excellent in vitro cell adhesion, cell proliferation and miner-
alization, first clues of a positive bond with tissue. On the other hand,
the in vivo studies gave less univocal results and, depending on the
composition, a strong inflammatory response occurred. This result

showed once again the difference between the outcomes of in vivo and
in vitro testing. However, the positive outcome of in vitro character-
ization still motivates to perform further investigations. A similar ap-
proach to the one described above was also tested and validated with
single walled carbon nanotubes (SWCTs) for muscoskeletal tissue en-
gineering: the combination with SWCTs resulted in better cell pro-
liferation and gene expression compared to pristine PLGA scaffolds,
showing that the seeded cells were organizing to form new muscular
tissue. The authors believe that this phenomenon is a consequence of
the upregulation of integrin receptors expression caused by the topo-
graphical features of SWCTs and that it can be a key element for a better
interaction of the polymeric scaffold with biological components [131].

The possibility of combining PLA and CNTs with electrospinning
was also explored [137,138]. In particular Magiera et al. [137] reported
on a ternary system of nanotubes, PLA and gelatin which exhibited
optimized hydrophilicity and protein adsorption compared to pure PLA.
These improved properties, in turn, determine a more favorable cell
response [137,139].

Carbon fibers (CFs) have been also used as fillers in PLA matrices
[134]. CFs were modified via high temperature processing in order to
give them a highly porous structure and subsequently blended into salt
leached PLGA foams. The PLGA composite with activated CFs has high
adsorption capability (making it suitable as a drug delivery carrier) and
showed optimal tissue bonding without significant inflammatory re-
sponse when implanted subcutaneously in a rat. Carbon nanotubes can
be exploited to modify the thermal and electrical properties of poly-
lactic acid [129,136]. This approach has a number of different appli-
cations and can be used to enhance the response of cells seeded on the
polymer via electrical stimulation, thus improving the tissue re-
generation on the long-term [140]. Further research needs to be carried
out in this direction in order to fully understand how the functionalities
introduced by the CNTs (e.g. chemical, topographical and electrical
stimuli) influence cell response. Lastly, it is important to recall that
nanostructures of carbon still raise significant concerns regarding their
safe use as constituents of biomedical devices. Many aspects of this
possible threat must be addressed in the future, such as the possible
carcinogenicity of CNTs or the full understanding of the risk of accu-
mulation of degradation products in the human body [141,142].

3.1.4. Metal oxides
The categories listed above are the most studied strategies to in-

crease the bioactivity of PLA and related polymers. However, many
other approaches have been proposed. For instance some PLA/metal
oxide systems have been investigated: among them zinc oxide (ZnO)
[143–145], magnesium oxide (MgO) [146–148] and iron oxides (Fe3O4

or γFe2O3) [149,150]. Each one of these metal oxides has specific
properties ideal for various tissue engineering applications. ZnO, for
instance, has proven to inhibit bacterial attachment and to drive cell
differentiation towards the myocyte phenotype. When integrated into a
composite system based on PLLA, ZnO (as nanorods of ~40 nm) slowly
releases zinc ions in the surrounding environment. Moreover, it has also
been found that the nanorods act as catalytic nuclei and slightly en-
hance the degradation of the polymer. This is a key phenomenon that
allows the oxide to be exposed on the surface and thus improves the
desired myodifferentiation and bond between newly differentiated
myocytes and the scaffold [143]. Alternatively, magnesium oxide is
applied, similarly to bioactive glass, to improve biomineralization and
slow down the degradation of PLA [148]. MgO particles embedded in
the polymer matrix buffer the surrounding pH, reducing the hydrolysis
rate of PLA, especially reducing the characteristic autocatalytic effect of
the polymer [148]. In a recent relevant study Brown et al. [146] fab-
ricated a porous PLGA/MgO composite that aims to improve the current
state of the art in dental bone grafting. The group reported increased
compressive strength and Young's modulus, steady degradation rate, in
vitro bone marrow stromal cell proliferation and, most important, novel
bone formation and cell infiltration in vivo in a canine model.
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Compared to clinically-used pristine PLGA these composite constructs
could decrease inflammation and at the same time improve osteogen-
esis and osteointegration. Among other metal oxides, the oxides of iron
offer a mostly unique property that can be exploited in order to improve
the tissue/biomaterial connection: superparamagnetism [149–151].
The use of superparamagnetic iron oxide nanoparticles (SPIONs), par-
ticularly studied in targeted cancer treatment and a number of other
drug delivery systems, is an emerging trend also in the field of re-
generative medicine technologies. Some authors reported the inclusion
of superparamagnetic iron oxide nanoparticles (both magnetite and
maghemite) into a polylactide matrix and the subsequent application of
a static magnetic field (SMF) to the construct during cell culture. Two
major results were reported: both the magnetic stimulation and the
nanoparticles taken alone slightly promote the differentiation of os-
teoblasts. The proposed explanations for the phenomena are that sti-
mulation via SMF, due to the diamagnetic properties of the cell mem-
brane, alters the ion flux through the membrane, on the other hand,
iron oxide NPs diminish the intracellular H2O2 production through in-
trinsic peroxidase-like activity, thus accelerating cell cycle progression.
Moreover, the two stimuli act synergistically leading to massively en-
hanced cell proliferation, differentiation and ECM secretion, thus pro-
moting the bond between tissue and material [149].

3.2. Combination of PLA with other polymers

3.2.1. Natural polymers and compounds
Natural polymers have always been an intuitive choice for tissue

engineering purposes: they mimic the composition of ECM and usually
are non-toxic and characterized by competitive bioresorbability,
bioadhesion [152] and, generally, biocompatibility. However, natural
polymers tend to be both less available and reproducible than synthetic
ones and could raise concerns regarding their immunogenicity due to
their origin: collagen, for instance, is characterized by a number of
antigens that can trigger a dangerous immune response in the host
organism [153,154]. Still natural polymers remain very good candi-
dates in a number of applications. Mainly natural polymers can be di-
vided following two criteria: their origin or their chemical nature (see
Fig. 8).

Given the capacity of many natural polymers to efficiently bond to
natural tissue, together with their ability of stimulating cells to produce
new matrix, several papers reported the combination of members of the
PLA family with natural polymers with the specific aim of improving
the lack of bioactivity of the former. Many strategies, such as blending,
covalent coupling and various composite approaches were explored
using various materials (e.g. gelatin, collagen, chitosan, dextran among
others). Some relevant examples are described below and summarized
in Table 3.

Cai et al. [155] investigated the biomineralization of electrospun
scaffolds fabricated by blending PLLA and gelatin in 2,2,2-tri-
fluoroethanol (TFE). The group used supersaturated simulated body
fluid (5xSBF) as system to both quickly predict the bioactivity of the
scaffold and coat the same with a convenient layer of hydroxyapatite
that could further enhance its positive response in vivo. The comparison
of results after 24 h of immersion in SBF proved how gelatin has a clear
accelerating effect on the bioactivity of bare PLLA. The increase of
hydrophilicity caused by the addition of gelatin triggered a higher ad-
sorption of ions on the surface of blended samples. This in turn caused
further adsorption of ions of opposite charge and then, eventually, the
formation of calcium phosphates occurred [155]. Moreover, PLLA/ge-
latin blends, compared to pure PLLA, showed a higher precipitation of
dicalcium phosphate dehydrate (DCPD), a salt that is believed to be the
precursor of hydroxyapatite, as well as a better crystal morphology
compared to control. These results suggest that PLLA/gelatin blends are
more likely to develop a successful bond with bone than pure PLLA.

Another commonly investigated and promising natural polymer for
tissue engineering is chitosan. In addition to biocompatibility,

antimicrobial activity and non-toxicity, chitosan can be degraded in
vivo via interaction with cellular lysozymes [156]. Based on the hy-
pothesis that chitosan's physicochemical, antimicrobial and biological
properties could positively increase the outcome of PLA-based tissue
engineering scaffolds, Duarte et al. [157] prepared and characterized
PLLA/chitosan blended foams by supercritical assisted phase-inversion.
Different PLLA/chitosan ratios were compared to understand how the
composition would change the morphology and how the two polymers
distribute within the matrix. The feasibility of the preparation of chit-
osan-blended PLLA scaffolds for bone tissue engineering was demon-
strated. Nevertheless further analyses are needed to assess and confirm
the hypothesis that chitosan can actually bring significant improve-
ments to bare PLLA matrices, especially in terms of bioactivity. The
better mineralization on specimens with chitosan can be possibly ex-
plained as a consequence of the chelation ability of the polysaccharide:
chitosan could be able to entrap calcium ions and trigger the deposition
of CaP on the samples. For instance, a precalcification treatment was
demonstrated to be an effective approach in improving the biominer-
alization and bioactivity of chitosan coated PLLA foams [158]. Porous
scaffolds based on PLA, chitosan and keratin blends have been biolo-
gically evaluated using MG63 osteoblast-like cells as reported by Ta-
nase et al. In vitro cell culture at day 7 showed that the PLA/chitosan/
keratin (2–4wt%) scaffolds supported cell adhesion and proliferation as
well as PLA/chitosan scaffolds without the presence of keratin. This
preliminary result did not show influence of keratin on bone cell re-
sponse, while keratin had an impact on the mechanical properties. The
authors suggested that keratin contents should be further tailored to
enhance bone cell response [156].

Blending is not the only technique investigated to combine PLA with
chitosan. There is a number of studies where chitosan proved to have
positive effects on PLA matrices produced with other approaches. For
example, the ability of chitosan of enhancing the bond with new
forming tissue was investigated by Zhu et al. [159]. In their studies,
chitosan was covalently bonded to the polyester matrix via chemical
crosslinking and then used as polycationic part in the formation of a
polycomplex with heparin. The molecules of heparin stabilize and
regulate the expression of growth factors and enhance both the pro-
liferation of cells and the production of new ECM in vivo, eventually
providing a healthy bond between tissue and host material [160]. The
authors claim that the same strategy could be applied not only to he-
parin, but also to many other molecules (e.g. other glycosaminogly-
cans). PLA/chitosan/heparin complexes showed inhibition of platelet
adhesion and activation coupled with increased cell adhesion. These
findings suggest this material can be a good candidate to engineer the
growth of the endothelium [160].

Another proposed system that combines a polysaccharide with PLA,
specifically in its copolymeric form with polyglycolic acid (PGA), PLGA,
was reported by Pan et al. [161]. Blended PLGA/dextran was fabricated
in order to design a scaffold/patch for dermal tissue regeneration and
wound healing. In this context, PLGA was chosen over other forms of
PLA because of its more suitable mechanical properties (i.e. lower
Young's modulus, flexibility). Dextran was blended with PLGA, then
electrospun and photo-crosslinked. Cell assays were performed using
dermal fibroblasts and cell morphology, attachment, distribution, via-
bility, proliferation, migration, cytoskeleton organization, contractility,
ECM deposition and gene expression were investigated (Fig. 9). The
results showed that cells interacted favorably with the scaffold, mi-
grated into the matrix of the scaffold and organized themselves into
multi-layered physiological-like dermal structures. The presence of the
scaffold also enhanced gel contraction and did not cause alteration in
gene expression. These findings suggest that blending PLGA with dex-
tran improves the bioactivity of the bare polyester when tested with
dermal fibroblasts. Therefore this strategy could potentially be useful in
enhancing the healing of chronic or trauma wounds and in other skin
regenerative medicine applications. PLA copolymerized with poly-
ethylene glycol (PEG)-based scaffolds have been developed and
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incorporated with bacteria cellulose (BC) nanofibers for soft tissue en-
gineering applications (i.e. muscle, bladder, skin and blood vessels)
[156]. BC nanofibers were found to improve the mechanical properties
of the scaffolds, including their elasticity and toughness, and also their
biocompatibility.

In cartilage tissue engineering, the combination of PLA and PLGA
has been developed in form of three-dimensional electrospun fibrous
scaffolds to grow chondrocytes for cartilage regeneration. The study of
Armed et al. [156] developed collagen blended PLA/PLGA fibers by
electrospinning. By this approach, synthetic PLA and PLGA enhanced
the mechanical properties of collagen and simultaneously collagen
improved the biological properties of synthetic polyesters. Collagen/
PLA/PLGA scaffolds showed an outstanding biological performance in
terms of proliferation, extracellular matrix production and cartilage-
specific gene expression of ATDC5 chondrogenic cell line. It was also
found that cells retained their correct phenotype in long-term culture.
This characteristic is crucial for chondral repair due to an occurrence of
cell de-differentiation that generally leads to failure in cartilage re-
generation. Thus, the study indicated that blending synthetic polyesters
(PLA and PLGA) with natural polymers like collagen provided both
mechanical and bioactive properties suitable for cartilage tissue en-
gineering.

The combination of collagen and PLA is particularly promising. In a

recent publication by Barrientos et al. [162] the two polymers were
blended in hexafluoropropanol and electrospun. The presence of col-
lagen in the blended mats resulted in a reduction of fiber diameter and
in increased hydrophilicity and modulation of drug release. Especially
in the applicative context of antibacterial scaffolds, the collagen/PLA
mats showed outstanding performance against both relevant Gram-
positive and Gram-negative strains (i.e., Escherichia coli and Staphylo-
coccus aureus).

3.2.2. Synthetic polymers and compounds
Among the possible combinations between members of the poly-

lactic acid family (Table 4) and other synthetic polymers, one pair that
raised a significant interest because of its superior enhancement of
tissue-material interface is the one with poly(glycerol sebacate) (PGS).
In recent years, many studies reported the blending of PGS with various
forms of PLA, especially PLLA. Due to its elastomeric nature, PGS was
found to be a perfect material to be blended with PLLA, combining the
high stiffness of polylactic acid with the tailored properties for soft
tissues of polyglycerol sebacate [163]. With this strategy a material
with intermediate properties can be obtained. For instance Frydrych
et al. [163] worked on 73:27 PGS/PLLA blends fabricated via freeze-
drying. These structures, compared to pristine PLLA produced with the
same technique, showed more suitable porous microstructure,

Fig. 8. Classification of natural polymers depending on their source (top), or their chemical structure (bottom).
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hydrophilicity, mechanical properties and, most important, collagen
deposition (Fig. 10).

The suitability of PGS/PLLA scaffolds for adipose tissue engineering
and their increased bioactivity (i.e. bonding between the scaffold and
the newly produced ECM) was demonstrated by improved cell

penetration and tissue in-growth. In a recent study by Xu et al. [164],
the same polymers have been also combined via core/shell electro-
spinning, producing an interesting nanocomposite structure character-
ized by transversally anisotropic fibers (i.e. PGS core and PLLA shell)
with a nanoporous surface caused by a fast evaporation of the solvent

Table 3
Selected strategies to enhance PLA bioactivity using natural polymers.

Material Type of
lactide

Technique Applications Advantages References

Chitosan PLLA Blending Scaffolds for TE Fine tuning and improvement of properties Duarte [157]
PDLLA Antibacterial properties Grande [182]
PDLLA X-linking Various TE substrates Chitosan enhances bioactivity and allows further modifications

(e.g. polycomplexation)
Zhu [159]

PLLA Composite Bone TE scaffolds Improved initial mechanical strength and biomineralization Mano [158]
PLLA Enhanced bioactivity Wang [183]

Collagen PDLLA Electrospinning Antibacterial TE scaffolds
Hernia repair

Better hydrophilicity and drug release Barrientos [162,184]

PDLLA 3D printing
Freeze-drying

Multi-tissue regeneration platforms Tailorable mechanical properties and ECM mimicking ability Mozdzen [185]

PLGA Composite Nano fibrous membranes for drug
delivery

Better fibroblast response
Possibility of carrying species

Chen [186]

PLGA Core/shell fibrous scaffolds Ameliorated ALP activity
And osteoblasts response

Wei [187]

PLGA Surface adsorption Urinary bladder reconstruction Increased cellular response Salem [188]
Dextran PLGA Solvent blend Skin scaffolds and wound healing Good cell viability, migration and formation of derma-like

structures
Enhanced collagen formation

Pan [161]

PLGA Composite Drug release devices and bone TE
scaffolds

Sustained dextran release Wei [187]

Gelatin PLLA Blend Bone TE scaffolds Accelerated biomineralization Cai [155]
PDLLA Composite TE scaffolds Better osteoconductivity Magiera [137]

Fig. 9. Fibroblasts deposition of ECM proteins in Dextran/PLGA scaffold fabricated by Pan et al. Figures from A to C report collagen production respectively at days 1,
3 and 5. Authors claim that increasing collagen production can be recognized by day 3 and day 5. Fig. D shows how the elastin production of the cells at day 1 was the
same in the scaffold (right) and on the control (left). All images shown have a 20× magnification.
Reproduced from reference [161] with permission of Elsevier.
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Table 4
Selected strategies to enhance PLA bioactivity using synthetic polymers.

Material Type of
lactide

Technique Applications Advantages References

Poly(glycerol sebacate) (PGS) PLLA Blend Adipose TE Enhanced material properties
Enhanced tissue in-growth

Frydrych [163]

PLLA/PDLLA
(70:30)

Myocardial patches Physiological-like cell growth Kenar [189,190]

PDLLA Bone TE Improved biomineralization Shi [191]
PLLA Core/shell

composite
Soft tissues exposed to cyclic
deformations

Tailored non-linear mechanical properties
Complex topography

Xu [164,192]

Poly(trimethylene carbonate) (PTMC) PLLA Blend Neural TE (nerve guidance
channel)

Tailored rubber-like mechanical properties
Possibility of carrying drugs

Wach [165]

Polyaniline PLLA Electrospun blend Cardiomyocytes-based
bioactuators

Spontaneous beating with regular
contraction patterns after 21 days of
culturing

Wang [193]

PLA Blend Biomedical conductive
substrates

Tailorable resistivity Shah [194]

PDLLA Electrospun blend Wound dressing Enhanced cell growth, antimicrobial and
electrical conductive

Gizdavic-Nikolaidis
[167]

PLGA Electrospun blend Cardiac grafts Synchronized beat of cardiomyocytes Hsiao [166]
Poly(3-hexylthiophene) PDLLA Composite Tissue engineering Combination of contact guidance cues with

the spatial electric signals
Sun [169]

PLGA Electrospun
blends

Tissue engineering scaffolds well-organized tissue structure and
collagen deposition

Subramanian [168]

Maleic anhydride+hexanediamine PDLLA Covalent coupling Tissue engineering and drug
delivery

More side chain reactive groups
Degradation related acidification
controlled

Pan [172]

Fig. 10. Evaluation of ECM deposition of human adipose-derived stem cells (ADSCs) in PLLA-D and PGS/PLLA-D scaffolds after 21 days culture in DMEM (staining
with Sirius red). (a1) PLLA-D cell free control; (a2) PLLA-D with ADSCs; (b1) cell free PGS/PLLA-D control samples; (b2) PGS/PLLA-D with ADSCs. (c) Total collagen
amounts reported as mean ± standard deviation (n=3; *P < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
Reproduced from reference [163] with permission of Elsevier.
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from the surface. The combination of nanofibrous and nanoporous
structures offers a complex array of topographical stimuli together with
non-linear mechanical properties that can match the needs of targeted
host tissues such as ligaments, tendons, cardiac muscles, smooth mus-
cles and guts. Especially considering the intestinal environment (e.g.
colon patch), ex vivo and in vivo trials were performed and they con-
firmed that the scaffold supports and fosters the growth of enteric
neural crest (ENC) progenitor cells. The complex physico-mechanical
properties of the PLLA/PGS system are a direct consequence of the
material choice, their combination and the specific fabrication tech-
nique, confirming once again how the most effective strategies in tissue
engineering come from a smart mixture of factors.

A similar approach of combining the mechanical strength of PLLA
with a rubber-like polymer was reported, using in-house synthetized
poly(trimethylene carbonate) (PTMC) as elastomeric component.
Considering that PTMC is soft and tacky at physiological temperature
(i.e. 37 °C), PLLA can enhance the load bearing capacity of the blend
and the resulting material can offer a tailored environment for cells to
grow optimally. In the attempt to regenerate broken peripheral nerves
sufficient mechanical strength combined with high elasticity of the
guidance tubes are crucial in order to provide a favorable interaction
between regenerating tissue and supporting material. In a reported case
study, Wach et al. [165] proposed the fabrication of PLLA/PTMC nerve
conducts combining dip coating, phase separation and electron beam
sterilization (i.e. radiation-induced crosslinking of PTMC). Cell viability
assays performed using L929 murine fibroblasts confirmed the cyto-
compatibility of the constructs; however the cell behavior on a pristine
PLLA control has not been assessed. New tests have to be performed
specifically addressing this topic to confirm that PLLA/PTMC nerve
conducts have significantly superior properties. Furthermore, the bio-
logical properties of polyurethane (PU)/PLLA composite scaffolds were
evaluated for bone regeneration and reported by Lui et al. By in-
corporating an elastomeric PU, the flexibility of brittle PLLA was en-
hanced. In vitro results of the PU/PLLA scaffolds showed an improve-
ment of osteoblast-like cells' adhesion and proliferation. Furthermore,
the scaffolds provided a stable contact with surrounding bones, forming
a tight interface between material and bone as confirmed by the in vivo
tests in a critical-sized defect of a rabbit [156].

Polylactic acid-based polymers were also combined with conductive
polymers, such as polyaniline [166,167] or polyhexylthiophene (PHT)
[168,169], with the goal of creating scaffolds provided with cues for
spatial distributed electric stimulation that could control the pro-
liferation and the osteogenic differentiation of cells. Various morphol-
ogies have been proposed such as nanofibrous scaffolds [167] or tub-
ular constructs [169] depending on the target tissue. Electrospun
blended scaffolds of PLGA and PHT were also tested in vivo and their
biocompatibility verified in a rat model. The combination of the two
polymers enhanced the bond between the structure of the scaffold and
the murine tissues, as determined from the assessed well-organized
tissue structure and newly formed ECM deposition [168].

A main bottleneck in the optimization of the tissue-PLAs bond is the
possible local pH dropping as a consequence of hydrolytic degradation
when the PLA device is beyond its critical mass. For instance, devices
that exceed this critical mass are PLA orthopedic aids, such as bior-
esorbable fixation devices. Clinical reports showed how these devices
can often cause chronic inflammation and implant failure [170,171].
The same risk could also occur, with a lower probability, for PLA
scaffolds [170]. To overcome this limitation an effective bulk mod-
ification of polylactic acid using maleic anhydride (MA) and hex-
anediamine (HAD) was reported [172]. The grafting of side chains rich
in carboxyl and amino groups enhances the reactivity of PLA and also
opens a number of possible further grafting and/or crosslinking options
with other bioactive species. Even though the grafting is surely an ef-
fective and versatile strategy, an interesting result that the group re-
ported is achieved by the MA/HAD-modified polymer per se: the
modification with hexanediamine contributed to settle the pH. When

samples were incubated in phosphate buffer saline for up to 12weeks,
the pH value of the solution for PLA and MA-modified PLA samples
decreased to below 2.0 within 7 weeks, whereas the pH of the MA/
HAD-modified PLA remained higher than 6.0 throughout the whole
experiment. The authors did not propose an explanation for this phe-
nomenon. Probably the diamine modification either buffers the en-
vironment or slows down the degradation. Further studies have to be
performed to investigate these findings [172].

4. Conclusions

An overview of the most recent bulk technologies designed to ad-
dress the intrinsic lack of bioactivity (i.e. the ability of successfully
interact with a targeted living tissue) of polylactic acid has been pre-
sented in this paper. Both organic and inorganic-based approaches were
discussed as possible routes to improve the naturally low ability of PLA-
based tissue engineering devices to successfully favor the development
of a seamless tissue-material interface. Polylactic acid is certainly a very
versatile and popular polymer in biomedical applications, from ortho-
pedics to controlled drug delivery, from biosensors to regenerative
medicine. In the decades since its first development countless studies
have been published and many combinations have been tested.
Nevertheless, there is still vast room for improving the bioactive char-
acteristics of this class of polymers. At least three main promising trends
in the development of bioactive PLA-based novel technologies for tissue
engineering can be highlighted: (I) the investigation towards new ways
to stimulate the bond between tissue and material, (II) the development
of therapeutic ions based technologies and (III) the exploitation of
bioactive glasses in combination with PLA for novel soft tissue en-
gineering applications. Since the start of interest in nanotechnologies
applied to biomaterials, polylactic acid was used as matrix in the de-
velopment of nanocomposites. Future research could explore this field
and provide new bioactive functionalities to biomaterials that go be-
yond the well-known improvement of biomineralization and mechan-
ical properties. The stimulation of cells is a multi-faceted and complex
topic in which many different chemical and physical phenomena take
part [173]. When designing new bioactive PLA-based materials this
complexity should be addressed and engineered. Magnetic stimulation
via superparamagnetic iron oxide nanoparticles or electric stimulation
via carbon nanotubes are just two examples being proposed to enhance
the interaction between tissue and material, taking this issue to a new
level, exploring the physical side of cell stimulation. The two (or more)
components should work synergistically and create a system where the
positive characteristics of all its constituents are maintained and the
downsides balanced out.

Simultaneously, the engineering of new chemical stimuli is cur-
rently addressed and should be further investigated. Strong research
efforts are put towards the design of polylactides functionalized with
various biomolecules (e.g. growth factors, recombinant proteins) that
enhance the bioactivity of the polymer exposing more reactive groups
on the outer surface. These groups achieve a better material-cell com-
munication than the hydrophobic, inert, bare polymer. However, these
biomolecules are expensive and potentially dangerous (e.g. undesired
immune response), therefore alternative technologies should be devel-
oped. An emerging and promising approach in this regard is therapeutic
ion release. Many metal ions have a fundamental role in physiological
pathways and appear to be very effective in the regulation of tissue
growth even in a small quantity. Doped bioactive glasses are one of the
most studied carriers for these ions since they are finely tunable and
easy to synthetize. They work perfectly when combined with PLA be-
cause of the complementary degradation products of the two species
(acidic for PLA and alkaline for BG), that contribute to maintain a
buffered state around the construct. Recent literature on BGs indicates
that their application should not be limited to the skeletal system
[13,103]. Therefore, we anticipate that future research efforts on PLA/
BG systems should specifically address soft tissue engineering
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applications, especially exploiting the angiogenesis regulation and gene
expression abilities of ion-doped BGs.

These approaches to increase the bioactivity of polylactic acid based
materials will help research move towards creating tissue engineering
approaches that take full advantage of the many benefits of PLA, such
as its relative low costs and ease of processing, maximizing at the same
time the outcomes of the interaction and bonding between tissue and
host construct.
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