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Abstract: Polylactic acid (PLA) filaments are very popular as a thermoplastic source used in the
3D printing field by the “Fused Deposition Modeling” method in the last decade. The PLA market
is expected to reach 5.2 billion US dollars in 2020 for all of its industrial uses. On the other hand,
3D printing is an expanding technology that has a large economic potential in many industries where
PLA is one of the main choices as the source polymer due to its ease of printing, environmentally
friendly nature, glossiness and multicolor appearance properties. In this review, we first reported the
chemical structure, production methods, general properties, and present market of the PLA. Then,
the chemical modification possibilities of PLA and its use in 3D printers, present drawbacks, and the
surface modification methods of PLA polymers in many different fields were discussed. Specifically,
the 3D printing method where the PLA filaments are used in the extrusion-based 3D printing
technologies is reviewed in this article. Many methods have been proposed for the permanent surface
modifications of the PLA where covalent attachments were formed such as alkaline surface hydrolysis,
atom transfer polymerization, photografting by UV light, plasma treatment, and chemical reactions
after plasma treatment. Some of these methods can be applied for surface modifications of PLA objects
obtained by 3D printing for better performance in biomedical uses and other fields. Some recent
publications reporting the surface modification of 3D printed PLA objects were also discussed.

Keywords: polylactic acid; PLA; 3D printing; fused deposition modeling; surface modification;
additive manufacturing

1. Introduction

1.1. PLA Production, General Properties, and Present Market

Poly(lactic acid) is a biobased, biocompatible and biodegradable polymer which is generally
produced from renewable sources (e.g., corn, sugar cane, wheat, and rice). The production of poly(lactic
acid) is environmentally advantageous since it is obtained from natural sources and also due to the
consumption of large amounts of carbon dioxide gas during its production [1–15]. Polymers based
on lactic acids are called either poly(lactic acid) or polylactide and abbreviated as PLA in both cases.
The main applications of PLA have been limited to medical uses such as implant devices and tissue
scaffolds until the last decade, mostly due to its high production cost and insufficient mechanical
resistance of the low molecular weight PLA [2–5,7–11,16]. However, the industrial usage of PLA was
largely widened after the development of new methods which allowed the economical production of a
high molecular weight PLA polymer [10–15].

At present, high molecular weight PLA is generally produced by polycondensation and/or
ring-opening polymerization of lactic acid (HO–CH3–CH–COOH) which is a simple chiral molecule
existing as two enantiomers, L- and D-lactic acid, differing in their effect on polarized light where the
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L- isomer rotates the plane of polarized light clockwise, and the D- isomer rotates it counterclockwise.
There is another form of lactic acid which consists of an equimolar (racemic) mixture of D and L isomers
and this form is optically inactive [3,8–11].

Lactic acid is produced commercially by a fermentation process from natural products, or via
petrochemical feedstocks, however, the petrochemical route to lactic acid is not economically feasible
at present. In addition, the lactic acid produced by the petrochemical route gives the racemic mixture
of L- and D- enantiomers, which is not very useful in the industry. Starch (mainly corn starch) is
converted into lactic acid by bacterial fermentation using a strain of Lactobacillus in the fermentation
route. The lactic acid produced by this route is mostly (99.5%) the L-isomer which introduces the high
mechanical strength into the PLA polymer after polymerization [17,18].

The PLA polymer can be obtained by two different polymerization routes where the first one is the
direct condensation of lactic acid using solvents under high vacuum and the second is the formation
of the lactide which is a cyclic dimer intermediate where no solvent is used [8–15]. The second method
is advantageous because the catalytic ring-opening polymerization of the purified lactide results in
high molecular weight PLA [19,20]. It is possible to control the molecular weight, the sequence and
also the ratio of D- and L-lactic acid units in the final PLA polymer by selecting the catalyst type,
concentration and controlling the residence time and temperature during the polymerization [3,21].
The stereochemistry of PLA is important because the stereoregularity enables the formation of a highly
crystalline PLA [21]. When the D- content is high in the polymer (>20%), a fully amorphous PLA
can be obtained, whereas highly crystalline PLA can only be obtained when the D- content is low
(<2%) [3,8,17,18]. The commercially available PLA polymer is relatively hard, with a glass transition
temperature in the range 60–70 ◦C and a melting temperature of 170–180 ◦C. PLA needs 25–55%
less energy consumption than that of the petroleum-based polymers during its production and it is
predicted that this energy need will fall to less than 10% in the near future [22]. It is expected that low
energy requirements will also decrease the future cost of PLA [23].

PLA is an “eco-friendly” biopolymer since it is biodegradable, recyclable, and compostable.
It is also biocompatible with body fluids and can be used in biomedical applications. It does not
produce toxic or carcinogenic effects in local tissues and the degradation products should not interfere
with tissue healing [2,4,17,23]. PLA degrades usually by hydrolysis and sometimes by microbial
attack. PLA hydrolyzes to its constituent hydroxyl acid when used in the interior of a human body.
The resultant metabolites are incorporated into the tricarboxylic acid cycle after hydrolysis and
excreted from the body [7,24]. Correspondingly, the Food and Drug Administration (FDA) has
confirmed that the use of PLA is appropriate in cases of direct contact with the biological fluids [8].
In addition, PLA has good thermal processibility when compared to other biopolymers and can be
processed by widely used industrial processes like injection molding, film extrusion, blow molding,
thermoforming, fiber spinning, and film forming, etc. [3,6,10,11,16,22]. High tensile strength, a high
Young’s modulus and good transparency properties have made the PLA polymer a preferred choice
in many applications, such as packaging and household products, braces, wound dressings and
seams [25–29]. In addition, it was used in different sectors such as an automotive component and
breakable plastic bag material [30–32].

PLA polymer is not only biodegradable, but also bacteriostatic, flame retardant and has weather
resistance [33–36]. Composites, in which one of its raw materials is PLA, have also found application
in the electronics industry. A flame retardant PLA composite was developed by NEC for electronic
products [37]. The PLA matrix was reinforced with carbon fiber and when a carbon fiber reinforcement
of 30% was applied, it was observed that its mechanical properties were as good as stainless steel.
This has been an important step in improving the heating and cooling problem in small technological
devices where the low heat transfer is a problem [10].

However, the PLA polymer has some limitations for industrial applications such as having a poor
toughness, fragility, poor melt strength, low heat bending temperature, narrow processing window,
and low thermal stability [10,11]. PLA is a rather brittle material with a less than 10% elongation at its
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break point and this low toughness property limits its use in many industrial applications that need
plastic deformation at higher stress levels.

On the other hand, PLA has a slow degradation rate and this property of a polymer is
mostly considered as the decisive criterion for the possibility of its use in biomedical applications.
PLA degrades by the hydrolysis of the backbone ester groups and the rate of its degradation depends
on factors like the crystallinity, molecular weight, molecular weight distribution, morphology, water
diffusion rate and stereoisomeric content of the used PLA. Due to the slow degradation rate, it may
take years for PLA to degrade completely in a living organism and there are studies to speed up
this degradation rate [7,26,27]. Bergsma et al. [26] and Incardona et al. [27] noted that approximately
3 years after the placement of a PLA-based implant, a second operation was needed to remove the
implant from the patient. In addition, the slow degradation rate is also a problem with the disposal of
consumer commodities such as packaging films [1–6,10,11,13,16,22].

PLA is a relatively hydrophobic polymer with a static water contact angle in the range of 75–85◦

which results in a low cell affinity in biomedical applications and sometimes cause an inflammatory
response from the surrounding tissue with direct contact [33,34]. Although it has carbonyl and
methyl groups as the pendant chemical groups on the backbone chain, PLA is somewhat a chemically
inert polymer that lacks enough reactive side-chain groups, which prevents its easy surface and
bulk modifications.

The global lactic acid market size was US $ 2.22 billion in 2017 and the global lactic acid market is
estimated to reach US $ 9.8 billion by 2025 according to the report prepared by Grand View Research,
Inc. [38] as given in Figures 1 and 2. Lactic acid is used in cosmetics, chemicals, food and beverages,
pharmaceutical, and medical industries and the PLA production. Lactic acid is used as a pH regulator,
flavoring agent and an inhibitor of residual bacteria in the food and beverages sectors (bread, butter,
yogurt, canned vegetables, sweets, beer and soft drinks). Lactic acid is increasingly used in cosmetics
and personal care because of its antimicrobial and moisturizing properties.

The PLA market is expected to reach 5.2 billion US dollars in 2020. The main applications are
divided into sectors such as packaging, agriculture, electronics, textiles, bio-medical and others.
Packaging applications have the highest share (65.2%) in the global market in 2014 due to its
good mechanical, thermal and barrier properties [39]. There is a consumer demand for the use
of green-packaging in the market and the PLA package performance was improved by blending
with other polymers and adding other compounds to increase its mechanical resistance. However,
the low barrier properties of PLA toward moisture and gases cause limitations in many food
packaging applications. PLA containers were tried to be used as microwaveable containers and
disposable drinking cups but there were some troubles in its use since PLA is susceptible to heat
deformation [4,6,13].

PLA is used in the medical industry, such as implants, bone grafting, and fracture fixation
devices for the healing of tendons and ligaments in order to replace metal-based medical devices in
combination with other polymers such as polyglycolic acid, glass fiber, collagen, carbon fiber, and
hydroxyapatite ceramic [2,4,7–14,25,26,29,31,36].

PLA can be processed into fibers by spinning and it is a promising textile source due to its ability
to absorb organic compounds and water due to its polarity and liquid wicking properties. However,
major synthetic textile polymers, such as nylon and PET are intended to be replaced by PLA with
little success. Although PLA is seen as a promising alternative due to its breathability, the dyeing
and finishing of PLA is difficult because of its rapid degradation in comparison with the synthetic
fibers and also because its ironing temperature is limited to temperatures which are lower than those
acceptable for PET and cotton fibers. At present, PLA textiles are being used by garment industries (i.e.,
apparel, homeware) and also for knitted and embroidered fabrics due to its good retention and crimp
properties. The automotive industry tested the environmentally friendly PLA polymer for the car
interior parts such as carpets, floor and trim parts, but obtained little success due to the low durability
of PLA [8,10,13,14,18,21,27,35].
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PLA was tested for environmental remediation applications to remove the contaminants from the
environment and also to develop tow fibers for cigarette filters to replace the presently used cellulose
acetate tows. PLA was also used to produce water-based paint using an isocyanate reactant [13].
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1.2. Chemical Structure of PLA and Chemical Modification Possibilities

The main reason for all the advantages and limitations of PLA is directly related to its chemical
structure and correspondingly to the chemical nature of its monomer lactic acid (2-hydroxypropanoic
acid, HO–CH3–CH–COOH). Lactic acid is the simplest 2-hydroxycarboxylic acid with a chiral carbon
atom and exists in two enantiomeric forms, L- and D- differing in their effect on polarized light where
the L- isomer rotates the plane of polarized light clockwise, and the D- isomer rotates it counterclockwise
as seen in Figure 3. The lactic acid molecule has a hydroxyl and an acid functional group in it, which
may result in intermolecular and intramolecular esterification reactions. Dimeric lactic acid (lactoyl
lactic acid) is formed by a condensation reaction by the removal of water. The cyclic dimer (lactide)
can be formed by the intramolecular esterification of lactoyl lactic acid or by the breakdown of
higher oligomers. A solution of lactic acid at equilibrium consists of monomeric lactic acid, dimeric
lactic acid or lactoyl lactic acid, higher oligomers of lactic acid, and lactide. The dehydrated, cyclic
dimer of lactic acid is commonly called lactide (3,6-dimethyl-1,4-dioxane-2,5-dione). Due to the two
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asymmetric carbon atoms in the molecule, lactide exists in three different forms. In addition to the
three dia-stereomeric structures mentioned above, a racemate of D-lactide and L-lactide also exists:
DL-lactide.
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Distillation and melt crystallization are currently used for lactide purification: the crude lactide
from the synthesis is distilled in the first column to remove the acids and water, and then in the
second column, under low pressures, meso-lactide is separated from lactide. On the other hand,
lactide crystallizes easily in the melt in falling film crystallizers or vertical column crystallizers with
a scraper. Pure lactide is miscible with benzene, toluene, xylene, methylene chloride, chloroform,
tetrahydrofuran, ethyl acetate, methanol, isopropanol, acetone, and butanone. Lactide hydrolyzes to
lactic acid in water at room temperature.

By applying the ring opening polymerization of lactide, PLA can be produced at a desired high
molecular weight with a continuous process [40]. If PLA consists entirely of the L-lactic acid monomer
then it is called PLLA, and if it is composed of the D-lactic acid monomer, it is called PDLA. The high
purity of the L-isomer reduces the effort to be spent during the purification of the final product [3,8–11].
The PLA macromolecule has aliphatic ester nature. Fourier transform infrared spectroscopy (FTIR)
spectrum in the 1870–1540 cm−1 C=O stretching absorption band in the region, especially in 3571 cm−1

–OH stretch, 2996.53 and 2987.75 cm−1 CH stretch band are the characteristic peaks [31].
Polymerizations of lactide can be carried out by using the melt polymerization, bulk

polymerization, solution polymerization, and suspension polymerization methods however melt
polymerization was found to be the best method. In general, commercial PLA is a blend of PLLA and
PDLA or copolymer PDLLA, obtained by the polymerization of LLA and DLLA. PLA with a PLLA
content higher than 90% tends to be crystalline and the melting temperature (Tm), glass transition
temperature (Tg), and crystallinity of PLA decrease with the decreasing amounts of PLLA. Many
important properties of PLA are controlled by the ratio of D- to L-enantiomers used and the sequence
of arrangement of these enantiomers in the polymers. Several types of additives could be utilized
to improve the characteristics of the PLA. These well-established additives are antioxidants, heat
stabilizers, light stabilizers, impact modifiers and several others [10].

1.3. The Use of PLA in 3D Printers and the Present Drawbacks

In the last decade, PLA filaments have been gaining popularity as a thermoplastic source to be used
in 3D printing (in fused deposition modeling, FDM approach) where its characteristics, such as ease of
printing, glossiness and multicolor appearance, make PLA one of the main choices for this purpose. A
3D printing machine working with the FDM method is basically a computer controlled gantry, carrying
one or two miniature extruder head nozzles, one for the modeling material and sometimes the other
for the support material. Three-dimensional objects are fabricated by extruding a molten thermoplastic
filament through a heated nozzle in a predetermined pattern onto a platform. The extruded filament
cools, solidifies and bonds with the adjoining material as the material is deposited so that the base
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plate moves down (or the nozzle moves up) by an increment equal to the height of the filament when
a whole layer is deposited and, later, the next layer is deposited again. The temperature history of
the interfaces plays an important role in determining the bonding quality between these deposited
layers and the formation of bonds among the polymer filaments in the FDM parts which are driven
by the thermal energy of the extruded material. The bonding quality also depends on the molecular
diffusion and randomization of the polymer chains across the interface and on the growth of the neck
formed between the adjacent filaments [41–43]. In general, thermoplastics such as ABS, PLA [41–45],
polyamide (PA) [46] and polycarbonate (PC) [47] are used as filaments in the 3D printers. However, at
present, PLA filaments are going to be the most popular material used, with an annual growth rate of
19.5% [48]. PLA is in competition with the acrylonitrile-butadiene-styrene copolymer (ABS) filaments
in the FDM technology, however, a high accuracy for dimensional parts can be achieved only with
PLA because it poses less warp behavior than the ABS filaments. It is also safer than ABS [49]. It is
well-known that the glass transition temperature of a polymer should be low and the viscosity when it
melts should be suitable for layering for a thermoplastic material which is suitable for 3D printing
technology. PLA has a 150–160 ◦C melting point which is low when compared with other polymers
used in the thermoplastic 3D printing industry and requires less energy consumption during printing.
This makes PLA polymer preferable especially in off-grid applications [50].

However, PLA filaments have some disadvantages: PLA has a poor toughness and elongation
at break of less than 10% [51,52]. Although this value is actually comparable to that of poly(ethylene
terephthalate) [6], the use of PLA in low toughness and high stress levels remains limited. It is
expected that the range of the use of PLA filaments will expand with the development of 3D printing
technology [43,53–55].

1.4. Reasons for the Surface Modification of PLA

In this review, we will examine the published literature on the surface modifications of the PLA
polymer in various industries in detail in the sections given below. In general, surface modification
methods of the PLA can be divided into two classes: covalently bonded and non-covalent bonded
(physically attached). The methods used for the surface modification of the PLA polymer are examined
in Section 2. These are mainly alkaline surface hydrolysis, atom transfer polymerization (ATRP),
photografting by UV light, various forms of plasma treatment, and chemical reaction after plasma
treatment. The use of PLA polymers after the surface modifications was also reported in this section.
A few papers reporting the surface modification of 3D printed PLA objects are given in Section 4.

2. Surface Modification of PLA Solids

PLAs have widespread uses in many industrial fields. The successful application of PLA relies not
only on its mechanical properties, but also on the controlled surface properties such as hydrophilicity,
surface free energy, reactive functionalities and roughness. The bulk modifications of PLA are mostly
dependent on the processes to improve toughness and the degradation rate. However, its surface
modification was applied to control hydrophilicity, surface free energy, chemical heterogeneity,
roughness, and to introduce reactive chemical groups to enable further covalent reactions. There are
a variety of surface modification methods to control the surface properties of PLA such as surface
coating, surface alkali hydrolysis treatment, graft polymerization, low-temperature plasma treatment
and various surface chemical reactions. The improvements in hydrophilicity and the introduction
of reactive groups are beneficial especially for the biomedical applications of PLA when it is used in
the human body where the surface characteristics are critical for cell affinity and cell adhesion [22,56].
However, the hydrophilicity, biocompatibility, and cell affinity of PLA are still not good enough for
some tissue engineering and other biotechnology uses and awaits proper surface modifications.

Since we are interested with the surface modification of 3D printed PLA objects in this review,
we excluded all the PLA bulk modification methods such as copolymerization, stereochemical
manipulation, blending with plasticizers, other polymers, fillers and other composite materials from
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the review content. On the other hand, some good reviews were published on the surface modification
of PLA polymers in the past [22,57–61], however, these reviews are mostly on the general plasma
treatments of many biopolymers or specific biomedical applications of PLA except the publication of
Rasal et al. which reports on the specific PLA bulk and surface modifications published till to 2010 [22].
Thus, there is a need to review the literature regarding PLA surface modifications after 2010 and also to
select some suitable methods to be applied for the PLA objects which are printed by the FDM approach.
In this review, we initially discuss the most effective surface modification methods which were given
in the older literature and then present more recent publications in this field.

In general, surface-modification methods can be classified as chemical methods (with covalent
attachment) and physical methods (non-covalent attachment of functional groups). However,
in practice, it was determined that more than half of the publications are related to the plasma
treatments of PLA which are accepted to be non-permanent. The gains obtained by the plasma surface
modification is partially lost due to surface rearrangements since the macromolecular motions are
thermally activated to minimize the interfacial energy and makes the effect of plasma treatment
non-permanent at room temperature applications [62–65].

2.1. Surface Modification with Chemical Methods Giving Covalent Attachment

2.1.1. Alkaline Surface Hydrolysis and Atom Transfer Polymerization (ATRP)

PLA itself does not have any reactive side-chain groups and alkaline surface hydrolysis is a
simple way to impart two types of reactive hydrophilic functional groups, e.g., carboxylic acids
(–COOH) and hydroxyls (–OH) on the PLA main chain by cleaving the ester bond of the aliphatic
polyester [57]. The resulting new chemical groups can be used to conjugate the bioactive molecules,
such as L-lysine, collagen and peptides, which can be recognized by the cell adhesion receptors in
biomedical applications. It was found that a mild alkali treatment could not break the ester bonds
effectively in a short time, however, if strong alkali is used, it caused the bulk degradation of the PLA.
Thus, a mixture of aqueous 0.25 M NaOH/ethanol can be successfully used for this purpose [66].
Ethanol was applied to assist the hydroxide nucleophilic attack on the ester bond. After alkali treatment,
the surface hydrophilicity and the surface energy of the PLA can be improved significantly, but its
surface roughness changes. Such a treatment was effective to enhance the cell affinity of the PLA cell
scaffolds [66].

The PLA polymer cannot be dissolved in water, alcohols, and unsubstituted hydrocarbons but
can be dissolved in many low-cost organic solvents such as benzene, toluene, p-xylene, chloroform,
dichloromethane, trichloromethane, dioxane, and ethyl acetate [10,11,22]. Racemic PLA (poly-D,L-lactic
acid) can be dissolved in polar solvents such as acetone, dimethylformamide, and tetrahydrofuran [67].
Thus, these solvents may be used during covalent binding reactions onto PLA.

After the formation of the carboxylic acid groups on the PLA, these can be conjugated with species
containing amine (–NH2) or hydroxyl (–OH) groups. In some cases, the acid groups are first activated
with phosphorous pentachloride [68], thionyl chloride [69], or water-soluble carbodiimides [70] and
then subsequently reacted with amines or hydroxyls. Chitosan can be covalently attached to PLA
surfaces after alkaline surface hydrolysis followed by acid-chitosan conjugation [71]. Reactive amine
groups can be introduced onto PLA surfaces by aminolysis followed by conjugation with biocompatible
macromolecules such as chitosan, collagen and gelatin [72,73].

Electrospun PLA nano-fiber surfaces were also modified with amine groups and then conjugated
with polyethylene glycol to convert the partially hydrophobic surface into a hydrophilic one. Prolonged
cell viability was seen on such surfaces [74]. The PLA film was first treated with an alkaline solution to
form the carboxyl groups on the surface and then inoculated the Xtal Fluoro-E gelatin onto it giving
a hydrophilic surface [75]. A method was proposed for the immobilization of simple molecules on
the PLA surface to prevent its degradation. The method is a two-step procedure where the surface is
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activated anionically under certain conditions in the first step and then click chemistry was applied in
the second step to modify the surface of the PLA [56].

Gelatin was added to the PLA film surfaces in order to improve its cell adhesion properties
after the covalent bonding of sodium methylacrylate (MAAS) to the surface by atom transfer radical
polymerization (ATRP). The results show that the unreacted PLA and also the PLA-g-P(MAA) surfaces
were not suitable for cell adhesion, but when the surface is coated with gelatin, the cell adhesion
properties improved considerably [76]. PLA membranes were grafted by the zwitterionic polymer
to improve the fouling resistance and hemocompatibility. Surface zwitterionization was carried out
by dopamine inspired bromo alkyl initiator anchoring and the subsequent ATRP of zwitterionic
poly(sulfobetainemethacrylate). ATR-FTIR, XPS and SEM analyses were applied onto the samples
and it was confirmed that zwitterionic PSBMA was successfully grafted onto the PLA membrane.
The hydrophilicity, anti-fouling and hemocompatibility of the PLA membranes were improved for
their biomedical and blood-contacting applications such as hemodialysis [77].

2.1.2. Photografting by UV Light

Photografting by UV light enables the permanent alteration of surface chemistry with a low-cost
operation [78]. Photoactivation occurs on the PLA surface to form reactive groups followed by the
grafting of selected materials having different functionalities. There are two types of surface grafting
methods: “grafting to” or “grafting from”. For the first one, polymer chains of specified molecular
weights and compositions are covalently attached to the surface [79]. Although it is useful, it is difficult
to obtain high grafting densities on a PLA surface with a “grafting to” process because of the presence
of steric hindrance and chain diffusion limitations [80]. The second method, which is the “grafting
from” approach, involves the growing of polymer chains from the surface by graft polymerization
(especially by photopolymerization) of suitable monomers, and this method overcomes the limitations
of the “grafting to” approach. However, in the “grafting from” approach, the used photoinitiators
must be immobilized onto the PLA substrate in order to initiate the subsequent polymerization of the
vinyl monomers from the surface, which is also a difficult process.

The “grafting to” approach was applied to produce superhydrophobic PLA fabrics by using
hydrophobic silica particles possessing vinyl functional groups on the surfaces which were synthesized
via a sol-gel process [81]. In another publication, a single step vapor phase photografting reaction
was reported to graft poly(acrylamide), poly(maleic anhydride), and poly(N-vinylpyrrolidone) onto
the PLA surface in the vapor phase to avoid the detrimental solvent effects [82]. Benzophenone was
used as the photoinitiator under UV irradiation. Static contact angles decreased down to 25–50◦ from
around 80◦ after grafting. This method was also applied to graft poly(N-vinylpyrrolidone) chains onto
PLA to obtain a substrate for the attachment of keratinocytes and skin fibroblast cells [83].

For the “grafting from” approach, the grafting of PLA with an acrylic acid monomer to form
hydrophilic polyacrylic acid brushes on the PLA were studied several times in the liquid phase
reactions [51,84,85]. PLA films were activated by argon-plasma and then were immersed in an aqueous
acrylic acid solution and exposed to UV to produce grafted chains of poly(acrylic acid) [84]. In another
study, a PLA substrate was placed in a glass reactor where the acrylic acid monomer and benzophenone
initiator were added and finally the reactor was irradiated with UV light for 20 min. It was determined
that surface grafting with poly(acrylic acid) changed the degradation of the product patterns and
accelerated the formation of water-soluble degradation products [85]. Similarly, a PLA film was
formed by a solvent casting technique, and then the surfaces of these films were inoculated with a UV
cured photopolymerization reaction using poly (acrylic acid) (PAA) and poly (acrylamide) (PAAm).
PAA was grafted to the PLA surface in approximately 2–3 h, while PAAm was vaccinated in 3–5
h depending on the activation method. As a result, it has been observed that the hydrophilicity or
wettability of the grafted surfaces has improved considerably [86]. Acrylic acid and maleic anhydride
were photografted onto a PLA surface in order to increase its surface wettability by applying the
“grafting from” approach where the aniline tetramer was used to make a conductive PLA surface [87].
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PLA-poly[(3-hydroxybutyrate)-co-(3-hydroxyhexanoate) films were also formed by photografting in
the solvent phase and the solvents affecting the film hardness were investigated [51].

A two-stage method was used for the same purpose to graft N-vinyl caprolactam onto a PLA
surface. In the first step, UV rays were exposed after adding benzophenone to the sample surface
and N-vinyl caprolactam monomer was grafted onto the PLA surface in the second step. As a result,
the contact angle of the grafted PLA has decreased significantly and the successful grafting on the
surface was confirmed according to the FTIR-ATR analysis results [88].

The photopolymerization grafting of poly (acrylic acid) (PAA) and poly (acrylamide) (PAAm)
was studied in order to determine the interactions between the chains. The presence of the attractive
long-range interactions was observed in the hydrophobic PLA/PLA and hydrophobic/hydrophilic
PLA/PLA-g-PAA systems [89].

2.2. Surface Modification of PLA with Plasma Treatment

2.2.1. Advantages of Plasma Treatment

The surface modifications of biomaterials are of interest to the biomedical industry. Plasma
treatment is one of the most used methods to impart specific chemical functionality to surfaces which
are used in the biomedical industry. The formation of plasma depends on the ionization of gases.
Gas molecules will become ionized (lose one or more electrons) and so carry a net positive charge if
enough external energy is added. If a sufficient number of the molecules in a gas are ionized to affect
the overall electrical characteristics of this gas, then the result is called “plasma” which often referred
to as the fourth state of matter. In general, plasma contains positive ions, electrons, neutral gas atoms
or molecules, excited gas atoms and molecules and UV light. Plasmas glow because light is emitted
as these excited neutral particles relax to a lower energy state. All of these components can interact
with a solid surface during plasma treatment. It is possible to tune precisely or select the effects of the
plasma treatment on the surface by choosing the type of the gas mixture, power, pressure, etc.

Plasma changes only the surface of the treated substrates and does not alter their bulk properties.
In general, plasma is effective at temperatures close to ambient temperature without damaging most
of the heat-sensitive biomaterials. Plasma treatment and plasma polymerizable coatings offer suitable
flexibility, efficiency and environmental awareness. The most important feature of plasma processing
is the surface functionality that any chemical processing cannot offer. Plasmas can change almost
any substrate geometry without the problem of line-of-sight processes compared to other energy
sources (such as UV, e-beam and laser). However, there are some disadvantages of the plasma surface
treatment method such as the need for a vacuum environment, the initial high cost of the plasma
chamber, the irregularity of the modified surface and, sometimes, an unidentified chemistry [90–93].

Low-pressure (LP) plasma techniques [91,92] are non-thermodynamic equilibrium processes
which are performed in weakly ionized gases to modify the surface properties of any substrate under
medium-low vacuum conditions (10-1 Torr). LP plasmas generally allow for the design of a new class
of materials in the form of surfaces, with unique properties and little correlation with conventional ones.
It is possible to make changes in the properties of the chemical composition, such as wettability, metal
adhesion, dye-ability, refractive index, hardness, chemical inertness, lubrication and “biocompatibility”.
A prosthesis or a biomedical device can be tolerated by the biological area and fulfills its intended
function for a reasonable time after a suitable plasma treatment [93].

2.2.2. Surface Modification of PLA with Plasma Treatment

Yang et al. studied the effect of the ammonia plasma method onto a poly(D,L-lactide) film surface
to improve its affinity to cells. They measured the contact angle and calculated the surface free energy
using the harmonic mean equations. The chemical composition of the sample surface was examined by
X-ray photoelectron spectroscopy analysis [62]. They observed that O- and N-containing groups such
as hydroxyl and amine were formed on the surface of the plasma treated films. They also examined
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the effect of the methods to maintain the hydrophilicity of the surface. They showed that protection
is possible at low temperatures at 0–4 ◦C. It was observed that the ammonia plasma treatment could
support the binding and growth of cells, in cell affinity tests using the mouse 3T3 fibroblast cells [62].
In another study, the same group produced poly(L-lactic acid) and poly(L-lactic-co-glycolic acid)
(70/30) cell scaffolds that have different pore structures to be used in tissue engineering. They also
applied ammonia plasma treatment to alter the surface properties and improve the cell affinity of the
scaffolds [94]. The hydrophilicity and surface free energy of the surfaces were increased after plasma.
Cell culture results showed that pores of less than 160 micrometers were suitable for the growth of the
human skin fibroblast cell. Cell seeding efficiency was maintained above 99% which is a better value
than the efficiency achieved by the common preheating method with ethanol. The plasma-treatment
method also assisted in solving the problem of cell loss during cell seeding and avoided the negative
effects of waste ethanol on the cell culture [95].

Wan et al. used a series of gases under various conditions of electrical power, pressure and time
for the plasma treatment of PLLA [95]. The cells exposed to the NH3 plasma-modified PLLA and the
results indicated that the cell retention on the modified PLLA was much higher than the unmodified.
Increased surface hydrophilicity, high surface free energy polar component and N-containing groups
were obtained and have an important role in increasing the cell resistance against shear stress [96].
Safinia et al. have developed a novel low-pressure radio frequency plasma treatment protocol to
effectively modify the surface of large pore PDLLA scaffolds using air or water in ammonia plasma
treatment [65]. PDLLA foams were found to have a high porosity, void ratio and coherent pores
ownership criteria to be used as tissue engineering scaffolds and the surface of the main polymer was
hydrophobic. After exposure to plasma, it was found that an increasing number of polar functional
groups and improved wetting formed on the treated surfaces. The number of polar functional groups
on the surface (and hence the drop in water contact angles) increased as the plasma exposure time
increased. The authors characterized the change in the surface composition and the wettability of the
polymer structures by zeta potential and contact angle measurements. However, it was determined
that the storage of the polymer structures in the ambient air caused a significant hydrophobic recovery,
while only a partial hydrophobic recovery occurred in water [65].

Ferreira et al. treated the poly PLLA and poly (hydroxyl butyrate-co- hydroxyl valerate) surfaces
with oxygen and nitrogen plasma. Physical and chemical surface properties were evaluated by
contact angle tests, scanning electron microscopy (SEM), atomic force microscopy (AFM) and X-ray
photoelectron spectroscopy (XPS). Plasma treatments altered the surface morphology by changing
both the angle of contact and impart roughening and affected the placement of polar groups thus
increasing the wettability of both surfaces [96]. Geyter et al., have used different gas atmospheres (air,
nitrogen, helium and argon) and a medium pressure dielectric barrier discharge (DBD) method to
change the surface properties of PLA. They examined the plasma treated surfaces with the contact
angle, XPS and AFM measurements. It was found that the discharge gas may have a significant effect
on the chemical composition of the resultant PLA surfaces, while the air and argon plasmas introduced
oxygen-containing groups, nitrogen discharges add only nitrogen groups to the PLA surface. Helium
plasma also imparted functionalities with a small amount of nitrogen [97].

In the study of increasing the surface wettability of PDLLA films, Guowei et al. treated PLA films
with nitrogen plasma (PLA-N2) and nitrogen/hydrogen mixed plasma (PLA-N2/H2). The surface
properties and structure of PLA-N2 and PLA-N2/H2 were measured by static contact angle, surface
free energy calculations, XPS and AFM. It was found that the surface hydrophilicity of both of the
PLA-N2 and PLA-N2/H2 surfaces was higher than that of the pure PLA and the surface hydrophilicity
of PLA-N2 films were better than PLA-N2/H2 [98].

Jiao et al. treated PLLA films with ammonia plasma to investigate their effects on surface
properties and cytotoxicity [99]. They examined the surface morphology and surface roughness of
the films with AFM. The variation of contact angles associated with the mass loss density, plasma
treatment power and exposure time were also examined. Cyto-compatibility was evaluated by cell
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adhesion, proliferation and cell cycle. The results showed that the surface morphology and roughness
of PLLA surfaces increased with the plasma processing power. The number of resulting amino groups
on the surface of the treated PLLA film increased with the increase in the plasma treatment strength
and duration. The contact angles showed an inverse trend and they increased with the storage duration
and returned to its initial value after about 2 weeks. Cell experiments have shown that plasma-treated
PLLA surfaces were more susceptible to cell adhesion and proliferation [99].

Jacobs et al. applied plasma modification using helium and argon gases to improve the inadequate
surface properties of PLA for biomedical uses [100]. They have changed the surface properties of
the PLA layer by the application of the dielectric barrier discharge method at medium pressures.
After the plasma treatment, the water contact angle measurements showed the increased hydrophilic
character of the PLA surface. XPS analysis indicated that the oxygen content increased. The cells on
plasma-modified PLA exhibited a much better morphology compared to unmodified PLA samples
after 1 day. However, after 7 days of culture, no significant difference was observed between the
untreated and plasma-modified PLA samples, indicating that plasma treatment improved the initial
cell attachment, but it did not seem to affect the cell proliferation [100].

Tenn et al. applied a hydrophobic plasma process to change the surface properties of the PLA film,
by using CF4, CF4/H2, CF4/C2H2, tetramethyl silane (TMS) plasmas [101]. Plasma parameters such as
power, gas flow and process time were optimized according to the water contact angle measurements.
XPS measurements revealed the presence of the fluorine (–CF2–, –CF3) or silicon (SiOxCy) functional
groups on the surface of the film after the fluorine or TMS plasma treatment. Thermal properties of the
treated PLA films were investigated by differential scanning calorimetry (DSC) measurements and it
was concluded that they were not affected by the plasma treatment. Water permeability measurements
showed an improvement in the PLA barrier properties by decreasing its water solubility for all of
the plasma processes used and especially after the application of CF4/C2H2 plasma. No effect of
plasma treatment on the oxygen barrier properties of the PLA film was observed even at high relative
humidity up to 90% [101].

Jordá-Vilaplana et al. used air atmospheric plasma technique to increase the surface free energy of
PLA by optimizing process parameters in terms of nozzle-substrate distance and sample feed rate [60].
The macroscopic effects of the process parameters were determined using contact angle measurements
and surface free energy calculations. In addition, chemical changes in the top layers were investigated
by using XPS and FTIR. Surface topography changes were evaluated with SEM and AFM. The results
show that there was a significant increase in surface free energy and this method was shown to be
applied in a continuous industrial process with no waste production [60].

In a study by Bolbasov et al., the surface modifications of the biodegradable PLA and
polycaprolactone (PCL) polymers were reported by the application of the radio-frequency thermal
radiation discharge plasma method. This plasma reduced the substrate hydrophobicity and increase
the surface free energy to increase the living cell affinity of PLA [102]. Izdebska-Podsiadly et al.
investigated the effects of argon low-temperature plasma on the PLA film properties and studied
the duration of storage to change the value of the surface free energy (SFE) and its effect on polar
and dispersion components of SFE [103]. The contact angle measurements and SFE calculations were
performed immediately after the plasma treatment and also after 1, 7, 14, 30 and 60 days. The chemical
changes were investigated using XPS and surface roughness was determined by a confocal microscope.
The results showed that a significant improvement occurred in PLA film wettability, accompanied by a
40% reduction in the water contact angle and an increase of 43% in SFE. In addition, the highest SFE
value was obtained by the plasma treatment was after 6 min, but the results obtained with a shorter
processing time such as 2–4 min were more stable over time [103].

2.2.3. Surface Modification of PLA with Plasma and Chemical Reaction

An improved surface modification method for PDLLA which combines the ammonia plasma
treatment with the collagen anchorage was proposed in 2002 [104]. Ammonia plasma pretreatment
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imparted the chemical groups containing hydrophilic O and N atoms and increased the roughness of
the PDLLA surface. Afterward, the plasma-pretreated surface can easily bind collagen. The surface
free energy of the modified surface was further improved after the collagen was anchored onto the
surface. Since the positively charged groups increased the interaction between the PDLLA surface and
the negatively charged cells, the interactions with the cells also improved [104]. The same group also
investigated the extent of the ammonia plasma treatment on three-dimensional PLGA scaffolds [105].
The results showed that the exchange depth reached about 4.0 mm under suitable plasma treatment
conditions. In addition, plasma treatment and collagen anchorage modification effectively facilitated
the cell transplantation and the cells could be distributed evenly along the scaffold. It was suggested
that the flow chamber system could be used as a potential tool to compare various surface modification
methods [105].

The reaction of chitosan plasma coupling was performed for the surface modification of PLLA
by Ding et al. [106]. The structure of the modified PLLA surfaces was characterized by contact
angle measurements and XPS. Two cell lines, L929 (mouse fibroblasts) and L02 (human hepatocytes),
were cultured on the modified PLLA surface and the cells grown on this substrate could multiply
at almost the same rate as the cells cultured on a glass surface. These results showed that the
modified substrate could be used to control cell morphology and had potential applications in tissue
engineering [107]. In another interesting study, Li et al. treated the PLLA film with oxygen plasma
before making the surface hydrophobic by using organosilanes. They then immobilized gelatin on
this surface to improve the cytofunction of the PLLA film which was characterized by AFM and
water contact angle measurements. It was reported that hydrophobization of the PLLA surface by the
organosilane modification improved the wettability properties after gelatin immobilization [108].

3. 3D Printed PLA Objects

PLA objects have become increasingly used in biopolymer research due to its biocompatibility
and sustainability properties with the discovery of new processing paths based on the 3D printing
methodology. There are three main 3D printing (additive manufacturing) routes, extrusion-based 3D
printing techniques, powder-based laser sintering and stereolithography (SLA) processes [43].

3.1. PLA in Extrusion-Based Printing Technologies

In this category, PLA filament is fed to the 3D printing machine by means of a clamping cylinder
and is melted at the desired temperature extrusion head and the solid portion of the filament pushes
the melt into the nozzle. The nozzle can be moved horizontally along the xy plane. During this
movement, the molten material is deposited on the table, which can be moved in the vertical
z-direction [108]. “Fused deposition modeling” (FDM), “Fused filament fabrication” (FFF) and “Melt
extrusion production” (MEM) names are widely used for this category to indicate the technologies
based on the material extrusion. These processes are basically the same and only their trade names are
different. All of the supplied thermoplastic material solidifies quickly after accumulation. This allows
the production of complex 3D objects.

Extrusion-based printing techniques where PLA is used as raw material are widely used in
teaching aids [109], construction of laboratory equipment [110], agricultural instruments [111] and
surgical equipment [112]. Due to the biocompatibility of PLA, its use in tissue engineering and
“patient-specific” implants is also very popular [113,114]. However, it is necessary to evaluate the
strength and fracture properties of the 3D printed PLA parts with the FDM technique. The quality and
strength of the thermoplastic components are affected by several machine-related factors. For example,
the material extrusion temperature significantly affects the mechanical strength of the final 3D
product in addition to the printing orientation and layer thickness which can be experimentally
optimized [115–117]. Although the given operation settings represent the best total combination
according to the test results, some settings still vary according to the user preferences. For instance,
if aesthetic is important, a lower layer thickness and a lower printing speed provide a higher resolution
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with a better surface quality during 3D printing. In such cases, the layer thickness can be reduced
without any loss of the mechanical strength of the final product [117,118].

Many statistical models have been used to study the effect of process parameters on the mechanical
properties of the PLA parts produced by FDM [118,119] and to observe the resultant fatigue [120],
distortion and degradation properties [121]. In order to increase the mechanical properties of the final
products, 3D printable PLA-graphene composites were used to improve the mechanical resistance,
flame retardancy and electrical conductivity of the printed objects [122]. However, there is a general
acceptance that the high variability in the experimental 3D printing results is a result of the influence
of other less controllable factors such as a medium moisture level [123].

3D printing techniques of PLA using polymer solutions instead of filaments were also proposed
by using a suitable nozzle. This technique has the advantage that the polymer can be printed without
degradation at much lower temperatures. In general, chloroform is used as the solvent for PLA.
Such structures are very popular in the regenerative medicine applications of the biodegradable
templates for tissue regeneration [124,125]. Perhaps the most difficult part of the solution printing
process is to adjust the viscosity of the PLA printing ink accurately. The changing of the process
temperature or adding a plasticizer was used to control the viscosity. For these methods, the correct
plasticizer addition is important; because the plasticizer allows the polymer to be treated at low
temperatures without the risk of thermal degradation [126]. Low-density polyethylene glycol (PEG)
seems to be the most efficient additive for the PLA polymer in comparison with the different plasticizers
tested. PEG is a biocompatible, hydrophilic polymer that is soluble in chloroform [127,128]. It is
possible to obtain homogeneous PLA/PEG blends at low temperatures for the production of 3D
scaffolding. The addition of PEG increased the surface roughness and wettability of the PLA surfaces,
however, the newly formed structures were not homogenous enough and the mechanical properties
were significantly reduced [126–128].

3.2. Use of Powder-Based Techniques and Photopolymerization in 3D Printing of PLA

PLA objects can be printed by processes other than the FDM method where PLA is used in
the filament form. One of these processes is known as the “Powder-Based Additive Manufacturing
Technique”, which depends on powder melting at a specific location by the help of laser, and the other
one is “Stereolithography (SLA)”, where a liquid PLA layer is deposited instead of a solid powder
layer by the laser application. We have to refer to these two methods in this review by citing some
indicative examples of the published literature since we also have to consider the modification of
the PLA object surfaces obtained by these methods. However, a comprehensive review of these two
techniques is out of the scope of this review.

When PLA is used in powder-based techniques, a thin layer of polymeric PLA powder (typically
100 µm) is placed as a powder bed and a computer-controlled laser scans this area and heats the
powder at the pre-determined locations with the help of a CAD program. When the powder particles
melt at these points, then they combined with each other to form the desired object. An advantage
of this technique in comparison with the extrusion-based methods is the presence of non-sintered
powders in the powder bed to support the subsequent layers without the need for external support
structures. Only a few publications on the laser sintering of the PLA are present in the literature
and mostly related to the application of tissue engineering where a biocompatible and biodegradable
porous scaffold was produced to serve as a temporary template for the binding and development of
cells and subsequent production of tissue [129,130]. However, it was found that PLA is not a very
suitable polymer for laser sintering because it is difficult to grind PLA into a powder form even
in a cryogenic environment leading to a poor level of sphericity as a consequence of the poor flow
characteristics [131]. Bai et al. investigated the effect of the addition of nanoclay to the PLA on the
mechanical properties of sintered parts after 3D printing. They showed that the addition of nanoclay
improved the elastic modulus of the produced PLA parts, however, the flexibility of the modules have
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been reported to be significantly lower (100–700 MPa) than the standard injection molded parts (about
3000 MPa) in the literature [132].

When PLA was also is used in the stereolithography 3D printing applications, laser is used
similar to the laser powder sintering process, but a liquid PLA layer is deposited instead of a solid
powder layer. After the desired parts were printed by the application of photopolymerization and
photocrosslinking, then the unpolymerised resin is removed from the printed object and afterward,
the objects are generally kept in a UV oven to cure the unreacted chemical groups and to increase the
mechanical strength of the 3D printed object [133]. The materials which are used in this approach must
contain photocurable parts and allows photocrosslinking. However, the types of suitable resins for
this process is relatively limited and most of them are based on the low molecular weight acrylate or
epoxy-based polymers which form glassy networks upon polymerization and crosslinking. On the
other hand, when PLA polymer is used in the SLA technology, it has the potential for a number of
interesting applications because a wide variety of 3D structures can be prepared like cell seeding
or culturing [133–137]. In order to modify the PLA polymer which is used in the SLA approach,
many chemical approaches have been tried. For example, cross-linked PLA networks were formed
by photo-initiated radical polymerization of polylactide oligomers which are functionalized with
unsaturated groups such as methacrylate [134], fumarate [135] or hydroxy-acrylate [136]. In another
interesting report, it was proposed that ceramic 3D objects can be fabricated by SLA using a ceramic
slurry containing alumina powder, UV curable monomer, diluent, photoinitiator and dispersant, after
the removal of organic components and sintering. However, a diluent is required to make the resin
viscosity lower than about 5 Pas in order to be used in the SLA approach [137].

4. Surface Modification of 3D Printed PLA Objects

The surface modification of the PLA objects printed by the FDM method has a large application
potential. It is well-known that there is a need of biocompatible and biofunctioning 3D printed
objects but the surface properties of PLA cannot meet these requirements since pure PLA is a typical
hydrophobic polymer without any cell-recognition signals which limits its use in the biomaterials field.
Thus, the surface modification approaches for post-3D printing are applied to functionalize 3D-printed
PLA objects to render them to be used in many biomedical applications. In general, the surface
modification of PLA can be carried out by depositing functional materials such as biologically active
antibodies, peptides, nucleic acids or their derivatives onto the 3D-printed components. Such coatings
can promote the interaction between the 3D-printed PLA components and the biological entities.
The formation of polydopamine coatings on the PLA surface was the most applied method for the
surface modifications of 3D printed PLA objects. Recently, some other methods were also developed for
the surface modification of PLA objects both in the biomedical and various other fields as given below.

4.1. The Use of Polydopamine Coatings for the Surface Modification of 3D-Printed PLA Objects in
Biomedical Applications

Polydopamine is a bio-inspired material that has a strong adhesion to virtually any type of
surface. The application of polydopamine coatings was inspired by the adhesive nature of catechols
and amines in the mussel adhesive proteins which enable the adhesion of the mussels to rocks in wet
conditions. It was found that a polydopamine coating can be deposited onto any type and shape of
a surface via the oxidative self-polymerization of dopamine at a slightly basic pH. Polydopamine
coating contains hydroxyl and amine functional groups which could covalently conjugate proteins and
other active compounds. The catechol groups present in the polydopamine equilibrate to o-quinones
that are very reactive to both amines and thiols under slightly basic conditions, which enables the
secondary modification of polydopamine coatings via thiols and amines for bioconjugation [138,139].
Messersmith and coworkers were the first to apply the polydopamine coatings onto surfaces in
2007 [140,141]. It was later determined that a polydopamine adlayer serves as a platform for
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post-modification, including covalent immobilization of several serum adhesive proteins and also the
spontaneous deposition of metal and bioceramics.

Kao et al. applied a polydopamine coating onto a previously 3D printed PLA scaffold via the
direct immersional coating into a dilute dopamine solution at pH 8.5 [142]. The chemical composition
and surface properties of PDA/PLA were characterized by XPS. It was determined that the adhesion
and proliferation, and cell cycle of human adipose-derived stem cells cultured on polydopamine-coated
PLA were significantly enhanced relative to those on the pure PLA surface. In addition, the amount of
collagen secreted from the cells increased and the cell cycle progression was promoted depending on
the polydopamine content. The results showed that the synthetic polydopamine-coated PLA scaffolds
can be used for specific cell responses [142].

Yeh et al. developed a simple procedure for Xu Duan immobilization on the 3D printed PLA
scaffolds by applying a simple one-step polydopamine coating procedure [143]. Chemical composition
and surface properties of PLA/polydopamine/Xu Duan were identified by XPS. It was found that
the adhesion and proliferation of human bone marrow mesenchymal stem cells (hBMSCs) cultured
in PLA/polydopamine/Xu Duan were significantly increased compared to those in the pure PLA.
In addition, the focal adhesion kinase expression of the cells and cell addition was increased depending
on the Xu Duan content [143].

Li et al. developed 3D printed PLA scaffolds where gelatin/nanohydroxyapatite and ponericin
were grafted onto the printed PLA scaffolds following dopamine polymerization on the surface of
the substrate [144]. SEM and XPS analyses indicated that the modification was successful. MC3T3-E1
cell culture showed a uniform distribution along the coated scaffold with a good survival rate as
determined by live/dead cell staining. These scaffolds became completely hydrophilic when modified
with polydopamine and caused an increase in cell proliferation, but the gelatin-containing surfaces
were more effective in the alkaline phosphatase (ALP) secretion stage. The results have shown that
these coated scaffolds supported the binding of MC3T3-E1 cells and also provided a balance between
the inhibition of pathogenic microbes [144].

Teixeira et al., produced PLA scaffolds with 3D printing using the FDM method to produce
a porous structure with good mechanical properties similar to a spongy bone [145]. They coated
polydopamine and type I collagen onto the 3D printed PLA objects. It was seen that the final surface
became smoother than the previous pure PLA surface after the collagen coating. The polydopamine
layer improved collagen immobilization onto the surface of the 3D printed PLA scaffolds by 92%.
These collagen-coated surfaces served as a platform for increasing the binding of the extracellular
matrix components in the first 14 days of cell culture and improved the biological activity and
immobilization of proteins on the PLA scaffolds. The osteoinductivity of 3D-printed PLA scaffolds
was enhanced after the application of the polydopamine and type I collagen coatings [145].

4.2. The Use of Other Materials for the Surface Modification of 3D-Printed PLA Objects in
Biomedical Applications

Besides polydopamine, other suitable materials which introduce bioactive functional groups
onto 3D-printed PLA components have also been proposed for surface modification. Wu et al. have
studied the mechanical properties of 3D printed PLA ribbons, maleic anhydride grafted polylactide
(PLA-g-MA) and chitosan-containing composite materials. The mechanical and water resistance of the
products obtained from the PLA-g-MA/CS composites were stronger than the PLA/CS composites;
which was attributed to the larger compatibility between the grafted PLA-g-MA and CS molecules.
Cell compatibility using human foreskin fibroblasts with these surfaces was investigated and no
toxicity was found. It was determined that the addition of chitosan to the final structure increased the
antibacterial properties of both product types [30].

Schneider et al. performed surface modification of 3D printed PLA scaffolds with the
co-deposition of hydrogel-calcium phosphate (CP)/gelatin hybrid coating layers for synthetic bone
formation. The initial experiments showed that pure CP adhered poorly to the PLA surface.
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Furthermore, the CP layer was not mechanically stable and could be dispersed. However, the presence
of gelatin and or a chitosan coating on the surface significantly increased the adhesion of the CP layer
onto the PLA scaffolds [146]. Prior to surface coating and mineralization, the 3D printed PLA scaffolds
were hydrolyzed with NaOH to form hydroxyl and carboxyl groups on the PLA surface; then the
surface was modified with 3-aminopropyltriethoxysilane (APTES). APTES modification allowed the
binding of gelatin or chitosan to the formation of imine bonds and effectively bind with glutaraldehyde
on the surface. The formation of the concomitant polymer surface layers with CP deposition provided
access to a homogeneous polymer/CP hybrid coating layer on the PLA. The success of the NaOH
treatment process has been demonstrated by contact angle measurements giving 78◦, which was
consistent with the literature. However, a significant reduction in the contact angle was expected when
treated with the alkali solution according to the literature, but such a reduction was not seen, which
was attributed to the formation of a significant roughness on the surface as proven by the SEM and
AFM images. NaOH treatment cut the PLA ester bonds, producing hydroxyl and carboxylic acid
groups on the surface but also caused an increase in the roughness, leading to higher contact angles
than expected. The subsequent mineralization made the 3D printed scaffold biocompatible [146].

Pokharna et al. improved the surface properties of the 3D printed PLA scaffolds that would
support the growth and proliferation of the cells [147]. PLA structures were printed using the MakerBot
3D Printer by applying the FDM method and their surfaces were modified with hydrolysis and
UV/ozone treatment introducing carboxylic acid or primary-secondary amine groups on the PLA
surface. A hydrolysis reaction (wet chemical etching) was carried out by immersing the 3D printed
PLA samples in NaOH/ethanol solution for 24 h. UV was applied onto the PLA samples for 20 min
and plasma-cleaned PLA surfaces were coated with 15-nm thick titanium and 50-nm thick gold layers
using magnetron sputtering. Surface functionalities of PLA surfaces were changed by reacting with
1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride. In addition, gold was coated as a
thin film on the PLA surface and the surface functionality of the PLA samples coated with the thin
gold film was modified using an n-succinimidyl s-acetyl thioacetate/dimethyl sulfoxide solution.
A poly-L-lysine-FITC-labeled protein was added to the surface modified PLA samples and it was
determined that a preferred protein attachment process occurred when compared to the protein
attachments onto the chemically etched polished samples [147].

Wang et al. modified the surface of a 3D printed PLA scaffold by using the surface-entrapment
method. Chitosan was retained on the surface of the PLA using this technique [148]. The surface
entrapment method was developed after 2002 [149,150]. In the Wang et al. study, the surface
entrapment was carried out by dipping the solid polymer scaffold in a solvent containing chitosan.
In order to keep the biomacromolecules on the surface of the PLA, the process was reversed by
immersing the scaffold into a nonsolvent solution. Briefly, chitosan was homogeneously mixed with
acetic acid. Then, acetone was added to this solution which contained chitosan (70:30 v:v). The printed
scaffold was dipped into the solution at various time intervals of 5, 10, 15, 30, 60 and 90 s. After
immersion, the scaffold was removed from the solution and transferred to a NaOH solution for a
short time to neutralize the acid before drying the substrates in a vacuum for 48 h. The scaffolds
were untreated PLA and PLA/chitosan coatings and the surfaces became more hydrophilic in the
presence of chitosan. FTIR and confocal laser scanning microscopy images showed the presence of the
functional groups which belong to the chitosan on the PLA surface [148].

Jaidev and Chatterjee investigated 3D printing with FDM to prepare patient-specific scaffolds
from biodegradable PLA [151]. Although PLA scaffolds provide the desired mechanical support,
the scaffolds did not have a biological activity to promote bone regeneration. Macroporous 3D printed
PLA scaffolds were prepared by the FDM method with a porosity of 70.2%. Polyethyleneimine
was chemically conjugated to alkaline treated PLA scaffolds followed by citric acid conjugation.
The polymer grafted scaffolds were then immersed in a simulated body fluid to coat the scaffolds with
calcium-deficient hydroxyapatite (PLA-HaP). Surface roughness and water wettability increased after
surface modification. PLA-HaP scaffolds exhibited a continuous calcium ion release in an aqueous
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medium for 10 days. The adhesion and proliferation of human mesenchymal stem cells (hMSCs) on
the PLA-HaP was ~50% higher than pure PLA. The mineral accumulation from the hMSC osteogenesis
in the PLA-HaP scaffolds was almost twice the value of pure PLA scaffolds. An increase in the alkaline
phosphatase activity and several osteogenic gene expressions were also determined [151].

4.3. The Use of Other Methods for the Surface Modification of 3D-Printed PLA Objects

Besides the use of 3D printed PLA objects in biomedical applications, there are some interesting
fields that require the use of 3D printed PLA objects after surface modification. For example, Lee et al.
obtained a superhydrophobic 3D printed PLA object after modifying its surface [152]. They dip-coated
the PLA objects in a dispersion containing hydrophobic silica particles in a methyl ethyl ketone solvent.
The changes in the wettability of the 3D printed PLA surfaces before and after dip coating were
evaluated by static contact angle measurements. In addition, the effects of line and grid patterned
surface structures on a superhydrophobic surface which was previously printed on the PLA surface
with a 3D printer were also investigated. Anisotropic superhydrophobic behavior was observed on
the line patterned surfaces, however, a slight decrease in mechanical properties was also found on the
parts after patterning [152].

Cheng et al. investigated the ability of the chemical vapor deposition (iCVD) process to build 3D
printed objects made by PLA and acrylonitrile butadiene styrene (ABS) [153]. The thermally insulating
properties of the 3D printed plastics are a challenge for the iCVD process due to the wide thermal
gradients along the structures during processing. The processing parameters, such as substrate
and filament temperatures have been systematically varied to determine how these parameters
affect the uniformity of coatings throughout the 3D printed objects. 3D printed objects were later
coated with both hydrophobic and hydrophilic polymers. Contact angle goniometry and X-ray
photoelectron spectroscopy were used to characterize functionalized surfaces. The deposition of
poly (1H,1H,2H,2H-perfluorodecyl acrylate) [154] and poly(2-hydroxyethyl methacrylate)-co-(ethylene
glycol diacrylate) [155] coatings on the 3D printed objects with various shapes and sizes were carried
out to examine the capabilities and limitations of the iCVD process. X-ray photoelectron spectroscopy
and contact angle goniometry were used to examine the surface properties before and after coating.
The application of the iCVD method was found to be successful for functionalizing the 3D printed
objects in a range of fields such as tissue scaffolds and microfluidics [153].

5. Conclusions

The objective of this review is to report and comment on the present literature which was
published on the surface modification of the 3D printed PLA objects in order to find new ideas to
be applied in the additive manufacturing industry. It is well-known that the use of PLA filaments
as the thermoplastic source in the FDM 3D printing practice has been expanding in the last decade
since PLA polymer is one of the best choices as a source due to its ease of printing, environmentally
friendly nature, glossiness and multicolor appearance properties. In addition, the PLA market is also
expanding and is expected to reach 5.2 billion US dollars in 2020 for all of its sales in the industry with
a possible further cost reduction in the near future.

The chemical structure, industrial production methods, general properties, present market of
the PLA, its chemical modification possibilities, and the advantages and drawbacks of its usage
in the 3D printer field were initially presented in this review. Several 3D printing methods such
as the use of PLA filaments in the extrusion-based 3D printing technologies and PLA powders in
powder-based additive manufacturing techniques and 3D printing by photopolymerization of the
PLA were also given. Afterward, the present surface modification methods of the PLA polymers in
many fields were reviewed and classified. It was determined that many different methods have been
proposed in the literature for the permanent surface modifications of PLA where covalent attachments
were formed such as alkaline surface hydrolysis, atom transfer polymerization, photografting by UV
light, plasma treatment, and chemical reactions after plasma treatment. Finally, recent publications
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were outlined on the approaches which were used for the surface modification of the PLA objects
after they were printed in a 3D printing equipment by the FDM method. It is determined that only
some of the surface modification methods which were previously used for the general PLA surface
modifications were applied to the surface modifications of the 3D printed PLA objects probably due to
lowering the mechanical resistance of the 3D printed parts and imparting an uncontrollable surface
roughness on the object. However, it is clear that this is still a comparatively unexplored area and
there is a need of intensive research for the development of the modification of the PLA surfaces
having controlled wettability, surface free energy, water and oil repellent properties, and also novel
functional group attachments in order to be applied in many promising processes in the additive
manufacturing industry.
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