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The design of current implants produced from biodegradable polyesters is based on strength and
rate of degradation and tailored by the choice of polyester used. However, detailed knowledge
about the degradation mechanism of surface modified materials with applications in biomaterials
science and tissue engineering is currently lacking. This perspective aims to outline the need for a
greater focus on analyzing the degradation of modified polyesters to ensure they can fulfil their
intended function and that degradation products can effectively be cleared from the body. The
status of the literature regarding surface modified polyesters is summarized to illustrate the main
aspects investigated in recent studies and specifically the number of studies investigating the fate of
the materials upon degradation. Published by the AVS. https://doi.org/10.1116/1.5045857

I. INTRODUCTION

Implantable medical devices (implants) are a cornerstone
of modern medical practice, saving millions of lives every
year. Biodegradable polyesters, such as those shown in
Fig. 1, currently have medical applications for uses in, e.g.,
sutures, bone fixation devices, and stents.1 While these mate-
rials are one group identified as promising candidates for use
in the topical fields of biomaterials science and tissue engi-
neering (TE),1,2 these uses necessitate additional require-
ments beyond degradability. For applications in TE, the
materials should be porous to allow ingress of tissue during
the regenerative processes.2 Furthermore, the surface of the
material should encourage specific cell attachment to limit
inflammatory reactions as well as bacterial colonization. The
exact requirements for the material degradation rate, the mor-
phology, and the surface chemistry will depend on the
intended application. However, common to all of these is the
use of surface modification processes that aim to change
the hydrophobic nature of the polyesters to become hydro-
philic, as well as in some cases to introduce specific moie-
ties. This allows proteins from the implantation site to retain
their native structure upon adsorption, thereby allowing
favorable cellular response and tissue growth.2 The surface
properties may be altered as a result of fabricating compos-
ites or blends or they can be intentionally altered using post-
surface modification processes. This perspective will focus
on the introduction of functionality through postsurface mod-
ification. In some cases, the introduction of functional
groups is the end goal, while in other cases, the functional
groups are subsequently used to, e.g., link biological mole-
cules or initiate controlled radical polymerization (CRP).3

This perspective will highlight shortcomings in current work
and give recommendations as to where future research efforts
should be made in order to progress this important area of
biomaterials science and TE.

II. STATUS OF THE FIELD

A review of the literature on the use of postsurface modifi-
cation processes for the polyesters (shown in Fig. 1), pub-
lished in the period January 1, 2017 to June 15, 2018, was
done in order to ascertain the status of the field. A search
using Web of Science resulted in 79 articles investigating
surface modification specifically, and these articles are consid-
ered here. Full details of these studies are provided in the sup-
plementary material.13 This literature “snap shot” reveals that
2D and 3D substrates receive similar attention with 56% of
studies performed on solid films/disks/capsules while 44% are
on porous materials (e.g., electrospun fiber mats and scaf-
folds). There is a large array of methods used for surface mod-
ification, with the relative proportions of these different
treatments summarized in Fig. 2(a). Many involve adsorption
of either biological or synthetic macromolecules (e.g., proteins
and polyelectrolytes), some make use of chemical treatment
(e.g., hydrolysis and aminolysis), while others make use of
high-energy radiation (e.g., plasma, UV, or gamma) either as
the treatment process or in conjunction with grafting of graft-
copolymers. Characterization of the surface modified materials
falls into three areas, each evaluating a particular surface
feature: surface chemistry, surface wettability, and surface
morphology. The number of studies investigating each of
these aspects is summarized in Fig. 2(b). The majority of
studies (68 of 79) investigated the surface morphology using
SEM, AFM, or TEM, while just over half the studies included
evaluation of surface wettability using contact angle measure-
ments and less than half included evaluation of surface chem-
istry by FTIR, XPS, or energy dispersive spectroscopy. A
large number of studies involved in vitro and/or in vivo work
(71 of the 79 articles considered) showing strong evidence
that surface modification of polyester biomaterials enhances
the biological response including tissue ingress into porous
scaffolds as a result of changes to the surface properties.
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While these studies provide support for the use of surface
modified polyesters in biomaterials science and TE, most do
not investigate or consider a set of crucial design parameters.
First, the effect of the surface modification process on the
bulk properties of the material is evaluated in only one-third
of recent studies where the methods of chemical treatment or
high-energy radiation are used. Second, insufficient attention
is paid to the toxicity and renal clearance of the degradation
products of surface modified biodegradable materials.
Third, there is a limited number of degradation studies of
surface modified materials [7 of the 79 articles evaluated;
Fig. 2(c) indicates the type of degradation studies conducted].
Even many in vitro and in vivo studies do not evaluate the
effect of degradation products. Evaluating how the specific

morphological properties of surface modified biomaterials
affect the rate of degradation of both the surface and the
bulk as well as the likely in vivo fate of degradation prod-
ucts is crucially important. They are the ultimate critical
properties and must be considered in the development of
meaningful surface modification strategies if this field of
biomaterials science is to move forward.

III. SAFETY OF DEGRADATION PRODUCTS

In a large number of recent studies, biological macromole-
cules are used in surface modification of biodegradable poly-
esters and as such this aspect of the construct is nontoxic.
However, many studies have not considered the in vivo fate
of the degradation products and currently, some chemical
treatment processes make use of toxic chemicals. An
example of this is aminolysis, which involves converting the
ester moiety of a polyester into an amide and a hydroxyl
group. When using a diamine, a free amine group is intro-
duced allowing for a range of postmodification processes.
The diamines most commonly used are ethylene diamine
and 1,6-hexanediamine,4 and these molecules also appear in
recent studies (see supplementary material13). However,
these molecules are toxic and when the surface modified
polyester material degrades, these diamines will be regener-
ated. A relatively simple solution to this issue would be to
use nontoxic diamines ensuring that nontoxic degradation
products are produced when the material degrades.

Another issue is that many studies create surface layers
composed of nondegradable polymers. Examples of this
include adsorption of nondegradable polyelectrolytes or
block-copolymers, plasma polymerization, and graft copoly-
merization. For the 15 studies that modified samples with

FIG. 2. Data presented are based on a literature search on Web of Science (using the search terms “surface modification” and “PCL or PLGA or PLA or
poly(glycolic acid) or PHBV or polyhydroxybutyrate”) between January 1, 2017 and June 15, 2018. This resulted in 323 articles published of which 79 rele-
vant articles investigated surface modification specifically and these papers are included. (a) Proportions of each type of modification in the relevant literature.
Some studies included two or three modification steps and these have each been included as separate entries. (b) Number of articles investigating different
surface properties, where morphology tests include SEM, AFM, and TEM; wettability is tested by contact angle; and surface chemistry is determined through
XPS, FTIR, or EDX. (c) Type of degradation studies described in the relevant literature for both 2D and 3D substrates based on seven studies. Full detail of
the analysis of the literature is provided in the supplementary material (Ref. 13).

FIG. 1. Chemical structures of the biodegradable polyesters considered in
this article.
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nonbiological coatings [Fig. 2(a)], 3 studies produced cross-
linked films and only 2 studies analyzed the molecular weight
of the coatings. None of the studies forming graft-copolymers
analyzed the molecular weight of the grafted chains. The issue
is that in materials with surface layers composed of nonde-
gradable polymers, the entire polymer chain or cross-linked
film will be dislodged as the polyester backbone degrades.
Figure 3(a) illustrates the scenario of using, e.g., plasma
polymerization to produce a cross-linked and nondegradable
surface layer on a degradable material. Once the bulk mate-
rial degrades, this cross-linked film will remain. Likewise,
graft-copolymers produced by radical polymerization (using
high-energy radiation) are covalently attached to the backbone
of the degradable polymer so as the material degrades; the
polymer chain with a polyester fragment will enter circulation.
This scenario is illustrated in Fig. 3(b). To ensure renal
filtration of these nondegradable polymers, discrete chains
of a molecular weight less than 30 kg mol−1 are required.5

Furthermore, linear polymer chains are preferable as
branching leads to increases in blood circulation time.5 This
issue of combining a nondegradable polymer layer and a
degradable polymer substrate can be addressed by careful selec-
tion of the surface modification strategies. For example, low
molecular weight linear polyelectrolytes/block-copolymers
could be used, and graft copolymerization could use CRP from
the surface and thereby control the molecular weight of the
graft-copolymer through the synthesis conditions applied.

IV. LIFETIME OF SURFACE MODIFIED
POLYESTERS

A more difficult aspect to tackle is the effect of the surface
modification on the degradation properties of the material. In

order to appreciate the complexity of studying the degradation
of surface modified polyesters, the current knowledge for
homogeneous materials should be considered. Biodegradation
of the polyesters proceeds by means of acid/base catalyzed
hydrolysis and for, e.g., poly(lactic-co-glycolic acid) (PLGA)
and poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV), this
can also occur by enzymatic processes resulting in cleavage of
the polymer chain.1,6 In vivo, they resorb to form hydroxy
acids which can readily be cleared from the body. Implant
stability is strongly linked to polymer erosion, where the
erosion process refers to the loss of mass from the degradable
polymer material.6 In cases where the diffusion of water into
the polymer is faster than the degradation of polymer bonds,
the polymer will undergo bulk erosion, whereas when the
opposite is the case, it will undergo surface erosion.
The erosion mechanism also depends on the thickness of the
film or scaffold wall. Thus, for any specific polymer, a critical
sample thickness, Lcrit, describes the polymer matrix thickness
above which a bulk eroding material becomes surface
eroding.6 This dimension can be expressed in terms of the dif-
fusion coefficient of water, D, and the pseudo-first-order
hydrolysis rate constant, λ0, by the following equation: Lcrit
= (D/λ0)½.6 This is an important aspect to consider since the
diverse type of scaffolds investigated for applications in TE
has very different dimensions as illustrated in Fig. 4.

Importantly, the detailed knowledge of degradation mecha-
nisms and lifetime predictions for polyester materials assume
homogeneity,6 but knowledge is lacking for heterogeneous
materials such as surface modified materials. In order for a
surface modified polyester material to be suitable for use as a
biomaterial, it is essential that the rate of degradation of the
surface layer can be tuned independently to that of the bulk.
If the rate of degradation of the surface layer is too rapid,
functionality can be reduced or lost before the construct has
fulfilled its function. One apparent issue is that the increased
hydrophilicity of the surface layer will affect diffusivity,
causing the degradation mechanism to be altered compared
with a homogeneous material; however, the extent of this
cannot currently be predicted. A specific example may be
useful to illustrate this. Hydrolysis and aminolysis are
processes that inherently involve breaking of an ester bond
resulting in reduced molecular weight of the polyester chains.
This in combination with increased hydrophilicity of the
surface layer and its contact to fluids would likely result in
faster degradation than the bulk. Figure 3(c) illustrates a likely
scenario for surface functionalities introduced using, e.g.,
aminolysis or hydrolysis where a portion may be dislodged
from the surface resulting in a reduced surface density of
functional groups. Indeed, it has been reported that within 3
days, the amine groups remaining were only 20% of the
original amount for polycaprolactone (PCL) modified by
1,6-hexanediamine aminolysis.7 In addition, the study using
1,6-hexanediamine aminolysis of PCL found the average
molecular weight of the bulk to decrease significantly.7 These
key observations highlight that it is important to consider not
only the altered degradation rate of the surface layer but also
the bulk material lifetime. Recent literature investigating

FIG. 3. Schematic illustrations of various scenarios that could occur during
material degradation. (a) Illustrates how a cross-linked polymer film pro-
duced by, e.g., plasma polymerization on a biodegradable polymer will
remain after the polymer construct degrades. (b) Illustrates how grafted
chains produced by, e.g., high-energy radiation grafting will remain after the
polymer construct degrades. (c) Illustrates how a portion of the surface func-
tionalities introduced using, e.g., aminolysis or hydrolysis may be dislodged
from the surface resulting in a reduced surface density of functional groups.
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enzyme mediated bulk degradation by mass or volume
change of aminolyzed and PEGylated PCL,8 poly(propylene
fumarate) coated PCL,9 as well as degradation in buffer of
PLGAwith a ceramic coating,10 a gelatin-modified poly(lactic
acid) (PLA) material11 and hydrolyzed PCL (Ref. 12) found
an increased degradation rate of the modified material com-
pared with the pure polyester. For one study,8 it was found
that the greater mass loss correlated with different initial
molecular weights (as a result of the aminolysis process).

While it is promising to see that a few studies do investi-
gate the effect of the surface modification on the bulk degra-
dation properties, none of these studies investigated
explicitly the degradation mechanism or the stability of the
surface layer. Systematic studies of the effect of surface mod-
ification methods on the bulk degradation properties are
required to develop models that can predict the lifetime of
such heterogeneous materials. In addition, considering the
surface functionalities introduced using various surface mod-
ification approaches is often used to link, e.g., biological cell
signaling molecules; it is clear that investigations into the
surface layer stability is of importance. Key questions to
answer in this regard include “how quickly do surface layers
erode?” and “how quickly are signalling molecules lost?”.
The added complexity arises when considering the large
array of surface modification methods applied [Fig. 2(a)] to
many different polyester substrates (Fig. 1) which are used to
fabricate constructs of varying morphological features (e.g.,
for 3D materials; Fig. 4). However, without this knowledge,
it is not possible to rationally design surface modified materi-
als with applications in biomaterials science and TE. It
would therefore be valuable to these fields if more attention
were placed on such studies to determine best modification
strategies for different applications.

V. SUMMARY AND FUTURE DIRECTIONS

Surface modification of biodegradable polyester materials
is used extensively in biomaterials science and TE. Most
studies focus on showing enhanced cell growth and have not
ensured that the degradation products can be cleared from
the body without accumulation of high molecular weight
and/or toxic species. Furthermore, plasma polymerization
and traditional grafting (gamma or UV radiation) generally

produce very high molecular weight polymers or cross-
linked films that cannot be cleared from the body. With the
ultimate aim of using these materials for applications in bio-
materials science and TE, the safety concerns must be
addressed and it is recommended that more effort is placed
on studies that consider and evaluate these aspects. In addi-
tion, only very few recent studies have investigated how the
surface modification process affects the degradation of the
constructs and none have explicitly looked at the surface
layer stability. With only limited information of bulk degra-
dation and surface layer stability, it is, at present, not simple
to design a surface modified construct to have a certain rate
of degradation. Addressing this knowledge gap is essential
for the future development of sound surface modification
strategies for surface modified materials with diverse
applications in biomaterials science and TE.
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