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Design and fabrication of functional
polycaprolactone
Abstract: Functional polycaprolactone (PCL) has great
potential for applications in biomedical areas. This review
summarizes the recent progress in the chemical synthesis of functional PCL. The functional PCL can be synthesized by (a) homopolymerization or copolymerization of
functional ε-caprolactone (ε-CL), (b) copolymerization of
2-methylene-1-3-dioxepane with functional vinyl monomers, or (c) copolymerization of ε-CL with functional carbonate monomers. This review presents the recent trends
in the synthesis of functional PCL and its biomedical
applications.
Keywords: ε-caprolactone; functional; MDO; PCL; ringopening polymerization.
DOI 10.1515/epoly-2014-0158
Received August 18, 2014; accepted November 9, 2014

1 Introduction
Polycaprolactone (PCL) is one of the earliest polymers synthesized by van Natta et al. (1) via ring-opening polymerization (ROP) of ε-caprolactone (ε-CL) in the early 1930s. As
a fossil fuel-based polyester, PCL is well studied because
of its excellent physicochemical properties (2–10). PCL is
a kind of hydrophobic, semi-crystalline aliphatic linear
polyester with a very low glass transition temperature and
melting point (∼60°C) as well as a very slow degradation
rate (2–4 years depending on the starting molecular weight)
(11). In general, the conventional synthesis of PCL is by ROP
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of ε-caprolactone using a variety of anionic, cationic and
coordination catalysts (12). Another route for the synthesis
of PCL is by radical ring-opening polymerization (RROP)
of 2-methylene-1-3-dioxepane (MDO) (13). Owing to its biocompatibility, biodegradability and tailorable properties,
PCL has been extensively studied in biomedical fields,
especially in drug delivery systems and tissue engineering
(14–17). Furthermore, PCL has already been approved by
the FDA and it has been broadly used in medical products
such as sutures, bone screws, tissue engineering scaffolds
and drug delivery systems. A number of biomedical devices
fabricated with PCL have already been launched in the
market [e.g., Maxon (Surgical, USA), SynBiosys (Surmodics
Inc., USA), Monocryl (Ethicon Inc., USA), etc.].
However, the lack of functional groups in PCL has
limited its potential in the design of new functional polymers with good biocompatibility and biofunctionality. For
example, due to its hydrophobic nature and poor wettability, lack of cell attachment and uncontrolled biological
interactions occur with PCL-based materials (18). Conjugation of peptide ligands with the RGD (Arg-Gly-Asp)
sequence to functionalized PCL can improve cell adhesion,
which, in turn, triggers cell growth and proliferation. What
is more, the introduction of functional groups into commonly used PCL provides PCL with many possibilities to
tune its physicochemical properties such as hydrophilicity
and degradation rate, which makes PCL more suitable for
biomedical applications (19–21). A number of functional
PCLs have been synthesized via homopolymerization of
functionalized monomers or copolymerization with other
functional monomers. This review article will focus on the
recent developments in the syntheses of functionalized
PCL and discuss its applications in biomedical areas.

2 S
 ynthesis of functional PCL by
functionalized ε-CL monomers
ROP (either in melt or in solution) of ε-CL is an attractive method to synthesize PCL. Many functionalized ε-CL
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derivatives have been reported and are summarized in
Figure 1, which can be used to synthesize functional PCL
via ROP. The functionalized ε-CL monomers can be derivatized at different positions and with a variety of functional groups.

2.1 Halogen functionalized ε-CL
Halogen is a very attractive functional group in organic
chemistry. Some ε-CL monomers substituted with halogen
have been reported in recent years (27, 28, 31–35). 6-Chloroε-caprolactone, prepared from 6-chlorocyclohexanone by
a Bayer-Villiger oxidation, can be polymerized or copolymerized with ε-CL to produce functional PCLs with pendant
chloro groups (32). The chloro groups can be subsequently converted into azido moieties using sodium azide
with high efficiency. Various functional PCLs can thereby
be prepared via click chemistry using alkyne-derivatized
molecules (Figure 2). As an example, rosin-ester functionalized PCL was synthesized by a combination of ROP and
click chemistry without sophisticated purification of raw

renewable biomass from nature (31). The bulky hydrophenanthrene group of rosin increased the glass-transition temperature of PCL by > 100°C. Degradability test
demonstrated that rosin-ester functionalized PCL could
be degraded fast by microbials in nature. Meanwhile, the
hydrocarbon nature of rosin structures provided PCLs
with excellent hydrophobicity and low water uptake,
which were essential to ensure longer shelf life during the
use of these materials.
Interestingly, the halogen functionalized ε-CL can be
used not only as a monomer for ROP, but also as an initiator for atom transfer radical polymerization (ATRP). Wang
et al. (27) synthesized poly(ε-caprolactone-co-α-bromoε-caprolactone) P(CL-co-α-BrCL) by copolymerization of
ε-CL and α-bromo-ε-caprolactone (4). P(CL-co-α-BrCL)
was used as the macroinitiator for controlled ATRP of
styrene for the synthesis of PCL-graft-polystyrene (27).
With the same initiator, thermoresponsive poly(N-isopropylacrylamide) (PNIPAAm) can be grafted to PCL.
The stimuli-responsive and biodegradable PCL-g-PNIPAAm can self-assemble into micelles with a diameter
of about 70 nm (28). Using the same strategy, Guo et al.
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Figure 1 Chemical structures of functionalized ε-CL monomers.
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(48) synthesized pH-dependent temperature-sensitive
PCL-g-PDMAEMA, a kind of degradable, amphiphilic,
cationic copolymer (48). With the higher density of positive charge due to the grafted PEDMAEMA short chains
on the surface, the self-assembled nanoparticles of PCLg-PDMAEMA exhibit better efficiency for siRNA delivery
than the nanoparticles of PCL-b-PDMAEMA both in vitro
and in vivo (49). Furthermore, the halogen functionalized
ε-CL can be used to construct branched copolymers using
ROP and ATRP. Mecerreyes et al. (35) prepared branched
copolymers by sequential and concurrent polymerizations of γ-(ε-caprolactone)-2-bromo-2-dimethylpropionate
(8) and 2-hydroxyethyl methacrylate (HEMA) without
going through a traditional multistep procedure. The
branching density can be simply adjusted by the addition
of the appropriate CL and/or HEMA monomers and by the
variation of the ratio of the two monomers.

cross-linked with 2,2′-(ethylenedioxy)bis(ethylamine) to
give well-defined multifunctional polyester nanoparticles
with a narrow size distribution and a selected nanoscopic
size dimension.
The azide-alkyne click chemistry is a powerful tool to
achieve the coupling of synthetic polymers with nucleic
acid, peptides, proteins, and many other molecules, which
can help researchers design precisely controlled macromolecular architectures (52, 53). Alkyne-functionalized
PCLs were well developed and used for bioconjugation via
azide-alkyne click chemistry. For instance, Gd3+ was conjugated to alkyne-functionalized PCL with controlled Gd3+
grafting density (22). The obtained magnetic resonance
imaging-visible PCL provided a safe and efficient magnetic resonance visibility to implantable medical devices.
The novel degradable and antibacterial PCL with pendant
propargyl groups was successfully prepared by ROP and
subsequently grafted with antibacterial hydantoin moieties via click chemistry (24). Such hydantoin-grafted PCL
showed excellent antimicrobial activities regarding both
Escherichia coli and Bacillus subtilis. With the advantage
of alkyne-functionalized PCL, β-cyclodextrin was conjugated to PCL polymer chain. The β-cyclodextrin has
the shape of a hollow cone, which allows it to include
hydrophobic small molecular guests into its cavity. In this
manner, many hydrophobic substances become water
soluble. Thus the β-cyclodextrin-modified PCL has a
potential for applications in supramolecular chemistry as
a carrier for, e.g., drugs or catalysts (23).

2.2 Unsaturated ε-CL

2.3 Other functional ε-CL

Unsaturated ε-CL is another powerful monomer to synthesize functional PCL. The double bond in PCL can be
further functionalized by bromination, epoxidation, or
hydrosilylation. Acrylate ε-CL (e.g., 3 and 24) is one of the
most promising unsaturated ε-CLs since it can be polymerized by two independent mechanisms, i.e., ROP and
radical polymerization. Furthermore, it can also conjugate
with thiol or amino-functionalized molecules by Michael
addition. Mecerreyes et al. (46) reported for the first time
a bifunctional acrylate-lactone monomer 4-(acryloyloxy)ε-caprolactone (24) that can be polymerized by ROP and
ATRP in a living/controlled way. The obtained polymers
had controlled molecular weights and narrow polydispersities (Mw/Mn∼1.2). Unsaturated PCL can be oxidized
to epoxy functionalized PCL, which can conjugate with
hydroxyl-, thiol-, and amino-functionalized molecules at
high reactivity (44). van der Ende et al. (50, 51) synthesized epoxide-functionalized polyesters that were further

In addition to the aforementioned functionalized ε-CL
monomers, there are many other examples of functional
ε-CL monomers, as shown in Figure 1.
The polar functional groups, such as hydroxyl, carboxylic acid, and amino groups, are very useful substituents
because they can undergo many reactions and increase
hydrophilicity. In order to obtain hydroxyl-functionalized
PCLs, the use of direct ROP of hydroxyl-substituted ε-CL
is not possible since the hydroxyl groups are the initiator of the ROP of ε-CL. Therefore, PCLs with pendant
hydroxyl groups are usually prepared by protection of
the hydroxyl groups of ε-CL followed by a post polymerization deprotection (Figure 3) (29, 40). Trollsas et al.
(29) synthesized and polymerized γ-(ε-caprolactone)-2,2bis(phenyldioxymethyl)propionate (13) and γ-benzyloxyε-caprolactone (14). Hydroxyl-functionalized PCL can
be obtained by the subsequent removal of the benzyl
protection group via catalytic hydrolyzation. In another

Figure 2 Synthesis of functional PCL from 6-chloro-ε-caprolactone.

6

T. Chen et al.: Design and fabrication of functional polycaprolactone

Figure 3 Synthesis of the hydroxyl, carboxylic acid, and amino groups of functionalized PCL.

research, 5-ethylene ketal ε-caprolactone (6) was polymerized in a well-controlled manner using Al(OiPr)3 as the
initiator. PCL-bearing hydroxyl groups can be easily prepared by the reduction of the ketone groups into hydroxyl
groups (30). The hydroxyl groups can also be protected by
a triethylsiloxy group (20), which can be easily hydrolyzed
under milder conditions (40).
PCL-bearing amino groups were synthesized by
ε-CL monomers containing protected amino groups,
γ-(carbamic acid benzyl ester)-ε-caprolactone (γCABεCL;
18) (42). A series of copolymers [poly(CL-co-CABCL)] were
prepared by ROP of ε-CL and γCABεCL using Sn(Oct)2 as
the catalyst. The morphology of the copolymers changed
from semicrystalline to amorphous upon increasing the
γCABεCL monomer content. Amino-functionalized PCL
can be prepared by hydrogenolysis of poly(CL-co-CABCL)
in the presence of Pd/C. The pendant amino groups were
then used for the attachment of biotin to the polymer.
Carboxylic acid group functionalized PCL have
also been reported. Trollsas et al. (29) synthesized
benzyl γ-(ε-caprolactone) carboxylate (23) and tert-butyl
γ-(ε-caprolactone) carboxylate (25), which were used to
prepare protected PCLs. After the hydrogenolysis in the
presence of Pd/C, the carboxylic acid group functionalized PCL was obtained (29).
In addition, different pendant groups could also be
incorporated into PCL to tune the physicochemical properties of the material. For example, the introduction of

the moieties of 5-ethylene ketal ε-caprolactone into the
PCL segments of the PEG-PCL diblock copolymer could
decrease the crystallinity of the polymer, thus raising the
solid content of the PEG-PCL self-assembly nanoparticles
in water by up to 25 wt% with excellent storage stability
(54). In another research, the triblock copolymer of PEG
and modified PCL with cyclic ether pendant groups (PECT)
presented a perfect dispersity in water and a more controlled thermal gelation behavior than the PCL-PEG-PCL
block copolymer and significantly avoided the pre-quenching treatment that was needed for PCL-PEG-PCL gelation.
The transition temperature and gelation behavior could be
adjusted by the content of the cyclic ether pendant groups
on the PCL segments (55). After the reduction of the ketone
groups into hydroxyl groups, the hydroxyl groups on the
PCL segment hardly had effect on the crystallinity of PCL
because of the hydrogen bond interaction. However, the
hydroxyl groups on the PCL segment benefited from the
higher loading capacity of doxorubicin (DOX), but slowed
down the release rate in vitro (56).

3 S
 ynthesis of functional PCL by
copolymerization of MDO
As discussed previously, PCL can be synthesized not only
by ROP of ε-CL, but also by RROP of MDO. Actually, cyclic
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CH2CO(CH2) n

reaction provides a new possibility to combine ester units
with the C-C backbone of vinyl polymers in a random
way to generate a new class of biodegradable materials
[poly(vinyl-co-ester)s] (Figure 6) (58–64). Therefore, it
allows the copolymerization of MDO with different functional vinyl monomers and, as a result, introduces functionality into PCL. It opens a new door to design various
functional biodegradable polyesters. The introduction
of functional groups into PCL is still a challenge and
has been done in many steps by ROP of functional ε-CL
monomers. However, it is much easier to get functional
PCLs by copolymerization of MDO and functional vinyl
monomers.
Hedir et al. (65) synthesized a series of linear and
hyperbranched copolymers of MDO with functional vinyl
monomers to deliver a range of functional, degradable
polymers by reversible deactivation radical polymerization. The copolymer showed a predictable molar mass
and a low dispersity value while also featuring side-chain
functionality (65). MDO can be copolymerized with N,Ndimethylaminoethyl methacrylate (DMAEMA) using PEO
as the initiator (Figure 7) (66). The copolymer showed little
cytotoxicity and full degradability, and thus presented as
a promising DNA transfection agent.
MDO-based thermosensitive PCL hydrogels were
reported recently for cardiac tissue engineering (67). The
copolymer was synthesized by RROP of MDO, NIPAAm,
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Figure 4 Free-radical polymerization of a cyclic ketene acetal
[Reprinted with permission from Ref. (57). Copyright 1997 by the
American Chemical Society.]

ketene acetals like MDO can undergo both ring-opening
and ring-retaining polymerization when initiated by free
radicals, leading to two different structures (Figure 4).
The free-radical polymerization of the MDO monomer
was reported to proceed with 100% ring opening to form
PCLs. The free radicals proposed in both the initiation and
the propagation steps were primary alkyl radicals, which
were very reactive and likely to undergo intramolecular
hydrogen transfer to form more stable radicals (Figure 5).
The resulting PCL would have some branched structures.
Therefore it was totally amorphous instead of semicrystalline (57), which was beneficial for increasing the biodegradable rate. More interestingly, this polymerization
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Figure 6 Copolymerization of MDO with functional vinyl monomers.

methacrylic acid, and methoxy(polyethylene glycol)
methacrylate (mPEGMA). This PNIPAM-based copolymer
underwent spontaneous sol-gel transition at body temperature. Thus it was especially attractive as an injectable
biomaterial. The electro-active tetraaniline was then conjugated to the copolymer, which endowed these copolymers with desirable electrical properties and antioxidant
activities. Both in vitro and in vivo results demonstrated
that the electro-active hydrogel can be used as a promising injectable biomaterial for cardiac tissue engineering.
Undin et al. (68, 69) synthesized amorphous and functional polyesters through the copolymerization of MDO
and glycidyl methacrylate (GMA). The resulting epoxyfunctionalized polyester was further modified by covalent
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immobilization of heparin to enhance the osteogenic differentiation of mesenchymal stem cells (68, 69).
MDO-based functional PCL can be used as a
drug nanocarrier. A series of biodegradable, biocompatible, and cross-linkable copolymers P(MDO-coPEGMA-co-CMA) with different compositions were
synthesized by copolymerization of MDO, mPEGMA,
and
7-(2-methacryloyloxyethoxy)-4-methylcoumarin
methacrylate (CMA) (70). The amphiphilic P(MDO-coPEGMA-co-CMA) can self-assemble into micelles with
different sizes. Because of the coumarin side groups in
the micellar core, the micelles can be cross-linked upon
exposure to long-wavelength UV light (365 nm). The biodegradable micelles were then applied for the delivery
of the anticancer drug DOX. DOX can be successfully
encapsulated into the micellar core and released at a very
low velocity. After cross-linking, DOX was released from
the micelles much slower than from the uncross-linked
micelles. In order to maximize the therapeutic effect,
stimuli-responsive drug nanocarriers were developed
to realize smart drug release when the micelles arrived
at the site of action. Redox-responsive biodegradable
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drug nanocarriers were hence designed by copolymerization of MDO with pyridyldisulfide ethylmethacrylate
(PDSMA), which were developed as novel platforms
for rapid redox-responsive drug release in the presence
of intracellular glutathione (GSH) (71). As expected,
in vitro drug release showed that the release of DOX can
be rapidly accelerated in the presence of 10 mmol/l of
GSH, which was analogous to the intracellular reductive
microenvironment. Meanwhile, the PDSMA-containing
copolymer can be used to covalently conjugate Mal-DOX,
which contains a pH-sensitive hydrazone bond between
DOX and the maleimide group (72). Biodegradable pHsensitive polymeric prodrugs were therefore constructed
for intracellular drug delivery.
The biodegradability of different poly(vinyl-co-ester)
s has also evoked great interest recently. Actually, the
biodegradable properties of these copolymers are highly
tunable by varying the species of vinyl monomers and the
composition of the copolymers. Albertsson et al. (2) synthesized a series of 2-methylene-1,3-dioxepane/glycidyl
methacrylate-based (MDO/GMA) copolymers with different feed ratios and immersed them into a phosphate
buffer solution at pH 7.4 and in deionized water at 37°C
for up to 133 days. The following degradation properties
were evaluated: molecular weight changes, mass loss, pH
and degradation products. The results of the experiments
suggested that, by increasing the amount of GMA functional groups in the material, the degradation rate and
the amount of acidic degradation products released from
the material were decreased. A possible reason could be
the existence of some steric hindrance by the bulky GMA
chain, which hampers the hydrolysis of the ester side
groups (68).
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4 S
 ynthesis of functional PCL by
copolymerization with functional
carbonate monomers
Functional PCL can be obtained by copolymerization of
ε-CL with functional carbonate monomers as well. Chen
et al. (73) synthesized functional copolymers by copolymerization of ε-CL and (meth)acryloyl carbonate (P(CLco-AC)). The (meth)acryloyl groups in the polymer chain
were amenable to thiol-ene click chemistry with various
thiol-containing molecules such as 2-mercaptoethanol,
3-mercaptopropanoic acid, cysteamine, cysteine, and arginine-glycine-aspartic acid-cysteine (RGDC) peptide under
mild conditions, to provide biodegradable materials with
vastly different functionalities and properties (Figure 8).
The initiator of reversible addition-fragmentation chain
transfer (RAFT) polymerization, 4-cyanopentanoic acid
dithionaphthalenoate, was conjugated to P(CL-co-AC) by
thiol-ene click chemistry and carbodiimide chemistry (74).
PCL-g-PHEMA can therefore be synthesized by RAFT of
HEMA. The biodegradable PCL-g-PHEMA can self-assemble to micelles, which were used as superior nanocarriers
for “smart” doxorubicin release. A pyridyl disulfide-functionalized cyclic carbonate (PDSC) monomer was synthesized by the same group (75). P(CL-PDSC) was prepared
by ring-opening copolymerization of ε-CL and PDSC with
controlled molecular weights and functionalities. The
exchange reaction between PDS-functionalized PCL and
thiolated poly(ethylene glycol) (PEG-SH) afforded PCL-gSS-PEG graft copolymers in high yields. The PCL-g-SS-PEG
copolymer self-assembled into micelles with a diameter of
110–120 nm. DOX was loaded into PCL-g-SSPEG micelles
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with a decent drug loading content of 10.1 wt%. Notably,
in vitro release studies revealed that ca. 82.1% DOX was
released in 12 h under a reductive environment analogous
to that of the intracellular compartments, whereas only
ca. 17.5% DOX was released in 24 h under non-reductive
conditions.

5 O
 ther methods to synthesize
functional PCL
In addition to the aforementioned methods, there are
many other approaches to synthesize functional PCL.
PCL modified with RAFT/ATRP initiators or acrylate
units at the end of the chain was usually used for further
polymerization with vinyl monomers, so as to obtain functional PCLs. Ratner et al. (76) synthesized biodegradable
poly(N-isopropyl acrylamide) (poly-NIPAM) hydrogels
with controlled molecular weight of the parent polymer
and its degradation products by atom transfer radical
polymerization in the presence of a polycaprolactonebased di-chlorinated macroinitiator and polycaprolactone
dimethacrylate. This polymer has potential applications
in fabricating degradable, thermoresponsive scaffolds for
tissue engineering.
Moreover, functional PCL could also be synthesized by utilizing functional initiators for ring-opening
polymerization of caprolactone. For instance, linear
poly(hexamethylene guanidine) (PHMG) hydrochloride
with primary amino (–NH2) end groups could act as a macroinitiator for caprolactone polymerization, which leads
to the blocking of copolymers that combine the antibacterial properties of PHMG with the degradability provided
by PCL (77).

6 Conclusions
The synthesis of functionalized PCL has attracted considerable attention due to its unique applications in biomedical areas. The introduction of functional groups is
especially important since it can control the physical and
chemical properties of the resultant functional PCL, such
as crystallinity, hydrophilicity, Tg, or degradation rate. In
this review, the recent approaches to synthesize functional
PCL and its biomedical applications are summarized. PCL
bearing various functional groups with well-defined characteristics can be synthesized by homopolymerization of
functional ε-CL, copolymerization of MDO with functional

vinyl monomers, or copolymerization of ε-CL with functional carbonate monomers.
Although functional PCL is potentially biocompatible and biodegradable, only a limited number of studies
regarding the applications of functional PCL have been
published. However, the future of functional PCL must
be very bright since there is an ever-increasing demand
for well-characterized and well-defined functionalized
materials for biomedical applications. There is still much
potential for the development of novel functional PCL. In
particular, it will be very helpful to synthesize functional
monomers in an easy and mild way by using renewable
resources.
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