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Abstract
Biodegradable polymers have special particularities (e.g. can be transformed chemically or enzymatically in nontoxic, natural
byproducts by hydrolysis) that make them suitable for medical applications and represent the best choice for patients’ safety.
In this article we review the most important characteristics of biodegradable polymers commonly used for 3D printing in two
important health care fields, pharmaceuticals manufacturing and tissue engineering.

Rezumat
Polimerii biodegradabili prezintă proprietăți speciale pentru domeniul medical (la nivelul organismului sunt transformați prin
hidroliză chimică sau enzimatică în produși netoxici, naturali) și reprezintă cea mai bună alegere pentru siguranța pacienților.
În articol sunt prezentate proprietățile polimerilor biodegradabili care sunt frecvent utilizați pentru printare 3D în două
domenii de maximă importanță pentru sănătate, domeniul farmaceutic și cel al ingineriei țesuturilor.
Keywords: 3D printing, biodegradable polymers, pharmaceutical products, tissue engineering

Introduction
In three dimensional (3D) printing, computer-aided
design (CAD) virtual 3D archetypes are translated
into physical 3D objects in a process that requires
several steps like image acquisition and processing,
printing of the desired object and post processing [1].
3D printing can be performed by different technologies
like contact printing, contactless printing and laser
based techniques [2].
In the health care field, 3D printing technologies
allow not only visualization and design of human
body parts for complex surgery interventions, but
also the design and artwork production of controlled
release drugs and pharmaceutical forms for
personalized treatments [3, 16]. Demanding requests
of pharmaceutical field now a days are important
aspects of drug formulation like those ones regarding
efficacy, tolerability and adherence [4]. Production
of controlled release drug delivery systems have
numerous advantages in terms of key factors regarding
successful therapy, patient safety and comfort (e.g.
preservation and controlled pharmacokinetic profile
of the active molecules, valorisation of drugs that
are not usable in conventional pharmaceutical

forms, drug variability control etc.) [5, 70]. 3D printing
offers a huge opportunity for precision (personalized)
medicine, an innovative way to prevent diseases
and treat patients according to their individual
characteristics (genetic background, external factors,
diseases) by “Providing the right treatment to the
right patient, at the right dose at the right time” (FDA)
[6].
There is a continuous need for new methods for
original medicines manufacturing with different
pharmaceutical characteristics [7] and 3D printing
technologies could be successfully used for production
of pharmaceutical forms with different designs and
dosages, in a short time, in health care units, at
convenient prices [8, 13]. They are promising tools
for precisely combining substances with complex
release profiles and geometries [9] and offer the
advantages of flexibility in terms of dose and treatment
options for patients with individual needs like children
[10].
3D Pharming, the direct printing of pharmaceutical
tablets provide a feasible alternative to manufacture
personalized drugs over conventional tablets’ production
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techniques [11]. In 2015, FDA approved Spritam®
(Aprecia Pharmaceuticals), the first pill produced
by 3D printing [12, 13, 14].
3D printing potential in healthcare has also already
been proved by production and clinical applications
of medical implants, body organs and living tissues.
Biocompatible compounds, cells and scaffolds are
assembled together in complex 3D structures like
living tissues and organs [15]. A model without any
defects, similar to the anatomical structure, is
produced using high-quality 3D image acquired
from the patient in order to produce data required
for rapid prototyping of the desired structure [16].
Inks for 3D bioprinting have to be biocompatible,
printable, biodegradable, to have the capacity to
promote vascular and nerve regeneration and cellular
differentiation and to be supplied in unlimited
quantities in a cost-effective way [17]. Polymers
have already gained a special place in 3D printing
offering feasible solutions for inks manufacturing
due to their particular properties.
Polymers used for 3D printing.
Polymers are natural or synthetic compounds with
high molecular weights made up from small repetitive
units. Polymers form micelles in diluted solutions.
At higher concentrations of the polymer in solution
occur gelation and three dimensional networks
formation [18].
Polymers used in 3D printing for medical applications
usually have two main characteristics: biocompatibility
and printability. Biocompatibility refers to the capacity
of a product to accomplish its role without development
of any unwanted reactions on living organisms.
Printability represents the capacity to adopt and
maintain a structure as it was designed previously.
This property relays on different parameters of the
polymers used as printing material (first-layer formation,
viscosity, shear thinning and cross linking mechanisms,
etc.) [19].
Most polymers also possess a unique characteristic
with great potential, “self-healing”. Self-healing is an
autonomic process that resembles the physiologic one.
Damaged structures are rebuilded by reorientation
of the polymer catena [20].
A special class of polymers extensively used for 3D
printing is represented by biodegradable polymers.
These compounds have special properties: they do not
induce an inflammatory response, their mechanical
properties are designed according to their function
and are hydrolytically or enzymatically cleaved to
soluble degradation products that are safely cleared
from the body [21, 22].
Biodegradable polymers can be classified as synthetic
polymers (e.g. polyglycolic acid (PGA), polylactic
acid (PLA), poly(lactic-co-glycolic acid) (PLGA),
poly-β-hydroxybutyrate (PHB), poly-ε-caprolactone
(PCL)) and natural polymers (e.g. gelatine and
collagen) [23].

Biodegradable polymers can be designed in various
shapes and complex 3D structures and do not
necessitate their elimination from the organism [24].
In pharmaceutical technology, polymers are multifunctional and aside from primary function (as
excipients) they display different attributes (enzyme
inhibition, taste-masking ability, pharmacological
action, the capacity to react with enzymes responsible
for drug transformations etc.) [25, 71]. The drug release
profile from polymers depends on the deteriorations
of the polymer surfaces layer, break of chemical
bonds inside the polymer and diffusion of entrapped
drug [26].
Polyvinyl alcohol (PVA) is a linear polymer that
forms copolymers of vinyl alcohol and vinyl acetate
[27]. It is one of the very few vinyl polymers soluble
in water, with a high melting temperature (190ºC)
[28, 29]. PVA is considered GRAS (substances generally
recognized as safe) by FDA [30]. PVA-based hydrogels
are produced by various crosslinking processes such
as physical, chemical and irradiation crosslinking [31].
PVA is obtained by the saponification of poly(vinyl
ether), poly(vinyl acetate) or poly(vinyl pivalate)
[32, 33]. Oral administration of PVA is devoided of
toxic effects. PVA is absorbed in a small proportion
at gastrointestinal level and does not agglomerate
inside the organism [34].
Significant in this direction are the works of Tagami
and Li. Tagami et al prepared by fused-depositionmodelling method tablets with PVA and investigated
the effect of 3D printing settings. PVA-filaments
were loaded with curcumin as active substance and
fluorescent marker [35]. Li et al obtained by hot
melt extrusion method thin strands of PVA loaded
with glipizide, a drug used to treat type 2 diabetes.
PVA drug-loaded filaments were used to print double
chamber controlled release glipizide devices by
fused deposition modelling (FDM) technology [36].
Goyanes et al used FDM to produce filaments of
PVA loaded with paracetamol or caffeine in the
form of caplets for oral administration [37].
In another study, Goyanes et al printed capsules as
drug delivery devices for oral administration of
caffeine and paracetamol by FDM 3D printing
using filaments of PVA loaded with desired drug.
Pharmaceutical devices were designed as multilayer
capsules (with each layer containing distinct drug)
or as two-compartment systems comprising a caplet
enclosed within a bigger caplet, each subdivision
being loaded with a particular compound. The
product was named DuoCaplet. The architecture of
active substances influenced the release profile as
follows: for multilayer capsules the release of active
substances occurred synchronously and was not
influenced by their solubility, while for DuoCaplet
device the drug release profile was rapid or delayed
according to the site of incorporation of the
pharmaceutical substances [38].
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Another study of Goyanes et al proved that 3D
printing technology can be successfully used for
tablet manufacturing with various architectures
(printed-cube, pyramid, cylinder, sphere and torus).
The tablets were obtained from filaments of PVA
loaded with paracetamol [39].
Also, Goyanes used the 3D printing technology to
produce tablets formed from PVA filaments loaded
with 5-aminosalicylic acid (5-ASA, mesalazine) and
4-aminosalicylic acid (4-ASA). Both drugs are used
in inflammatory bowel disease therapy [40].
Skowyra et al used a steroid drug, prednisolone and
PVA to manufacture controlled release tablets by
3D printing method [41].
Poly(lactic acid).
PLA, is a biodegradable polymer that has been
approved by FDA for multiple utilizations [42, 43].
It is one of the most widely used biocompatible
material in 3D printing for preparation of drugloaded nanoparticle drug carriers and for tissue
engineering [43, 44].
PLA presents stereo isomers with different properties
such as poly (l-lactide) acid (PLLA) and poly (dlactide) acid (PDLA) [45]. Lactic acid has two isomers
that can form three types of lactides: L-, D-, and
meso. The chemical processing allows racemisation
of small quantity of L-lactic acid to D-lactic acid.
Proportion of D-lactic units and chirality can be
controlled in order to obtain polymers with different
properties [46].
For PLA synthesis are required both isomers of
lactic acid [47]. PLA can be produced by direct
polycondensation, azeotropic dehydrative condensation,
ring-opening polymerization etc. [48].
The direct condensation of lactic acid leads to the
formation of low molecular weight polymers. If
high molecular weight products are desired, this
reaction is followed by another polymerization
reaction using PLA oligomers [49].
PLA production by ring-opening polymerization
reaction was discovered by Carothers et al Low
molecular weight oligomers are produced and are
subject to depolymerization through internal transesterification to lactide, a cyclic dimer of lactic
acid. This reaction occurs in the presence of heavymetal-based catalysts. High molecular weight PLA
is produced by opening the lactide ring [49].
Degradation of PLA polymer in water is accomplished
through hydrolysis of ester bonds. The reaction is
pro-autocatalysed by carboxylic acid end groups
and occurs in a random manner.
In humans PLA is degraded in vivo in 2 or 3 years
[50]. PLA is degraded by a hydrolytic process with
formation of lactic acid that is eliminated as dioxide
and water through the tricarboxylic acids cycle.
PLA can be hydrolysed by two mechanisms: surface
erosion (water action on the device is limited and
degradation products are formed at the surface

being dissolved in the surrounding media) and bulk
erosion (amorphous phase is hydrolysed in the
beginning without physical changes, followed by
fragmentation of crystalline regions) [51].
3D printing was successfully used by Liu et al for
fabrication of surgical implants from PLA scaffolds.
After printing, PLA scaffolds were coated with
hydroxyapatite which is known to increase osteoconductivity of the implants and are loaded with
mesenchymal stem cells suspended in Pluronic F127 hydrogel. Evaluation of cell proliferation and
osteogenesis in vitro and in vivo demonstrated once
again that 3D printing is a feasible and economical
solution for implant production [52].
Weisman et al obtained drug delivery systems with
antibacterial activity (gentamicin) and cytostatic activity
(methotrexate) with a 3D printing device. 3D-printed
constructs were obtained from PLA filaments loaded
with the desired drug [53].
Grayson et al designed biodegradable polymeric
microchips that released four pulses of radiolabelled
dextran, human growth hormone or heparin in vitro
from PLA in combination with PLGA membranes [54].
Polyglycolic acid (PGA) is a biodegradable hydrophilic
polymer. Glutamic acids molecules can be joined by
γ or α linkages to produce γ -PGA and α-PGA [55].
γ -PGA can be obtained only in fermentative processes
in bacteria (usually with Bacillus microbes). α-PGA
is produced by chemical synthesis [56] via solution
and melt/solid polycondensation [57]. γ -PGA can
exist as L or D or both L/D isomeric forms. Different
bacterial strains produce different isomers. Polymers
can be soluble or insoluble in water [58].
pH influences dramatically the structure and molecular
interactions of γ-PGA. γ-PGA acid form has a rodlike structure, while γ-PGA sodium adopts a spherelike one [59].
PGA degrades in vitro, avoiding the accumulation
of degradation products at the implantation locus, a
process that can alter tissue reconstruction inducing
fibrosis [60].
However, PGA has been reported to produce
granulomatous inflammation after brain tumour
resection. Foreign body granuloma at polyglycolic
acid suture site was diagnosed after 10 months from
resection of a cerebral glioblastoma [62].
Other studies proved that PGA can reduce local pH
leading to local inflammation. Experimental results
revealed that dispersion of titania nano particles
into poly(lactide-co-glycolide acid) (PLGA) improved
osteoblasts functions and limited the pH value
modification at the site of the implant [61].
Poly(lactide-co-glycolide acid), PLGA, is a biodegradable polymer extensively used for preparation
by 3D printing technologies of tissue, organs and
controlled release drug delivery systems [63].
PLGA is approved by FDA and the EMA (European
Medicines Agency) for use in drug delivery systems
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supplied via parenteral route [64]. The human body
transforms PLGA through a hydrolytic process in
lactic acid and glycolic acid which subsequently are
metabolized and easily eliminated from the body [65].
PLGA nano-particles administered intravenously are
rapidly eliminated from circulation in the blood due
to opsonization [66]. PLGA is absorbed by human
cells representing an ideal composite for biological
scaffolds or extracellular matrix production [67].
PLGA produces a biocompatible by-product that
can be eliminated through normal metabolic pathways [68]. The ratio between monomers in PLGA
can vary and depends of the quantity of lactide and
glycolide used in the polymerization reaction [69].
Polymer properties depend on the ratio between
monomers of lactic and glycolic acid. A high proportion
of glycolic acids increase the hydrophobicity of
PLGA. A higher ratio of glycolic acid in PLGA
polymer will lead to formation of a more crystalline
matrix [70]. PLGA inhibits P-glycoprotein, an active
transporter that pumps drugs out of the cells.
Inhibition of P-glycoprotein can increase bioavailability
of drugs [71].
Shim et al fabricated by 3D printing slow-mode
delivery systems for proteins loaded onto composite
polymeric scaffolds. Systems for short-term delivery
(within a week) were obtained from recombinant
human bone morphogenetic protein-2 (rhBMP-2) in
PCL/PLGA/gelatine scaffolds. For long-term delivery
(up to 28 days) were constructed PCL/PLGA/collagen/
rhBMP-2 scaffolds [72].
Gupta et al produced by 3D printing stimuliresponsive capsules for programmable release of mixed
gradients of substances within hydrogel structures.
The capsules contained a hydrophilic center surrounded
by a polymeric shell made from PLGA [73].
Gbureck et al used a PLA/PGA polymer to obtain
3D printed structures that delay the release of
antibiotics (vancomycin, ofloxacin and tetracycline)
printed on ceramic scaffolds (hydroxyapatite, brushite
and monetite) [74].
Chitosan is generally used to produce different
biomaterials in bone tissue engineering [75]. It is a
polymer poorly soluble in water that contains Nacetyl glucosamine and glucosamine copolymer units.
The major source for chitosan production is chitin
that can be isolated from the crustacean exoskeleton
(such as crab and shrimp), insects, fungi, plants and
mushrooms [76]. Chitin and chitosan are biocompatible,
biodegradable and non-toxic biopolymers. They have
antimicrobial and hydrating properties [77].
Chitin, (β-(1–4)-poly-N-acetyl-D-glucosamine), is a
natural polymer structured as a linear chain by the
2-acetoamido-2-deoxy-β-D-glucopyranose
monomers. It exists as three forms (α-, β- and γ-) [78].
Chitin is processed by chemical or enzymatic
deacetylation to produce chitosan. Deacetylation in
alkali (NaOH) is the most conventional method for

chitosan production. Chitin deacetylation can be
performed in acidic or basic conditions but the last
one is preferred due to susceptibility of glycosidic
bonds to acids. Enzymatic deacetylation occurs in the
presence of chitin deacetylases, enzymes responsible
for the hydrolysis of N-acetamido links in chitin
[79, 80].
Chitosan can be used to prepare drug delivery systems
for acidic environment. Polymeric shell is degraded
under acidic conditions allowing release of the drug
[81].
Alginates are produced in brown algae where they
have a structural role, or in gram-negative bacteria
where they display protective functions. Alginates
are copolymers of 1 4-linked β-d-mannuronic acid
(M) and α-l-glucuronic acid (G) [82, 83]. They contain
carboxylic acid functional groups, so they act as
weak acidic cation exchanger compounds [84].
Alginates are often used for fabrication of drug
delivery systems. They are biocompatible, biodegradable,
readily available and low cost substances that do not
induce unwanted reactions or immunogenic responses.
Different drug delivery systems can be produced from
alginates, such as hydrogels, microparticles and nanoparticles [85].
Alginates can function as biocompatible transporters
in cartilaginous regeneration processes. Cells embedded
in alginates are capable to crosslink with calcium
ions to form hydrogels [86].
Kirillova et al used alginate, hyaluronic acid and
mouse bone marrow stromal cells to produce auto
assembled tubes with small diameters (20 µm) using
4D bio-fabrication technology [87].
Hyaluronic acid (HA) or hyaluronan is a linear
polysaccharide (non-sulfated glycosaminoglycan)
that contain N-acetyl-d-glucosamine and glucuronic
acid [88, 89].
HA self-associates and interacts with water molecules
changing its properties, resembling gelatine [90]. HA
has important roles in cellular signalling and motility,
wound repair, morphogenesis, matrix organization,
embryogenesis and inflammation [91, 92].
HA-based hydrogels are often used to manufacture
drug delivery systems and in tissue engineering
applications [93]. Gels prepared from HA promote
differentiation, growth and survival of neuronal cells
displaying mechanical properties similar to brain
tissue [94].
HA with high molecular weight inhibits angiogenesis.
Low molecular weight fragments stimulate endothelial
cell proliferation and migration [95].
HA is a hyaluronidase sensible polymer that is usually
modified with functional groups like thiol groups
(Extracel® and HyStem®), hexadecylamide (Hymovis®),
tyramine (Corgel®), formaldehyde (Hylan-A®), divinylsulfone (Hylan-B®) [96]. Hyaluronan-based biodegradable polymers with different formulations like
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HYAFF 11 (produced by the esterification of the
free carboxylic group of glucuronic acid), Hyalomatrix
(is a bi-layered system made of HYAFF® 11 and
silicone) and Hyalosafe are used as wound dressing
to treat burns [97].
Acosta-Vélez et al printed tablets with a hydrophilic
drug Ropinirole HCL loaded on a polymeric bioink
obtained from hyaluronic acid modified with
norbornene moieties. Polymerization was performed
with visible light in the presence of poly(ethylene)
glycol dithiol and Eosin Y as photo initiator. [11]
Ropinirole is a non-ergoline dopamine agonist for
the treatment of Parkinson’s disease and restless
legs syndrome [98].
Loebel et al used HA modified with adamantanes or
with β-cyclodextrins to produce injectable hydrogels
for 3D printing. These hydrogels act through noncovalent guest-host interactions, dissociate if are
injected and then undergo a self-healing process [99].
Poly-ε-caprolactone (PCL) is a biodegradable, biocompatible aliphatic polyester suitable for fabrication
of long-term delivery systems [100]. It is usually
produced by polymerization to an open-loop structure
of ε-caprolactone [101]. It was approved by FDA
for biomedical applications [102]. PCL has a relative
low melting point and received much attention in
3D printing of macroporous scaffolds for correction
of bone defects [103].
Polyhydroxybutyrate (PHB) can be obtained by
microbial synthesis (e.g. Alcaligenes eutrophus, Bacillus
spp.) under nutrient limited conditions when acetyl
CoA from tricarboxylic acid cycle is reoriented to
polyhydroxybutyrate (PHB) biosynthetic pathway
[104, 105].
Poly(propylene fumarate) (PPF) is a biocompatible
and biodegradable polymer [106]. Due to the presence
of a carbon-carbon double bond, PPF can be cross
linked by itself or with cross linkers. This reaction
occurs by radical polymerization [107, 108, 110]
Materials based on fumaric acid like poly(propylene
fumarate), poly(propylene fumarate-co-ethylene glycol)
and oligo(poly(ethylene glycol) fumarate) are nontoxic to cells and tissues and degrade in the body to
various compounds that are excreted from the body
[109].
Dean et al obtained poly(propylene fumarate)/βtricalcium phosphate constructs that can be used as
structural and osteogenic substrates for the repair of
cranial defects [111].
Kallukalam et al, prepared a hydrogel with carboxyl
terminated-poly(propylene fumarate)-co-ethylene
glycol) and acrylamide with good mechanical strength
and flexibility that allowed the adhesion of L929
fibroblast cells without proliferation or adherence
and proliferation of cardiac fibroblast cells from new
born rats [112].
Polyethylene glycols (PEGs) are non-immunogenic,
non-toxic and water-soluble polymers without electric

charge which contain repeating units of ethylene
glycol. Different polymeric structures can be achieved
by addition of initiator molecules during the polymerization process or by joining different linear
PEGs. Insignificant fractions of PEGs are metabolized
in vivo. PEGs are cleared from the body by renal or
faecal routes [113].
PEGs were used for cell and organ preservation [114].
In transplantation procedures, PEGs might function
as immuno-masking molecules that limit cellular
infiltration of the graft [115].
PEGylation represents the covalent attachment of
poly ethylene glycol (PEG) to proteins. PEGylation
increases thermal and physical stability of proteins,
confer stability to enzymatic actions and decrease
the immunogenicity, antigenicity and toxicity of
proteins. The apparent size of proteins is changed
by PEGylation, increasing its half-life [116]. Due to
large molecular sizes and to hydrophilic properties,
PEGs retain water and decrease tissue oedema, act as
free-radical detoxifiers, diminish lipid peroxidation
and cell membrane damage. The “patch” injured cell
membranes by reversible interactions with membrane
lipids, support cell integrity and can interact with
innate surfaces inducing changes of the physicochemical properties of proteins [117].
Alhijjaj et al obtained by Fused Deposition Modelling
technology a solid dispersion of felodipine (a drug
used to treat high blood pressure) with PEG, PEO
and Tween 80. Pharmaceutical preparations were
compared with PVA based solid dispersion in order
to evaluate the processability. Dissolution testing
proved that rates of drug release were influenced by
polymer used in formulations [118].
Agarose is a polysaccharide composed by alternating
units of β-d-galactopyranose and 3,6-anhydro-α-lgalactopyranoside. It can be obtained from agaran, a
linear galactan polysaccharide extracted from some
seaweeds belonging to the Rhodophyceae class
[119, 120].
Agarose-based hydrogels have properties that make
them valuable bioinks for 3D printing, but do not
contain proteins so the cellular adhesion process
can be improved by addition of proteins [121].
Above the sol-gel temperature, agarose have a randomcoil conformation in solution. At lower temperatures
agarose adopt a double helix conformation. The
gelling temperature vary with the concentration of
the solution, the average molecular weight of the
polymer and its structure [122].
Gu et al developed a method for production of
human neural tissue by 3D printing, using a bioink
composed from agarose, alginate and carboxymethyl-chitosan [123].
Yang et al obtained by 3D printing a cartilage tissue
with chondrocytes in a embedded in agarose/alginate
matrix [124].
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Fan et al produced scaffolds from agarose mixed
with Matrigel that efficiently incorporated human
intestinal cells and promoted cell activation and
expansion [125].

10.

Conclusions

11.

In pharmaceutical field polymers are constantly used
for creation of innovative drugs that will help patient
to return to normal life by proper management of
their conditions, even for those ones with unmet
expectation now a days. One can mention many
innovations cantered on polymers use in medical
field like development of smart polymers, internal
bleeding controlling, healing of injured tissues,
artificial skin production, tumour growth control
with thermo-responsive polymers etc.
3D printing technologies promise to overcome many
of the present problems related to manufacturing of
medical devices and drugs. Inevitable, modern medicine
will focus on 3D printed products and privately
held companies and universities will reunite their
efforts to develop new methods for creating special
pharmaceutical forms or medical tools in order to
improve the patients’ quality of life.
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