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1. Introduction
Impressive advances in biotechnology, bioengineer-

ing, and biomaterials with unique properties have led
to increased interest in polymers and other novel
materials in biological and biomedical research and
development over the past two decades. Although
biomaterials have already made an enormous impact
in biomedical research and clinical practice, there is
a need for better understanding of the surface and
interfacial chemistry between tissue (or cells) and
biomedical materials. This is because the detailed
physicochemical events related to the biological re-
sponse to the surface of materials still often remain
obscure, even though surface properties are impor-
tant determinants of biomedical material function.1
In this regard, data available in the literature show
the complexity of the interactions (surface reorgani-
zation, nonspecific/specific protein adsorption, and
chemical reactions such as acid-base, ion pairing,
ion exchange, hydrogen bonding, divalent-ion bridg-
ing) and the interrelationship between biological
environments, interfacial properties, and surface
functional groups responsible for the biological re-
sponses. Because of the multidisciplinary nature of
surface and interfacial phenomena at the surface of
biomedical polymers, there are several important
issues that need to be addressed in the study of the
interaction between the polymer material and the
biological system at the surface.

Interfacial interactions are especially critical, and
a polymer for biological systems, that is, a sort of
biomaterial, must exhibit a specific surface chemical
behavior in addition to the required bulk properties.
A number of studies have been reported on (1) the
characterization of the surface of the material under
consideration in terms of its chemistry (elemental/
molecular composition), physical morphology, and
structure; (2) the interactions of macromolecules in
the biological system with the characterized surface;
and (3) the evaluation of the cellular response to
the material by performing in vitro and in vivo
experiments.2-8

Only limited work has been done, however, on the
role of surface science in the surface reactivity to
contribute to the understanding of materials in
biological environments despite its significance.2
Although many materials have been designed as
biomaterials for active applications, a biodegradable
polymer is one important application in which surface
science techniques can have a clear and definitive
role. Therefore, many studies have been published
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on the bulk degradation behavior of degradable
polymers.9-12

A few studies have been reported with regard to
surface science for biodegradable polymers, but the
main focus was on the investigation of the effect of
surface modification of biodegradable polymers on the
degradation behavior or on the effect of external
materials such as biosurfactants on the surface
properties of biomaterials.13 For example, Jahangir
reported on the influence of protein adsorption and
surface-modifying macromolecules on the hydrolytic

degradation of a poly(ether-urethane) by cholesterol
esterase.13a

The role of surface degradation processes versus
bulk erosion is one of the most important issues.
Degradation can proceed either in the bulk or at the
surface of the material, as schematically drawn by
Nam et al. in Figure 1.14

Depending on the pH conditions external and
internal to a degradable polymer, either mechanism
can dominate. In the case of bulk erosion, degrada-
tion proceeds throughout the polymer matrix and an
immediate drop of molecular weight is observed,
whereas the mass loss is retarded. In the case of
surface erosion, the biodegradation proceeds exclu-
sively at the surface.15

Studies of the surface of biodegradable polymeric
materials16-25 have provided chemical composition,
structural information, or images of the morphologi-
cal changes for visualization during hydrolytic de-
gradation, but there have been few reports22,25 of
quantitative kinetic data from the surface degrada-
tion behavior. Thus, surface studies of the reactivity
of biodegradable polymers have an essential value,
not only for a fundamental understanding of hydro-
lytic surface degradation kinetics but also toward the
design and formulation of new biodegradable poly-
mers and their fabrication into new devices.26

An understanding of the bulk degradation is useful
for applications such as degradable plastics for
packaging. Surface degradation, however, is desirable
in applications such as drug delivery systems. To
maximize control over drug release, it is desirable
for a system to degrade only from its surface. In
systems with surface erosion, the drug release rate
is proportional to the rate of erosion of the polymer.
This eliminates the possibility of dose “dumping”
(uncontrolled drug release) and facilitates device
design.

Although some reviews have discussed a broad
range of polymer surface characterization, even
including surface reactivity of catalysts, none of them
have dealt with biodegradation of polymers in terms
of surface reactivity. In this paper, therefore, we
review the role of the determination of surface
reactivity as a means to contribute to the under-
standing of biodegradation kinetics and controlled
drug release mechanism for some important biode-
gradable polymers such as poly(R-hydroxy acid)s,
exemplified by poly(glycolic acid) and poly(lactic acid).
Table 1 lists abbreviations of some important biode-
gradable polymers, which will be mentioned fre-
quently in this review.
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Figure 1. Schematic pictures of bulk erosion (a) and
surface erosion (b). (Reprinted with permission from ref 14.
Copyright 2004 Elsevier Science Ltd.)
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2. Surface Quantitation of Biodegradable
Polymers

2.1. Surface Chemistry: An Important Link to
Properties

There is a general agreement that the ultimate
performance of materials in many traditional and
modern applications not only depends on their bulk
properties but also relies heavily on their surface
microstructure and interfacial behavior.27 In this
regard, surfaces play an important role in many
technological processes, such as catalysis, corrosion,
and adhesion. These processes depend on the chemi-
cal composition of the interface. Because the principal
forces between molecules are van der Waals forces
and they decrease with the seventh power of the
intramolecular distance, the interaction between
nearest neighbors is critical.28 Therefore, the study
of surfaces and surface phenomena on the atomic or
molecular level defines modern surface science. The
development of new catalysts, sensors, and ever
smaller semiconductor-based devices, and so on,
required understanding and characterization of sur-
faces on the molecular level, in turn, leading to the
birth of new surface science-based technologies.28 In
today’s world there are vast areas of materials
technology that would benefit from the application
of surface analysis techniques in both research and
quality control.29 In this sense, a large body of recent
literature reviews and discusses a variety of impor-
tant issues in the surface sciences of materials
including biodegradable polymers.

In particular, the surface science of polymer ma-
terials has grown into a dynamic field, largely
because of the application in such areas as composite
materials, wetting, coatings, adhesion, friction, and
biocompatibility.30 Surface analysis of polymers can
provide information about the chemical structure of
both the polymer and surface active additives as well
as surface contamination, which can impair the
surface properties of many processes. Sometimes
surface modifications are used to improve surface
wettability and adhesion, and thus such modified
surfaces are one of the main subjects of the surface
analysis of polymers. The synthesis of new polymer
materials, resulting in desired polymer-surface struc-
tures and composition, has also become more sophis-
ticated and is driving the development of new spec-

troscopic probes and the continuing evolution of more
established methods.28

Over the years an enormous number of techniques
have been developed to probe different aspects of the
physics and chemistry of polymer surfaces. In the
next section, we will offer a brief overview of the cur-
rent analytical tools for the surface characterization.

2.2. Surface Characterization Tools
2.2.1. X-ray Photoelectron Spectroscopy (XPS) and
Secondary Ion Mass Spectrometry (SIMS)31-37

XPS, also called electron spectroscopy for chemical
analysis (ESCA), has been the workhorse ultrahigh-
vacuum (UHV) method for polymer applications. It
provides chemical bonding information, exhibits high
surface sensitivity, results in minor damage to the
sample, and is relatively insensitive to the insulating
properties of the sample.31 A few reviews describe
many types of information available from XPS mea-
surements of polymers.31-34 XPS is now routinely
used to obtain the surface composition of polymers
and to follow processing steps and degradation
chemistry.30

Three aspects of XPS make it a desirable surface-
analytical technique for polymers. Qualitative infor-
mation from chemical shifts allows the identification
of surface functionality in a polymer, quantitative
analysis of the structure allows the determination of
elemental and functional-group concentrations, and
angle- and energy-dependent measurements allow
this information to be determined for a depth profile,
albeit with great difficulty due to the attenuation of
signals from deeper depths.

Secondary ion mass spectrometry (SIMS) is an-
other simple and very powerful surface analytical
technique.35-37 Mass analysis is commonly accom-
plished using quadrupole mass filters (QMF), time-
of-flight (TOF), or magnetic sector mass analyzer.
Instrumentally the development of TOF-SIMS is an
area of great current interest, because TOF mass
analysis gives the ability to detect ions of very high
mass and therefore to analyze high molecular weight
samples (10000-20000 amu). TOF-SIMS also has
very low limits of detection due to the quasi-
simultaneous detection of all masses. The SIMS
experiment can be performed in one of two different
modessdynamic or static. In the majority of studies,
static SIMS (SSIMS) has been used to provide the
mass spectra of large, thermally labile organic
compounds.37a

SIMS has several advantages over XPS such as the
ability to detect all elements and their isotopic
distributions, low detection limits, molecular second-
ary ions, and surface compositional sensitivity, but
it also has major difficulties that limit routine
analysis such as sample damage due to sputtering
and a lack of understanding of the relationship
between matrix-dependent secondary emission and
surface composition. For more details on XPS and
SIMS, readers should refer to the literature.31-38

Gardella and Hernandez de Gatica2a discussed the
status and challenges of the use of surface chemical
analysis based on XPS and SIMS for “biomaterials”,
that class of materials and their applications where
the primary surface contact of a polymer, metal,

Table 1. Abbreviations of Some Important
Biodegradable Polymers

abbreviation full name

PLA poly(lactide), poly(lactic acid)
PLLA poly(L-lactide), poly(L-lactic acid)
PGA poly(glycolide), poly(glycolic acid)
PDLLA poly(DL-lactide)
PLGA poly(DL-lactide-co-glycolide)

poly(DL-lactic-co-glycolic acid)
poly(L-lactide-co-glycolide)
poly(L-lactic-co-glycolic acid)

PCL poly(ε-caprolactone)
POE [poly-

(ortho ester)]
3,9-diethylidene-2,4,8,10-tetraoxa-

spiro[5,5]undecane-co-N-phenyl-
diethanoamine (DETOSU/PDE)

P(3HB) poly(R-3-hydroxybutyrate)
P(3HB-co-3HV) poly(R-3-hydroxybutyrate-co-R-3-

hydroxyvalerate)
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alloy, ceramic, or semiconductor, etc., is with a
biological environment.1,2 In that paper, they outlined
the challenges of structure determination and the
relationship with reactivity in these environments
with some examples to describe areas for future
growth of XPS and SIMS. These were highlighted by
problems in the analysis of reactive materials, when
the purpose of the material is not to be “inert” to the
biological milieu.

2.2.2. Other Surface Characterization Techniques
In addition to XPS and SIMS, many other tech-

niques have been used to characterize the surface
properties of biomaterials.38 Some of the techniques
include contact angle methods, fluorescence spectros-
copy, Auger electron spectroscopy (AES), and near-
edge X-ray absorption fine structure (NEXAFS). More
importantly, some other spectroscopic methods for
surface analysis are also available including low-
energy ion scattering spectroscopy (ISS) and high-
resolution electron energy loss spectroscopy (HREELS)
as well as Fourier transform infrared (FT-IR) [espe-
cially attenuated total reflectance (ATR)-FTIR], and
Raman spectroscopy for vibrational spectroscopy at
surfaces in addition to XPS and SIMS. Table 2
compares the analytical characteristics of some sur-
face-sensitive spectroscopic measurements for bio-
materials and polymers.37a As is well-known, FT-IR
is useful as a bulk probe when utilized in the
transmission, but sensitive to the near-surface region
(1-5 µm), when ATR is employed.

When an ion beam impinges on a solid surface,
several phenomena may occur. One such phenom-
enom is scattering of primary ions. This process is
exploited by ISS to draw information on the outer-
most layers of solid samples. Due to its extreme
surface sensitivity, ISS has been extensively applied
in fundamental investigations of adsorption and
desorption of suface layers, segregation in alloys, and
surface reconstruction and in the characterization of
applied materials, especially catalysts. Application of
ISS to polymers has been developed following two
main directions: investigation on the functional
group orientation, using the shadowing effect, and
detection of surface chemical composition and reac-
tivity due to molecular orientation. ISS also has been
used, in conjunction with other surface spectroscopies,
to obtain depth profiles of multicomponent polymeric
materials.31

On the other hand, HREELS is a technique that
has been used extensively to prove small molecules
adsorbed on single crystals and model catalytic
systems. HREELS offers several advantages over
optical techniques such as IR and Raman in that it
has a single instrument vibrational and electronic
spectral capability, high sensitivity (<0.1% of a
monolayer), utility of application, that is, to various
surface topographies, and perhaps the most useful
featuresorientation sensitivity. If one considers a
long-range dipole scattering mechanism to be opera-
tional in the HREELS, only normal vibrational
modes that are orthogonal to the sample surface will
be accessed by HREELS. This selection rule is
analogous to that in IR reflection spectroscopy.37b,c

Table 3 shows a survey of examples of surface
characterization of biomaterials-related systems us-
ing various techniques. For morphological features,
some microscopic methods such as scanning electron
microscopy (SEM), scanning tunneling microscopy
(STM), and atomic force microscopy (AFM) have been
also widely used. Each technique has its own strengths
and weaknesses; usually a detailed characterization
of the surface properties of a biomaterial typically
requires the use of more than one method. Thus,
there is no doubt that the multitechnique approach
leads to information about the surface that is comple-
mentary in nature and provides a much broader
picture than that given by one method alone.

In this review, however, we concentrate mainly on
the utilization of XPS and SIMS for the surface
chemistry of biodegradable polymers, because the two
techniques have been proved to be quite useful for
the analysis of their kinetic degradation behaviors
as well as the quantitation of surface chemistry.
Furthermore, they are the two most widely used
UHV surface analysis techniques for biomaterials
and biomedical devices, as can be seen in the litera-
ture survey (see Table 3). However, other surface
analysis techniques such as AFM and surface wetting
behavior are also mentioned, when necessary, in
addition to the XPS and SIMS.

2.3. Surface Characterization of Biodegradable
Polymers

A number of studies have been reported on the
surface characterization of biomaterials and interfa-
cial interaction between a polymer and a biological

Table 2. Characteristics of Some Spectroscopic Techniques Suitable for Studying Polymeric Materials (Adapted
from Reference 2c)

XPS (ESCA) IR and Raman SIMS ISS HREELS

analysis environment high vacuum ambient UHV UHV UHV
resolution 0.6 eV -1 cm-1 0.1-1 amu variable 25-200 cm-1

elemental/molecular
information

no H detection/chemical
shifts

???/functional
group ID

all plus isotopes/MW
molecules,
fragmentation

no H or He/
resolution
limited

functional
group ID

detection limit % of monolayer % in volume
0.01 monolayer

ppm/ppb elemental, 0.01
monolayer molecular

% of monolayer % of monolayer

lateral resolution 5 µm -10 µm 10 nm (atomic)
??? molecular (ions)

none none

depth sensitivity >50 Å µm range 10 Å? 3-5 Å 3-60 Å?
samples damage small, sometimes with

un-monochroma-
tized X-rays

none high (needs study), lower
with static
conditions

high
(needs study)

none

major outcomes elemental and chemical
analysis, electronic
structure

molecular vibrations,
functional groups,
bulk

low detection limits,
molecular
ions/fragmentation
ion bonding

elemental, atomic
orientation

surface-sensitive
molecular
vibrations
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Table 3. Survey of Examples of Surface Characterization of Biomaterials Related Systems Using Various
Techniques Including XPS and TOF-SIMS

biomedical or biodegradable polymer systems surface characterization ref

bovine serum albumin upon adsorption to modified fluoropolymer substrates fluorescence spectroscopy Bekos et al.56

spacial control of neuronal cell attachment and differentiation on
covalently patterned laminin oligopeptide on substrate

XPS Ranieri et al.57a

titanium-alloys sterilized for biomedical applications XPS, scanning auger micro-
probe (SAM)

DeGatica et al.58

electrically charged polymeric substrates; to enhance nerve-fiber outgrowth
in vitro

XPS, contact angle Valentini et al.59

poly(L-lysine)-graft-poly(ethylene glycol) assembled monolayers on niobium
oxide surfaces; a quantitative study of the influence of polymer
interfacial architecture on resistance to protein adsorption

TOF-SIMS, optical waveguide
light mode
spectroscopy (OWSL)

Pasche et al.60

polymeric biomaterials XPS, SIMS Sabbatini and
Zambonine61

angiotensin-converting enzyme-inhibitor from soy source SIMS Kinoshite et al.62

development of antimicrobial coatings for medical devices XPS Sodhi et al.63

biodegradable biomedical polyesters XPS and SIMS Davies et al.16a

biodegradable poly(anhydride) copolymers TOF-SIMS Davies et al.16b

biodegradable poly(ortho ester)s XPS Dematteis et al.40

biodegradable and -medical copolyester XPS, TOF-SIMS Lang et al.41

general discussion on the determination of structure and reactivity at
the surfaces of materials used in biology by XPS and SIMS

XPS, SIMS Gardella and deGatica2

biodegradable suture materials XPS, SIMS Brinen et al.48

modified PLA and PLGA films XPS Kiss et al.49

PLGA; quantifying the composition and determining the short-range
order of the random copolymer

XPS and SSIMS Shard et al.51

keratin fibers; application of cationic alkyl protein softener to bleached
cashmere

TOF-SIMS Volooj et al.64

adsorbed protein film; structure characterization; combined with
principal component analysis (PCA)

TOF-SIMS Xia et al.65

DNA sequencing TOF-SIMS Arlinghaus et al.66

review on SIMS microscopy for pharmacological studies in humans SIMS, microscopy Fragu and Kahn67

hyperbranched aliphatic polyester; probing their molecular weight on
surfaces based on PCA

TOF-SIMS Coullerz et al.68

phosphorylcholine functional biomimicking polymers; surface dynamic
behavior

XPS, TOF-SIMS Ruiz et al.69

cell adhesion to pluronic triblock copolymer; control surface peptide
density while simultaneously preventing nonspecific protein adsorption

XPS, TOF-SIMS Neff et al.70

biomimetic growth of apatite on hydrogen-implanted silicon;
bioactivity of hydrogen-implanted silicon

SIMS, Rutherford back
scattering (RBS)

Liu et al.71

protein resistance of PEG surface; ultrasensitive probing to test the
resistance of PEG coating toward adsorption of lysozyme (LYS)
and fibronectin (FN)

XPS, TOF-SIMS Kingshott et al.72

multicomponent adsorbed protein films; with radiolabeling; discussion
on the capabilities and limitations

XPS, TOF-SIMS Wagner et al.73

hyaluronan and its sulfated derivative patterned with micrometric
scale; surface microfabrication technique

TOF-SIMS Barbucci et al.74

plasma-sprayed hydroxyapatite coating; characterization of chemical
inhomogeneity

XPS, TOF-SIMS Yan et al.75

nacre, known as mother-of-pearl; surface transformation to hydroxyapatite
in phosphate buffer solution

XPS, SIMS Ni and Ratner76

chemically and spatially controlled fibronectin and RGD substrates; neurite
outgrowth on well-characterized surfaces

XPS, TOF-SIMS AFM,
contact angle

Zhang et al.77

primary and immortalized cell adhesion characteristics to modified
polymer surface: toward the goal of effective reepithelialization

XPS Sigurdson et al.78a

biodegradable polymer formulations; tailored delivery of active keratinocyte
growth factor from biodegradable polymer formulations

XPS Cho et al.55b

biodegradable polymers; tools to rapidly produce and sceen biodegradable
polymer and sol-gel-derived xerogel formulations

XPS Cho et al.55a

cartilage for down-regulatation of growth factor expression in tracheal
epithelium

SEM Hicks et al.78b

binding of oligopeptides to cyclodextrins: “the role of the tyrosine group” fluorescence spectroscopy Bekos et al.78c

hierarchy of model systems for biomaterials interfaces: analysis electron, ion and vibrational
spectroscopies

Gardella78d

neuronal cell attachment to fluorinated ethylene propylene films with
covalently immobilized laminen oligopeptides YIGSR and IKVAV

XPS Ranieri et al.57b

synthesis and characterization of fluoropolymeric substrate with
lithographically patterned minimal peptide sequences for cell
adhesion studies

XPS, ATR-FTIR, TOF-SIMS,
fluorescence
spectroscopy

Vargo et al.44b

hydrogel polymer system; hydrated and dehydrated poly(hydroxy-
ethyl methacrylate) (HEMA) based contact lens surfaces

XPS, SIMS Schamberger et al.79a,79d

surface chemical studies of aging and solvent extraction effects on plasma
treated polystyrene for cell culture applications

XPS, TOF-SIMS Schamberger et al.79b

patterned neuronal attachment and outgrowth on surface modified,
electrically charged fluoropolymeric substrates

XPS Valentini et al.80a

surface chemical modifications of materials that influence animal cell
adhesionsa review

Schamberger and
Gardella79c

selective neuronal attachment to a covalently patterned monoamine on
fluorinated ethylene propylene films

XPS, ATR-FTIR Ranieri et al.57c

modification of surfaces designed for cell growth studies (book chapter) Vargo and Gardella44c

novel supports for the development of high stability fiber optic-based
immunoprobes

XPS Litwiler et al.81

electrically charged tissue culture substrates enhance neurite outgrowth
in vitro

XPS, contact angle Valentini et al.80b

adsorbed protein film on mica and PTFE substrates TOF-SIMS Lhoest et al.82
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system. Several reviews and books have been pub-
lished on this subject.2-8

With regard to the surface quantitation of biode-
gradable polymers, only limited works were pub-
lished from the early works of Davies’s group.16 A
single surface analysis method will rarely provide
sufficient information to understand the surface
chemical structure of a material completely.3a Thus,
a multitechnique approach should be used, as it will
yield pieces of information that can be integrated to
provide a more complete picture of the surface. In
this regard, both SIMS and XPS have been success-
fully used for the characterization of biodegradable
polyesters. Here we show one example of how XPS
and SIMS can be used to investigate the surface
chemical structure of a synthetic biodegradable poly-
mer, poly(â-malic acid), and its ester derivatives with
the following general chemical structure:18

Poly(â-malic acid) (PMLAH100), poly(benzyl â-
malate) (PMLABz100), poly(butyl â-malate) (PMLA-
Bu100), and their copolymers with different copolymer
ratios are listed in Table 4. Davies et al. analyzed
XPS data based on C1s spectra and O1s spectra and
found that the experimental and theoretical values
for the carbon and oxygen components were in
agreement with each other within the limits of
experimental error, as shown in Table 5. For refer-
ence, Figure 2 shows C1s spectra of the homopolymers
with their structures.

They also carried out both positive and negative
TOF-SIMS analysis. For instance, Figure 3 shows the
negative ion TOF-SIMS spectra of the homopolymers
(a) PMLAH100, (b) PMLABu100, and (c) PMLABz100 in
the range of m/z 100-230. In this mass region the
negative ion TOF-SIMS spectrum of PMLAH100 has
two diagonostic ions at m/z 115 and 133. The ion at
m/z 115 can be assigned to [MPMLAH - H]-, and the
ion at m/z 133 can be assigned to [MPMLAH + OH]-,
which have the structures below:

In a similar way, they could find fragment struc-
tures based on m/z as follows:

By definition, biodegradable polymers are “poly-
meric systems or devices which can be attacked by
biological elements so that the integrity of the system

Table 4. Poly(â-hydroxy acids) under Investigation (Adapted from Reference 18)

copolymer ratio

polymer benzyl â-malate butyl â-malate â-malic acid abbreviation

poly(benzyl â-malate) 100 PMLABZ100
poly(benzyl â-malate)-co-(butyl â-malate) 90 10 PMLABz90Bu10
poly(benzyl â-malate)-co-(butyl â-malate) 30 70 PMLABz30Bu70
poly(butyl â-malate) 100 PMLABu100
poly(â-malic acid)-co-(butyl â-malate) 70 30 PMLABH30Bu70
poly(â-malic acid)-co-(butyl â-malate) 10 90 PMLABH90Bu10
poly(â-malic acid) 100 PMLABH100
poly(benzyl â-malate)-co-(â-malic acid) 20 80 PMLABz20H80
poly(benzyl â-malate)-co-(â-malic acid) 80 20 PMLABz80H20
poly(benzyl â-malate)-co-(â-malic acid) 90 10 PMLABz90H10

Table 5. Theoretical and Experimental Values of Carbon Components in the C1s Spectra of the Poly(â-hydroxy
acids) (Adapted from Reference 18)

theor % exptl %

1
C1-C/C1-H

2
C2-CO2

3
C3-O

4
CO4-CO2

5
C5-O2

1
C1-C/C1-H

2
C2-CO2

3
C3-O

4
CO4-CO2

5
C5-O2

PMLABz100 54.5 9.1 9.1 9.1 18.2 54 9 9 9 16
PMLABz90Bu10 53.3 9.3 9.3 9.3 18.6 53 9 9 9 17
PMLABz30Bu70 43.8 11.2 11.3 11.2 22.4 46 11 11 11 20
PMLABu100 37.5 12.5 12.5 12.5 25.0 37 13 13 13 24
PMLAH30Bu70 30.9 14.7 10.3 14.7 29.4 32 15 11 15 27
PMLAH90Bu10 6.8 22.7 2.3 22.7 45.4 9 23 3 23 43
PMLAH100 25.0 25.0 50.0 17 23 23 37
PMLABz20H80 22.2 18.5 3.7 18.5 37.0 33 19 4 19 25
PMLABz80H20 50.0 10.4 8.3 10.4 18.9 48 11 8 11 19
PMLABz90H10 52.4 9.7 8.7 9.7 19.5 49 10 9 10 19
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is affected and gives fragments or other degradation
by-products”.39 Thus, such observation of character-
istic fragmentation patterns on SIMS spectra in
terms of m/z and the related structural analysis are
helpful for further analysis of degradation kinetics,
which will be discussed in section 4. Davies and co-
workers also investigated the surface chemical struc-
ture of novel biodegradable poly(ortho esters) pre-
pared from N-methyl- and N-phenyldiethanolamine
(MDE and PDE), respectively, using high-resolution
monochromated XPS.40

XPS and TOF-SIMS were also used to characterize
bulk and surface properties of another important
biodegradable copolymer produced from agricultural
feedstocks by Lang et al.41 The microbial polyester,
poly[(R)-3-hydroxybutyrate] [P(3HB)], produced by
microorganisms as carbon and energy reserves, has
attracted much interest due to its biodegradability
and biocompatibility.10 A large number of research
studies have been accomplished on the synthesis and
characterization of microbial polyesters, and a few
review articles on this subject are also available.10

Figure 2. C1s XPS spectra of the homopolymers: (a) PMLABz100; (b) PMLABu100; (c) PMLAH100. (Reprinted with permission
from ref 18. Copyright 1997 American Chemical Society.)
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P(3HB) and poly[(R)-3-hydroxybutyrate-co-(R)-3-
hydoxyvalerate] [P(3HB-co-3HV)] copolymers are two
main microbial polyesters of today’s interest present-
ing the advantages of biodegradability and biocom-
patibility over other thermoplastics with useful me-
chanical properties. Lang et al. analyzed P(3HB-co-
3HV), a commercial product with the trademark
Biopol, by multiple techniques including gas chro-
matography-mass spectrometry (GC-MS), nuclear
magnetic resonance spectroscopy (NMR), and dif-
ferential scanning calorimetry (DSC) as well as XPS
and TOF-SIMS.42 Table 6 summarizes negative mode
SIMS data evaluated for quantification of the surface
concentration cs of butyrate (B) and valerate (V)
based on Figure 4. Using the set of negative ion
fragments, the mean surface stoichiometries from the
cs (percent) values were determined as cs(B) ) 89.
0% and cs(V) ) 11.0% with a standard deviation of
cs(V) of 2.3%. These values are comparable to those
estimated by 1H NMR spectra and melting temper-
ature data from DSC thermograms within the given
errors. Moreover, XPS measurements confirmed the
chemical composition of the Biopol surface, although
the XPS data provided only a rough estimate of the
surface composition contrary to TOF-SIMS measure-
ments.

2.4. Surface Functionalization of Biodegradable
Polymers

Although many materials, such as hydrolyzable
polyesters and polyanhydrides, have been developed
in the past decade to improve specific properties, such
as biocompatibility, degradability, and drug delivery
kinetics, there are still some limitations to their use.
To overcome this, copolymers with functional side

groups to modify the surface with biologically active
moieties may be useful.42,43 However, it may be
difficult to control the density of surface functional
groups such as hydroxyl or amine groups, due to the
surface energy. Surface functionalization of fluori-
nated polymers was done using a radio frequency
glow discharge plasma by Gardella and co-workers.44

This surface modification can produce controlled
densities of hydroxyl groups on the material surface,
and then these groups provide sites for the covalent
attachment of specific biomaterials such as proteins
or peptides45,46 and a new approach to controlling
surface properties.

Biodegradable polyesters can be modified with
various lengths of fluorocarbon (F-polyesters) end
groups and arms as a new class of materials in terms
of surface chemistry.47 The design of the materials
is based on principles of surface segregation of a
component (in this case the end group) with the lower
surface energy. It may be expected that F-polyesters
may improve the controllable biodegradability at
initial stages by controlling the surface composition
of fluorocarbon groups. Cell adhesion may be con-
trolled by adapting plasma and chemical modifica-
tions to these new fluorocarbon surfaces.44b,c

A series of fluorocarbon end-capped polyesters were
synthesized by Lee et al. on the basis of the ring-
open polymerization of lactones initiated by an
alcohol.47 The effect of fluorocarbon end group length
on the surface structure of the F-polyesters before
and after hydrolysis and its blend with polyesters was
investigated by XPS. Angle-dependent XPS measure-
ments showed that the dominant factors in defining
the surface composition of F-polyesters are fluoro-
carbon chain length and molecular weight, not bulk
composition. With a similar F/O ratio, a longer

Figure 3. Negative ion TOF-SIMS spectra of the homopolymers (a) PMLAH100, (b) PMLABu100, and (c) PMLABz100, m/z
100-230. (Reprinted with permission from ref 18. Copyright 1997 American Chemical Society.)
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fluorocarbon length gives a surface richer in fluoro-
carbon. These synthesized F-polyesters showed the
property of retarded initial degradation rate domi-
nated by the fluorocarbon chain chemistry, surface
segregation, and water repellency. The surface modi-
fications of F-polymers and their blends by plasma
treatments were also investigated to give F-polymer
surface reactivity with proteins or peptides.

Figure 5 shows the high-resolution C1s spectra of
a typical F-polyester, F10C2-L-PLA14, film at various
photoelectron takeoff angles. The C1s region mea-
sured at a takeoff angle of 90° showed contributions
from CsO functional groups at 287.1 eV and from
OdCsO at 289.1 eV from the PLA and from CsF2
at 291.5 eV and from CsF3 at 293 eV from the
fluorocarbon. From the intensity of the CsF2 fraction
(from fluorocarbon) compared to that from OdCsO
or CsO (from polyester), the intensity of this peak

increases gradually with increasing photoelectron
takeoff angle. This suggests that the concentration
of the fluorocarbon end group is much higher at the
topmost surface than at the deeper regions.

Figure 6 is unit ratio profiles of various fluorocar-
bon end-capped polyesters obtained from angular-
dependent XPS studies as shown in Figure 5. F-poly-
esters of two lengths [CF3(CF2)m(CH2)n] were com-
pared, where F7C1 and F10C2 represent m ) 6 and
n ) 1 and m ) 9 and n ) 2, respectively, as the
terminal end groups to L- and DL-polylactides (PLLA
and PDLLA, respectively) and PLGA copolymers,
shown in Scheme 1.

The concentration of fluorocarbon groups in F7C1-
DL-PLA19 is higher than that of F10C2-L-PLA24,

Table 6. Major Negative Fragment Ions of P(3HB-co-3HV) Biopolyestera (Reprinted with Permission from
Reference 41; Copyright 1998 American Chemical Society)

a B and V denote the butyrate and the valerate monomer units, respectively. R is for the alkyl rest, which is either a methyl
(B) or an ethyl (V).

Figure 4. Negative mode SIMS spectrum (14 kV Cs+) of
the P(3HB-co-3HV) biopolyester. (Reprinted with permis-
sion from ref 41. Copyright 1998 American Chemical
Society.) Figure 5. C1s spectra of F10C2-L-PLA14 at different

takeoff angles. (Reprinted with permission from ref 47.
Copyright 2001 American Chemical Society.)
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but angle-dependent XPS results are very similar to
each other. This means that the longer the fluoro-
carbon group, the higher the surface fluorocarbon
concentration, as expected; that is, the extent of
surface segregation of the fluorocarbon group strongly
depends on the length of fluorocarbon, as well as the
bulk composition.

Brinen et al. used XPS and SIMS to examine the
surface composition of copolymers of glycolide (cyclic
dimer of glycolic acid) and trimethylene carbonate
(TMC) as solvent-cast films. They found that XPS
results on the polymers agreed with bulk composition
data. SIMS measurements suggested surface enrich-
ment of the TMC component.48

PLA and PLGA are biodegradable drug carriers of
great importance, although successful pharmaceuti-
cal application requires adjustment of the surface
properties of the polymeric drug delivery system to
be compatible with the biological environment. For
that reason, Kiss et al.49 tried to reduce the original
hydrophobicity of the PLA or PLGA surfaces by
applying a hydrophilic polymer poly(ethylene oxide)
(PEO) with the aim of improving the biocompatibility
of the original polymer.55 PEO-containing surfaces
were prepared by incorporation of block copolymeric
surfactants, PEO-poly(propylene oxide) (PPO)-PEO
(Pluronic), into the hydrophobic surface. Films of
polymer blends from PLA or PLGA (with lactic/
glycolic acid ratios of 75:25 and 50:50) and from
Pluronics (PE6800, PE6400, and PE6100) were ob-
tained by the solvent-casting method, applying the
Pluronics at different concentrations between 1 and
9.1% w/w. Wettability was measured to monitor the
change in surface hydrophobicity, while XPS was
applied to determine the composition and chemical
structure of the polymer surface and its change with

surface modification. Substantial reduction of surface
hydrophobicity was achieved on both the PLA ho-
mopolymer and the PLGA copolymers by blending
the Pluronics at various concentrations. In accor-
dance with the wettability changes, the accumulation
of Pluronics in the surface layer was greatly affected
by the initial hydrophobicity of the polymer, namely,
by the lactide content of the copolymer. From the
measurements of the water contact angles on PLGA
copolymer surfaces modified with Pluronics at vari-
ous concentrations, it was found that the hydropho-
bicity of the surfaces of the PLGA/Pluronics blend
films decreased with decreasing lactide contents in
the PLGA. The extent of surface modification was
also found to be dependent on the type of blended
Pluronics. The surface activity of the modifying
Pluronic component was interpreted by using the
solubility parameters.49

In a similar way, the surface chemistry of two
series of PEO-containing PLLA matrix systems has
been investigated using TOF-SIMS and XPS by Lee
et al.50 The two systems are (1) PLLA blend matrices
with an amphiphilic Pluronic P104 surfactant and
(2) PLLA-b-PEO diblock and PLLA-b-PEO-b-PLLA
triblock copolymers. The phase separation was ana-
lyzed in determining the surface enrichment of the
component and chemical composition at the polymer/
air interface. For the blend system, the combination
of the PPO component in the Pluronic surfactants
drives the formation of a surface excess of Pluronic
in the blends with PLLA. The surface excess profile
showed a rapid increase in surface composition
versus bulk composition for 1% Pluronic (bulk) to 5%
Pluronic (bulk), but that profile leveled off from 5 to
50% Pluronic bulk. They found a rapid population of
the topmost surface layer by the initial addition of
Pluronic, followed by a more gradual increase likely
due to increases in bulk distribution of Pluronic. They
found that the PEO-PLLA block copolymer showed
a surface excess of PLLA; these results are due to
the better mixing of PEO and PLLA and the am-
phiphilicity of PEO as compared to the hydrophobic-
ity of the PPO component of the Pluronic-based blend
system. This is an unusual result in that a blend
system would commonly show similar or more exag-
gerated surface excess of the same component, which
illustrates the complexity of PEO-based formulations
and surface chemistry.50

In addition to those works, many works on the
surface characterization of other biomedical polymers
including biodegradable polymers using XPS and
TOF-SIMS have been reported.51 In Table 3 one can
see examples of surface characterization of biomedi-
cal polymers including biodegradable polymers using
XPS and TOF-SIMS. Although poly(ε-caprolactone)
(PCL) is also an important biodegradable polymer to
show bulk erosion and has been used as a carrier in
controlled release delivery systems,52 no work on the
role of surface chemistry of the PCL on the drug
release behavior has yet been reported except a few
studies on the surface modification of PCL for tissue
engineering applications.53 Poly(ethylene glycol) (PEG)
or PEO and poly(L-glutamic acid) are also used for
drug delivery systems,54 but no work has been
reported in terms of surface chemistry.

Figure 6. Unit ratio profiles of various fluorocarbon end-
capped polyesters. (Reprinted with permission from ref 47.
Copyright 2001 American Chemical Society.)

Scheme 1. Synthesis of Fluorocarbon End-Capped
Polyestes (Reprinted with Permission from
Reference 47; Copyright 2001 American Chemical
Society)
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3. Drug Delivery from Biodegradable Polymers
and Surface Chemistry

Polyesters, polyamides, poly(anhydrides), poly-
(ortho esters), poly(phosphzenes), and many other
synthetic polymers are degraded by hydrolysis in
vitro and in vivo, and their degradation character-
istics are well documented in the literature,18 as
shown in Table 7. PCL, PLA, and PLGA undergo
autocatalyzed bulk hydrolysis.79 Block copolymers of
PLA or PLGA with PEG are also important biode-
gradable polymers, especially for drug delivery sys-
tems.80,81 Thus, we discuss here some recent research
relating to the application of biodegradable polymers
for drug delivery systems in terms of surface chem-
istry.

3.1. Biodegradable Nanoparticles and
Microparticles

Nanoparticles or microparticles as drug carrier
systems are able to increase intracellular drug and
gene delivery in vitro and in vivo to various
tissues.102-112 This has contributed to protection of
drugs or DNA from degradation by the envelopment
in or binding to a nanoparticle preparation. Addition-
ally, nanoparticles seem to be well suited to traverse
cellular membranes. Applications range from increas-
ing the bioavailability of antiretroviral drugs,102 over
gene and oligonucleotide transfer,106,113 to desensiti-
zation in peanut allergy.108,114 Biodegradable nano-

particles have been used sometimes with electrically
conductive polymers because electrical stimulation
is capable of modifying cellular activities such as cell
migration, cell adhesion, DNA synthesis, and protein
secretion.115

Biodegradable nanoparticles or microparticles es-
pecially for PLGA,116-118 or PDLLA, attract much
interest for drug delivery systems.115,119 The design
of biodegradable nanoparticle or microparticle drug
delivery systems with precisely tailored surface
properties requires surface analytical methods that
can relate polymer chemistry and fabrication para-
meters to the final surface chemistry of the nano-
particles or microparticles.

Shakesheff et al.120 demonstrated using XPS that
it is possible to identify significant variations in the
surface chemistry of microparticles composed of PLA,
PLGA, or block copolymers of PLA or PLGA with
PEG.88 They prepared two sizes of microparticles by
a modified double-emulsion method. Their studies
showed that XPS analysis provides a method of
differentiating the presence of poly(vinyl alcohol)
(PVA), PEG, and PLA-PLGA on microparticle sur-
faces. Estimates of the relative amounts of PLA,
PLGA, PVA, and PEG monomer units at the micro-
particle surfaces based on curve-fitting analysis of
the XPS data were presented.120 For PLA and PLGA
microparticles, relatively high surface contributions
from PVA were evident. Comparison of the percent-
age areas of the carbon environments in the XPS data

Table 7. Examples of Polymers Degraded by Hydrolysis in Vitro and in Vivo and Their Degradation
Characteristics with Reference to Reference 15

biodegradable polymers remarks ref

poly(lactides), poly(glycolides) and others synthetic biodegradable polymers as orthopedic devices Middleton and Tipton85

biodegradable polyesters medical and ecological applications Ikada and Tsuji86

PLGA of various molecular weight
served as a model compound

mechanisms of polymer degradation-mechanisms of
polymer erosion

Gopferich87a,b

polyesters and polyamides biodegradation of implantable polymers Williams88

branched poly(DL-lactide-co-glycolide-
D-glucose) and linear PLGA

factors influencing the release of peptides and proteins Bodmer et al.89

polyesters and polyamides biodegradability of synthetic polymers used for medical
and pharmaceutical applications: principles of
hydrolysis mechanisms

St. Pierre and Chiellini90

polyanhydrides development of polyanhydrides as bioerodible polymers for
drug delivery applications

Tamada and Langer91

poly(anhydrides) biodegradation Peppas and Langer92

poly(ortho ester)s hydrolysis and erosion studies of autocatalyzed poly(ortho
ester)s containing lactoyl-lactyl acid dimers;
electrospray ionization/mass spectrometry (ESI/MS)

Schwach-Abdellaoui et al.93

poly(ortho ester)s synthesis and erosion studies of self-catalyzed poly(ortho
ester)s: hydrolysis; catalysis

Ng et al.94

poly(ortho ester)s poly(ortho ester) biodegradable polymer systems Heller and Himmelstein 95
PLGA (50:50) and poly[(50% ethyl

glycinato) (50% p-methylphenoxy)-
phosphazene] (PPHOS-EG50)

degradable polyphosphazene/poly(R-hydroxyester) blends:
degradation studies.

Ambrosio et al.96

polyphosphazene novel biodegradable polyphosphazenes containing glycine
ethyl ester and benzyl ester of amino acethydroxamic acid
(PGBP) as cosubstituents: syntheses, characterization
and degradation properties

Qiu and Zhu97

novel thermosensitive poly(organo-
phosphazenes) bearing methoxy-poly
(ethylene glycol) (MPEG) and amino
acid esters as substituents

syntheses, characterization and degradation properties Song et al.98

polyphosphazene novel biodegradable polyphosphazenes containing glycine
ethyl ester and benzyl ester of amino acethydroxamic
acid as cosubstituents: syntheses, characterization and
degradation properties: synthesis and degradation behavior

Crommen et al.99a,b

polyphosphazene histological evaluations of this particular polyphosphazene;
controlled release using a new bioerodible poly-
phosphazene matrix system

Laurencin et al.100

tyropsine-derived polycarbonate surface characterization PerezLuna et al.101
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enabled estimates of the surface contribution from
vinyl alcohol and lactide/lactide-co-glycolide mono-
mers to be calculated. For the block copolymers of
PLA or PLGA with PEG segments, the presence of
PEG at the polymer/water interface during micro-
particle formation reduced the requirement for PVA
adsorption to achieve stabilization. This resulted in
a decrease in the contribution of vinyl alcohol mono-
mers from ∼50% for the PLA-PLGA polymers to
∼11% for the block copolymers.

Scholes et al. also determined surface levels of
Poloxamer and PVA surfactant on biodegradable
nanospheres using SSIMS and XPS.121 The Polox-
amers used here as stabilizers are Poloxamer 407
[weight-average molecular weight (Mw), 12600; PEO
block length, 98 mol; PPO block length, 67 mol] and
Poloxamine 908 (Mw, 25000; PEO block length, 122;
PPO block length, 67 mol), of which structures are
given below:

The nanospheres, which are of interest for site-
specific drug delivery, were prepared using an emul-
sification-solvent evaporation technique with PVA.
The surface chemical characterization of sub-200 nm
PLGA nanospheres has been carried out using the
complementary analytical techniques of SSIMS and
XPS. The presence of surfactant molecules on the
surface of cleaned biodegradable colloids was con-
firmed and identified on a qualitative molecular level
(SSIMS) and from a quantitative elemental and func-
tional group analysis (XPS) perspective. SSIMS and
XPS data were also used in combination with electron
microscopy to monitor the effectiveness of cleaning
procedures in removing poorly bound surfactant
molecules from the surface of nanospheres. The find-
ings were discussed with respect to the development
of nanoparticle delivery systems, particularly the
composition of the surface for extending blood circu-
lation times and achieving site-specific deposition.121

The double-emulsion method has been commonly
used to make nanoparticles for drug delivery
system.122a,b For instance, Zambaux at al. prepared
and characterized nanoparticles of PLA and of blends
of PLA and monomethoxypoly(ethylene glycol) by the
double-emulsion method.122b,123 In this review, many
other drug delivery systems using nonbiodegradable
polymer nanoparticles are not included, although
such systems are also of continuing interest.124

3.2. Other Colloid Systems

Grassi et al. investigated125 the potential of a
sustained release formulation for paracetamol pro-
duced by melt pelletization. The chosen formulation
was based on the combination of stearic acid as a
melting binder and anhydrous lactose as a filler.
After determination of the size distribution, the pellet
was characterized by XPS as well as SEM, specific
surface area, and true density determination. The in
vitro release from every single size fraction (2000,
1250, 800, 630, <630 µm) was evaluated, and the
release mechanism was analyzed with the help of an
appropriate mathematical model. The results of drug
content and superficial atomic composition were
found to be constant in all pellet size fractions,
attesting to the ability of melt pelletization in a high
shear mixer to form a product with homogeneous
composition. The mathematical model is built on the
hypotheses that drug diffusion and solid drug dis-
solution in the release environment are the key phen-
omena affecting drug release kinetics. Smaller classes
apart (particles are not perfectly spherical), the
comparison between model best fitting and experi-
mental data indicated that these hypotheses are
reasonable. Moreover, model reliability was proved
by the ability to predict drug release from a known
mixture of the above-mentioned particle classes.

With respect to the surface eroding controlled drug
delivery system, studies done by Davies and co-
workers are noteworthy.126,127 They recorded in situ
AFM for the dynamic topographic changes occurring
as a biodegradable polymer film, containing the
protein bovine serum albumin (BSA), was eroded. An
AFM was operated with the scanning probe im-
mersed in an aqueous solution, allowing the surface
morphology of these samples to be analyzed at the
polymer/water interface. Control experiments dem-
onstrated that the granular structure of the poly-
(ortho ester) surface was roughened by the degrada-
tion process. The loss of protein particles embedded
in a polymer film was then followed using the AFM.
Analysis of the kinetics of the erosion process was
undertaken using computational analysis of the
three-dimensional AFM data, which enables volume
changes occurring during the erosion to be quantified.
These methods of volume analysis allow the com-
parative rates of protein and polymer loss from the
eroding polymer surface to be assessed. Their data
have implications for the design of surface-eroding
controlled drug delivery devices and suggest a role
for in situ AFM in the comprehension of the relation-
ship between polymer biodegradation and protein
release.126

Until recently, most of the previous studies relating
to the surface characterization of biodegradable
polymers used XPS together with other techniques
including AFM and SEM. However, Davies and co-
workers used SIMS as well as XPS to characterize
polystyrene colloids with surface-grafted PEO as
model systems for site-specfic drug delivery.127

A range of copolymer colloids with covalently
attached PEO (2000 Da) chains were prepared by
potassium persulfate-initiated emulsion copolymer-
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ization of styrene with a PEO acrylate macromono-
mer. The surface orientation of the macromonomer
chains has been confirmed by the complementary use
of SSIMS and XPS. The detection of molecular ions
diagnostic of PEG within the SSIMS spectra and
their increase in relative intensity with increasing
macromonomer content provided clear evidence of the
surface presence of PEG for the range of PS-PEO
colloids.

Similarly, the XPS studies showed that the level
of PEO, as inferred from the ether C-O carbon
environment within the C1s spectra, increased with
increasing levels of macromonomer in the latex, as
shown in Table 8.

Table 8 shows the elemental composition of the
surface layers of the PS latex, determined by XPS
analysis, and the mean particle size and polydisper-
sities of the PS-PEO2000 lattices are given in Table
9. The particle size of copolymer particles decreases
as the quantity of macromonomer in the polymeri-
zation reaction is increased, where a proportional
relationship is obtained between particle size and the
molar ratio of PEO macromonomer in the polymer-
ization reaction.

These surface analytical data on these near-mono-
dispersed colloids were complemented by particle
size, electrophoretic mobility, and colloid stability
analysis, all of which showed a marked dependence
on the level of surface PEO. The relevance of these
findings is discussed both in terms of the particle
formation mechanism and in the context of the
potential of these colloids as model systems for
proving the influence of PEO surface density on
colloidal biodistribution in vivo.

The most commonly used colloid particle-based
delivery systems are summarized in Table 10 with
their typical average dimensions. In addition to more
traditional particulate delivery systems, a variety of
other nanomaterials have been developed more re-
cently, such as quantum dots and nanocrystals, and
their aqueous dispersions are considered as colloids
due to their dimensions and surface properties.
Various ways of delivering therapeutic agents with
colloidal delivery systems were recently reviewed by
Kostarelos.128

Table 8. Elemental Compositions and C 1s Environ-
ments for Dialyzed PS-PEO 2000 Colloids from XPS
Analysis, Assuming Homogeneous Layer throughout
Region Sampled by XPS (Adapted with Permission
from Ref 127; Copyright 1995 Elsevier Science Ltd.)

% C % O % S
C-C/
C-H C-O CO2 C-CO2

PS 93.0 6.5 0.5 96 4
PS-PEG2000a 92.4 7.6 92 8
PS-PEG2000b 92.6 7.4 90 10
PS-PEG2000c 90.1 9.9 85 15
PS-PEG2000d 80.0 20.0 67 27 4 2
PS-PEG2000e 77.6 22.4 57 37 3 3
PS-PEG2000f 76.2 23.7 0.1 46 44 5 5

Table 9. Particle Sizes and Polydispersities of PS and
PS-PEO2000 Colloids from PCS Analysis (Adapted
with Permission from Ref 127; Copyright 1995
Elsevier Science Ltd.)

batch mean size (nm)
polydispersity

index

PS 184.2 0.072
PS-PEO2000a 155.3 0.028
PS-PEO2000b 140.5 0.048
PS-PEO2000c 101.5 0.066
PS-PEO2000d 81.8 0.045
PS-PEO2000e 66.9 0.091
PS-PEO2000f 62.6 0.050

Table 10. Delivery System Types, Common Delivery from Each Type, and Most Widespread Biomedical and
Pharmaceutical Uses (Reprinted with Permission from Ref 128; Copyright 2003 Elsevier Science Ltd.)
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4. Surface Degradation: Kinetic Aspects

In Table 7, we showed some important biodegrad-
able polymers, which are degraded by hydrolysis in
vitro and in vivo. Similarly, PCL, PLA, and PLGA
undergo autocatalyzed bulk hydrolysis.84 Polymers
derived from carbonic acid are sometimes degraded
by oxidation in vivo.129,130 Microbial polyesters such
P(3HB) or P(3HB-co-3HV) are degraded by enzymatic
attack. First, we discuss enzymatic biodegradation
in terms of surface chemistry followed by the hydro-
lytic biodegradation.

4.1. Surface Chemistry of Enzymatic
Biodegradation of Microbial Polyesters

One of the recent trends of biodegradable polymer
research is focused on the desired life span. Because
the mechanical properties of microbial polyesters are
catastrophically lost during an initial degradation,131

that is, 66% strength loss for 1.7% weight loss, the
development of microbial polyesters with initial
stability toward degradation is demanded for ap-
plications in disposable items such as packing ma-
terials and mulching films in agriculture. As a result
of the intensive studies of hydrolyses of the polyesters
by enzyme and alkali,132,133 it has become evident that
the rate of initiating degradation is dominated by the
physical accessibility of the polymer structure to the
abiotic attack. Thus, the crystallinity of the polyesters
strongly influences the rate of hydrolysis due to low
permeability of crystalline regions to degradation
medium. Hydrolysis is initially restricted to the
amorphous phase and to the fringes of the crystal-
lites. Because the amorphous chains tie the crystal-
lites together, initial hydrolysis leads to catastrophic
mechanical failure even before weight loss.131 To
design the commercial degradable materials, there-
fore, it is necessary to control the rate of initial
degradation.134

A desired polymer property often cannot be ob-
tained from the material itself but through chemical
or physical modification. Blending of two or more
polymers is an attractive approach because of the low
cost and simplicity. Blending biodegradable polymers
also offers the potential in the design of biodegradable
devices with controllable hydrolytic kinetics by sim-
ply varying blend composition.

The surface composition of multicomponent poly-
meric systems such as polymer blends is much
different from the composition in the bulk depending
on the surface free energy of polymer components as
well as the intermolecular interaction between com-
ponent polymers.135 In general, a component of lower
surface free energy is enriched at the surface in
comparison to its blend partner with higher surface
free energy. Because the degradation of microbial
polyesters such as polyhydroxyalkanoates (PHAs)
proceeds via surface erosion process and occurs first
in amorphous regions, PHA-based blends can offer
freedom in designing biodegradable devices with
desired hydrolytic kinetics by controlling surface
organization. It is obvious that degradability must
be controlled so that materials maintain their me-
chanical integrity during use, avoiding the rapid

decrease of the mechanical properties of microbial
PHAs upon initial degradation.

4.1.1. Control of Enzymatic Biodegradation of Microbial
Polyesters by Blending

Control of the enzymatic biodegradability of mi-
crobial polyesters is reviewed by Ha et al.136 The
enzymatic degradation can be controlled by blending
microbial polyesters such as P(3HB) or P(3HB-co-
3HV) with small amounts of a nondegradable poly-
mer, such as polystyrene (PS) or poly(methyl meth-
acrylate) (PMMA) by a solution-casting technique.
Because the enzymatic degradation of P(3HB-co-
3HV) initially occurs by a surface erosion process,
these degradation behaviors can be explained by the
surface structure of blend films when they are
measured by XPS. The surface of P(3HB-co-3HV)/PS
blend films reveals an excess of PS, whereas the
surface of P(3HB-co-3HV)/PMMA blend films is
nearly covered by P(3HB-co-3HV). The PS, which
exists within P(3HB-co-3HV) spherulites at the sur-
face, acts as a retardant toward enzymatic attack at
the surface of the blend film.

The surface-enriched hydrophobic polystyrene re-
tards the biodegradation of the less hydrophobic
copolyester film at the initial stage of enzymatic
attack, whereas the effect is not so prominent when
PMMA is added to the copolyester due to their
similar surface free energies. Ha et al. emphasized
the importance of surface chemistry in controlling the
enzymatic degradation of P(3HB-co-3HV) and its
blend films.137,138

4.1.2. Control of Enzymatic Biodegradation of Microbial
Polyesters by Plasma Modification

Plasma discharge processes provide powerful meth-
ods for altering the surface properties of materials
without changing their bulk properties. A review has
been devoted exclusively to the introduction of func-
tional groups onto a material’s surface for the im-
provement of adhesion, protein adsorption, and pro-
tective coatings.139 Change in the wettability of
material surface exposed to plasmas is attractive
because of its simplicity. Fluorocarbon plasmas gen-
erate a fluorinated layer at the surface of nonpolar
polymers such as polyethylene and polypropylene,
causing the decrease in the surface wettability.139

This fluorination shows poor adhesion between ma-
terials, but there is strong demand to modify polymer
surfaces to make them more hydrophobic and less
adhesive. Thus, plasma fluorination and oxidation
are potentially attractive means for modifying surface
wettability. This will lead to a change of the hydroly-
sis rate of polyesters.

To investigate the effect of surface modification on
the control of the enzymatic degradation of microbial
polyesters, Lee et al. carried out an experimental
work using an extracellular PHB depolymerase from
Alcaligenes faecalis T1 for the P(3HB) and P(3HB-
co-3HV) films before and after CF3H- and O2-plasma
treatments.140 The degradation of solution-cast films
of P(3HB) and P(3HB-co-3HV) was carried out for a
given time between 1 and 22 h at 37 °C in a 50 mM
Tris-HCl buffer solution (pH 7.4) of an extracellular
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PHB depolymerase from A. faecalis T1 before and
after CF3H- and O2-plasma treatments.

Table 11 shows atomic concentration ratios of
P(3HB), P(3HB-co-5%3HV), and P(3HB-co-12%3HV)
films for different plasma treatments as a function
of the plasma exposure time. The CF3H plasma
treatment quickly increases fluorine content to al-
most 50% of atomic percentage while it sharply
decreases oxygen content in the film surface. This
result suggests that the surface exposed by the CF3H
plasma is mainly composed of carbon and fluorine.
However, the oxygen content after O2-plasma treat-
ment was just slightly increased.

It is noteworthy that after the CF3H-plasma expo-
sure, the atomic concentration of oxygen at surface
of the P(3HB) film is very low, below 5%. Thus, this
indicates that the components of the C1s are mainly
composed of CHxFy species, CF, C-CFn, and CF-CFn.
This surface fluorination will lead to surface hydro-
phobicity and inactivity to PHB depolymerase. O2-
plasma-treated P(3HB) film was more oxidized than
pure P(3HB) because the ratio of (C-O)/(C-C) [or
(CO-O)/(C-C)] was increased by up to 15%. The
results obtained by XPS experiments showed a
similar tendency in the high-resolution C1s spectra.

Because a plasma treatment with a short time
changes the topmost surface layer of a material, the
surface layer modified by O2 plasma cannot affect the
degradation rate if it is more hydrolyzable. On the
contrary, the fluorinated layer induced by plasma
treatment retards degradation. The degradation rate
of microbial polyesters was strongly affected by the
surface wettability induced by plasma treatment
because surface hydrophobicity causes the inactivity
of enzyme. However, the surface hydrophilicity in-
duced by a plasma oxidation did not show an effect
on the enzymatic degradation.140

4.2. Hydrolysis of Degradable Poly( r-hydoxy
acid)s by Surface Chemistry As a Model of Drug
Delivery Systems
4.2.1. General Overview

Although the surface analytical techniques dis-
cussed in this review have proven to be powerful tools

for studying the surfaces of polymeric biomaterials,38

only in very few instances have these techniques been
used to study the kinetics of surface degradation.126

It has been known for some time that SSIMS is more
sensitive to some types of surface degradation on
polymers, because of the specificity of the information
and the low detection limits.

Gardella et al. studied the hydrolysis of poly(tert-
butylmethacrylate) (PtBMA).141 SSIMS was used in
the work to analyze a system that could not be
followed by routine XPS analyses. The results ob-
tained demonstrated the capabilities of SIMS to
detect the extent of a mild reaction on the surface of
polymers. The work suggested SIMS has the most
promising surface technique for the analysis of
degradation in polymer surfaces.

The compelling need to develop biodegradable
polymers for drug delivery and tissue engineering has
prompted the development of analytical approaches
with emphasis on both surface and bulk character-
ization.1 Defining the role of surface versus bulk
erosion processes is important, as mentioned in the
Introduction, because the surface is the direct contact
region that is expected to dictate at least the initial
in vivo performance; furthermore, the surface proper-
ties cannot be always predicted from observation of
the bulk properties. This is often due to a specific
molecular or oligomeric orientation or composition at
the surface or surface-specific chemical reactions.

In this regard, Gardella and co-workers reviewed
several aspects of current work published on poly-
(R-hydroxy acid)s and their associated copolymers:
141,142 They reported on the development of a new
method for the quantification of the hydrolytic sur-
face degradation kinetics of biodegradable poly(R-
hydroxy acid)s using TOF-SIMS.142 They reported
results from SSIMS spectra of a series of poly(R-
hydroxy acid)s including PGA, PLLA, and PLGA
hydrolyzed in various buffer systems. The distribu-
tion of the most intense peak intensities of ions
generated in the high mass range of the spectrum
reflects the intact degradation products (oligomeric
hydrolysis products) of each biodegradable polymer.
First, a detailed analysis of the oligomeric ions is
given on the basis of rearrangement of the intact
hydrolysis products. The pattern of ions can distin-
guish both degradation-generated intact oligomers
and their fragment ion peaks with a variety of
combinations of each repeat unit. Then, the integra-
tion and summation of the area of all ion peaks with
the same number of repeat units was proposed as a
measurement that provides a more accurate molec-
ular weight average than the typically used method,
which counts only the most intense peak. The mul-
tiple ion summation method described in this paper
would be practical in the improvement of quantitative
TOF-SIMS studies as a better data reduction method,
especially in the surface degradation kinetics of
biodegradable polymers.142

The polyesters are a family of degradable polymers
that has received considerable attention. As a class
of polymers and copolymers, biodegradable polyes-
ters, based on simple biological acid compounds, such
as glycolic or lactic acid, are used, temporarily, as

Table 11. Atomic Concentrations of Plasma-Treated
P(3HB), P(3HB-co-5% 3HV) and P(3HB-co-12% 3HV)
Films (Error ( 5%) (Adapted with Permission from
Ref 140; Copyright 2003 Wiley-VCH Verlag GmbH &
Co.)

CF3H plasma O2 plasma
film

treatment
time (s) C O F C O

P(3HB) 0 70.3 29.7 - 70.3 29.7
10 51.6 5.0 43.4 68.0 31.6
20 47.5 3.0 49.5 66.1 33.4
40 47.6 2.5 49.9 67.0 32.8
60 48.1 2.1 49.8 66.2 33.1

P(3HB-co-5% 3HV) 0 72.7 27.3 72.7 27.3
10 48.9 4.8 46.4 68.3 31.1
20 47.5 2.6 49.9 68.1 31.5
40 47.7 3.0 49.3 67.9 31.9
60 47.7 2.0 50.3 66.4 33.2

P(3HB-co-12% 3HV) 0 75.1 24.9 75.1 24.9
10 50.9 6.4 42.7 70.3 29.5
20 50.0 4.4 45.6 70.4 29.5
40 49.5 3.2 47.3 70.1 29.4
60 49.0 2.5 48.4 69.8 29.2
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sutures, tissue scaffolding, wound healing, and drug
delivery matrices.143-146 These polymers degrade via
hydrolysis process, already mentioned in section 3.
XPS is usually not capable of detecting any changes
during the hydrolysis of most biodegradable poly-
mers, including PGA, PCL, and PLA. SSIMS results
demonstrated clearly the detection of the degradation
of the polyesters.147

Figure 7a shows the high-mass portion (600-2000
Da) of TOF-SIMS spectra of PGA hydrolyzed for 1
h.147a Before the hydrolysis treatment, essentially no
signals can be observed in this range, except simply
a background. Upon hydrolysis, a peak pattern
characterized by the differences due to the mass of
the repeat unit of PGA was observed. All of the ions
of the major peaks in Figure 7a have the structure
of [nG + H2O + Na]+, where G stands for the repeat
unit of PGA. The result in Figure 7a indicates that
the ions detected from the hydrolyzed PGA sample

are the intact oligomers of the hydrolytic degradation
products. In addition to the wide distribution of
molecular ion peaks, a maximum in the molecular
ion peak distribution can also be seen from 1000 to
1500 Da in the TOF-SIMS spectrum of PGA hydro-
lyzed for 4 h (Figure 7b). These maxima can be
followed from the 1 h hydrolysis sample spectra
(Figure 7a) at 1400-1500 Da and shift to lower mass
ranges gradually as the hydrolysis time increases.
Considering that the maxima represent the distribu-
tion of molecular weights of hydrolysis products at
the particular reaction time, the TOF-SIMS data
surely show us it can be utilized for the investigation
of the hydrolytic degradation kinetics.

Now, let us discuss details of the hydrolysis process
of each poly(R-hydroxy acid) in terms of surface
chemistry.

4.2.2. Poly(glycolic acid)
PGA148-153 is a highly crystalline, hydrophilic,

linear aliphatic polyester that is the simplest biode-
gradable poly(R-hydroxy acid) and has been shown
to undergo hydrolytic degradation both in vitro and
in vivo.154-156 It has a high melting point and a very
low solubility in most common organic solvents with
the exception being hexafluoro-2-propanol. Because
of their biocompatibility and biodegradability, PGA
and its copolymers have been studied for potential
dental,157,158 drug delivery,159-161 and orthopedic162

applications since their first commercial application
as absorbable sutures under the trade name Dexon
by the American Cyanamid Corp. in the 1970s.163-165

Although PGA and its copolymers have been of
research interest for decades, most of the work has
been bulk phase studies. These have involved the use
of techniques that analyze the bulk properties166-169

such as time for total degradation, drug release
profiles, extent of water absorption, total weight loss,
crystallinity, tensile strength, thermal properties,
and molecular weight as a function of treatment
time.154,170-173

Chen et al. presented a new approach for studying
the hydrolytic degradation kinetics of biodegradable
polymers using TOF-SIMS.174 In this study, in vitro
hydrolytic degradation of PGA has been carried out
at 37 °C in aqueous saline buffer solutions of different
pH values. To adjust the pH of the solution, the
following were used: neutral buffer condition (Isoton
II, pH 7.4), sodium hydroxide adjusted Isoton II
solution (pH 10.0), potassium carbonate-potassium
borate-potassium hydroxide buffer solution (pH 4.0).
The molecular weight distribution of hydrolysis
products was obtained from the TOF-SIMS spectra.
The average molecular weight of the hydrolysis
products calculated from the TOF-SIMS spectra is a
function of hydrolysis time as shown in Figure 8.

A multiple molecular weight distribution can be
seen growing, and the second crest of the distribution
(marked with arrows in Figure 8) moves toward
lower molecular weight as the hydrolysis time in-
creases.

On the basis of such TOF-SIMS results, the fol-
lowing kinetic equation was established:

Figure 7. (a) High-mass portion of TOF-SIMS spectra of
PGA hydrolyzed for 1 h. (b) High-mass portion of TOF-
SIMS spectra of PGA hydrolyzed for 4 h. The maximum in
molecular peak distribution is shown. (Reprinted with
permission from ref 147a. Copyright 1999 American Chemi-
cal Society.)

ln (Dt - 1)/Dt ) ln(D0 - 1)/D0 - k′t ) c - k′t (1)
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c is a constant, and Dt is the average degree of
polymerization at the sample surface at time t of
hydrolysis. The starting molecular weight determines
the intercept of the straight line if the plot of ln(Dt -
1)/Dt versus reaction time t gives a straight line.

Figure 9 shows a typical plot using eq 1. The
kinetic constants calculated by regression using the
first few data points in the linear relationship are
summarized in Table 12. In Table 12, k′ is the
apparent reaction constant and k is the absolute
reaction constant at the specified solution acidity.

A relative standard deviation of 5% was estimated
for the reaction constants using error propagation
theory, indicating good reproducibility of data for the
method. A good linear relationship was obtained
using this kinetics equation. The reaction rates
observed in this study generally agree with observa-
tions reported in the literature. This new approach
demonstrates that TOF-SIMS can be a powerful and
fast technique in the study of degradation kinetics
of biodegradable polymers. Using TOF-SIMS, the
hydrolysis kinetics of biodegradable polymers could
be explored in the range of hours with in vitro
methods.174

Lee and Gardella studied the in vitro hydrolytic
degradation of thin (∼100 µm) films of PGA, focusing
on the kinetics of degradation of the near surface
phases.29 In their initial study, Gardella and Her-
nandez de Gatica were able to demonstrate that
oligomeric species were present on the surface of

thick (∼1 mm) plates of PGA after exposure to in
vitro hydrolysis conditions.2a In that work, however,
they did not control the crystallinity of the thick
samples or study the degradation rate of crystalline
versus amorphous regions. In addition, it is known174

that boric acid, a Lewis acid, generated in potassium
carbonate-potassium borate-potassium hydroxide
buffer (pH 10.0) during the hydrolysis treatment of
PGA samples could have a retardation effect on the
hydrolytic surface degradation.

It is known that a bulk erosion mechanism154,175,176

based on both in vivo and in vitro observations is
responsible for the main degradation of biodegradable

Figure 8. Plots of molecular weight distribution of dif-
ferent hydrolysis time, calculated from TOF-SIMS spectra
of PGA samples hydrolyzed in neutral saline solution.
(Reprinted with permission from ref 174. Copyright 2000
American Chemical Society.) Figure 9. Semilog plot of degree of polymerization versus

hydrolysis time using eq 1: (a) PGA disk sample hydro-
lyzed in Isoton II physiological buffer solution (pH 7.4), (b)
hydrolyzed potassium hydrogen phthalate buffer solution
(pH 4.0), (c) hydrolyzed in sodium hydroxide adjusted
Isoton II solution (pH 10.0), and (d) hydrolyzed in potas-
sium carbonate-potassium borate-potassium hydroxide
buffer solution (pH 10.0) (Reprinted with permission from
ref 174. Copyright 2000 American Chemical Society.)

Table 12. PGA Hydrolysis Reaction Constantsa

(Adapted with Permission from Ref 174; Copyright
2000 American Chemical Society)

solution pH k′ (s-1) k (s-1 mol-1) R2

Isoton II 7.4 0.0029 5.2 × 10-5 0.92
acidic buffer 4.0 0.0013 2.3 × 10-5 0.98
Isoton II/NaOH 10.0 0.0055 9.9 × 10-5 0.99
basic buffer 10.0 0.0013 2.3 × 10-5 0.98

a Five percent relative standard deviation applies to reaction
constant results.

Surface Chemistry of Biodegradable Polymers Chemical Reviews, 2005, Vol. 105, No. 11 4221



polyesters: random chain scission on the linkage of
ester bonds in the polymer backbone proceeds homo-
geneously throughout the matrix. The bulk degrada-
tion pathway154,175,176 has three major features in the
polymer erosion profile (Figure 10): (1) incubation,
without changes in weight and molecular weight
(MW), which reflects the interval required for water
penetration into the polymer matrix; (2) induction,
with a decrease in MW and a rapid increase in the
degree of matrix hydration followed by saturation;
and (3) onset of polymer erosion (weight loss) and any
changes in the rate of chain scission.26 Recently,
however, it has been reported that large devices of
biodegradable polyesters degrade via a heterogeneous
mechanism;177 that is, the degradation proceeds more
rapidly in the center than at the surface. This is
attributed to the autocatalytic action of the carboxylic
acid end groups of degradation products that are
trapped in the matrix.

By fabricating a thinner sample with reproducible
crystallinity and using other buffer systems without
borate as a chemical component, Lee and Gardella
further investigated the role of the surface-segregated
amorphous fraction influencing surface and bulk
degradation at different buffered pH values during
the induction period of bulk erosion processes with
increasing hydrolysis time. Physical, chemical, and
morphological studies of the PGA films were carried
out using TOF-SIMS as well as SEM and XPS for
the surface determination and DSC for the bulk
thermal properties and weight loss studies for the
confirmation of induction period.

The initial “induction” period of hydrolysis at the
surface of PGA-based devices is important in drug
delivery and in the understanding of surface/interface
reactions related to inflammation178 in many in vivo
applications of biodegradable polyesters. In vitro
studies of the hydrolytic degradation of PGA reported
in this work present the role of surface amorphous
region at the initial stage of erosion profile on surface
versus bulk degradation processes in three different
pH buffer media. A combination of SEM, XPS, and
TOF-SIMS provides surface characterization, and
DSC and weight loss studies provide results from the

bulk phases of the film. During the first 6 h of
exposure no change in weight loss is detectable, yet
morphological changes occur at the surface of PGA
as observed by SEM. In particular, TOF-SIMS shows
the formation of oligomeric hydrolysis products pre-
sumably adsorbed at the surface; these data have
been quantified to extract the MW of the hydrolysis
products and to finally establish the hydrolytic
surface degradation kinetics in various pH buffers.

The intensities of the four peaks with the same
repeat number (n) on the TOF-SIMS spectra were
integrated together to represent the total intensity
(Ni, i ) n) for the particular PGA oligomer (Mi )
nMmom + H2O) over the range from 600 Da to the last
detectable peak, where Mmom ) 58.01 amu, the repeat
unit of PGA. The database was subsequently ana-
lyzed using the conventional statistical averaging
definitions for the number-average molecular weight
and weight-average molecular weights and the poly-
dispersity index (PI). The results are summarized in
Table 13. The decrease in Mn of intact hydrolysis
products produced at the surface was observed from
2 or 3 h of hydrolysis time after the initial increase.
The initial increase of MW followed by a decrease
during the induction period is attributed to the
preferential degradation of the surface-segregated
amorphous fraction. As a result, they suggested a
descriptive MW profile in the surface region of thin
(100 µm) PGA films including very short incubation
(a), onset of abrupt MW change (b), and decrease in
surface degradation rate, as shown in Figure 11.

Figure 10. Descriptive hydrolytic bulk erosion profile for
semicrystalline biodegradable polyesters: (a) incubation;
(b) induction; (c) polymer erosion. (Reprinted with permis-
sion from ref 26. Copyright 2001 American Chemical
Society.)

Table 13. Molecular Weight Characterization Results
for PGA Hydrolysis Products at the Surface (Adapted
from Reference 26)

Isoton II
(pH 7.4)

carbonate buffer
(pH 10.0)

biphthalate buffer
(pH 4.0)time

(h) Mn PI Mn PI Mn PI

1 879.2 1.11 940.0 1.14 872.8 1.11
2 931.3 1.14 958.5 1.14 895.4 1.12
3 958.4 1.16 947.6 1.13 898.4 1.12
4 954.3 1.16 936.3 1.14 887.7 1.10
6 947.0 1.14 920.0 1.12 867.6 1.11

Figure 11. Descriptive MW profile in the surface region
of thin (100 µm) PGA films: (a) incubation; (b) onset of
abrupt MW change; (c) decrease in surface degradation
rate. (Reprinted with permission from ref 26. Copyright
2001 American Chemical Society.)
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The effect of surface degradation on the bulk
thermal properties was investigated by comparing
TOF-SIMS data to the corresponding crystallinity
change in the bulk. XPS data showed the addition of
small amounts of sodium at the surface but no
sensitivity to the changes in surface chemistry. The
hydrolytic degradation rates at the surface of PGA
are 3 times faster in both pH 4.0 sodium biphthalate
and pH 10 sodium carbonate buffers than in pH 7.4
physiological electrolyte buffer (Isoton II).

These results allow three important conclusions
about the surface reactivity of PGA-based devices.
The surface region is enriched in amorphous PGA
more than the interior of the device; thus, the rapid
reaction kinetics associated with amorphous poly-
mers dominates the initial reaction period. During
the induction period, when few changes in overall
device mass may occur, rapid reactions over the top
few nanometers predominantly generate short-chain
polymeric oligomers with very little solubility to the
surrounding aqueous phase.

Yet, this reactivity could affect a significant initial
burst of additives such as drugs being delivered and
presumably induce a local decrease in pH. The lower
local pH could significantly increase the reaction rate
of the surface as acid and base conditions away from
physiological pH increase reaction rates. Therefore,
the chemistry of the induction period is dominated
by surface and interfacial reactions until the equili-
bration of water penetration and absorption leads to
bulk degradation processes. Both surface and bulk
characteristics could be examined over the hydrolysis
time beyond an induction period to define the change
in hydrolytic surface degradation kinetics due to the
onset of weight loss and also the release profile of
the soluble fraction using liquid chromatography
(LC)-mass spectrometry (MS).

4.2.3. Poly(DL-lactic acid)

PLA is another important biodegradable aliphatic
polyester approved by the U.S. FDA for human
clinical use including in tissue engineering as scaf-
folds to direct specific cell growth and differentiation
as well as drug carriers. Thus, PLA has been one of
most widely used biodegradable polymers for drug
delivery systems and porous scaffolds.178,180

Davies and co-workers determined the erosion
behavior of blends of PLA and the more reactive poly-
(sebacic anhydride) (PSA) by the chemical composi-
tion and the molecular organization of the surface of
the materials.24 In their study they have character-
ized the surfaces of immiscible and miscible blends
of the PSA and PLA using the surface techniques of
SSIMS, XPS, and AFM. SSIMS and XPS have
recorded the surface enrichment of all of the blends
with the PLA component. For the immiscible blends,
differential charging within the XPS spectra also
provided evidence of phase separation. AFM data
have contrasted the surface morphologies of the
immiscible and miscible blends, and the use of in situ
AFM techniques has enabled the effect of blend
morphology on surface erosion to be visualized. For
the immiscible systems, clear phase separation mor-
phologies can be observed, and at certain blend

compositions the rapid loss of the PSA from the films
results in the exposure of the PLA morphology.
However, as the PLA content is increased, the surface
enrichment effect results in the degradation behavior
of the blend being dominated by the slow-degrading
PLA surface layer. For the miscible systems, the in
situ AFM studies visualized a disintegration of the
whole blend film without the exposure of a PLA
morphology, indicating that the hydrolysis of the PSA
component rendered the whole film unstable. The use
of SIMS, XPS, and AFM, while highlighting the
complexity of polymer blend surfaces, could provide
a rapid analysis of the physicochemical phenomena
underlying the organization of these systems and
therefore should facilitate the application of such
systems as biomaterials.24

4.2.4. Poly(DL-lactide-co-glycolide) (PLGA)

PLGA is another classic biodegradable polymer
that has been well studied and documented because
of its excellent tissue compatibility, biodegradable
nature, and safety profile for use in humans.181

Considerable burst release of drugs from PLGA
nanospheres and microspheres was frequently ob-
served due to high drug loading, small particle size,
and short diffusion path for surface-associated drug
molecules179 as already shown in section 3. The
degradation rate of PLGA is dependent upon its
composition and molecular weight. Both lactic and
glycolic acids are produced within the degrading
PLGA matrix, resulting in an acidic microenviron-
ment that contributes to the bulk erosion of the
matrix.183,184

A thorough understanding of the factors affecting
the drug release mechanism from surface-erodible
polymer devices is critical to the design of optimal
delivery systems. Drug release rates can be controlled
by manipulation of the particle size, the polymer
degradation and/or erosion rates, and the polymer
erosion mechasinm (bulk versus surface erosion)
among other factors. For example, surface-eroding
polymers such as polyanhydrides may simplify the
drug release kinetics because the drug release rate
becomes dependent predominantly on the polymer
erosion rate. However, drug release and polymer
erosion rates are sometimes not correlated, depend-
ing on the copolymer composition or the relative
hydrophobicity of the comonomers for the copolymer
case and the miscibility of the drug with the
polymer.181a Some examples of PLGA loaded with
drug for drug delivery system were discussed in
section 3.

There are contradictory results about the influence
of the pH of the external medium on the rate of bulk
degradation. Acceleration of the degradation rates at
low171 pH as well as high172,173 pH values has been
reported, yet other results154,170 showed pH-indepen-
dent hydrolysis in vitro. Reed and Gilding170 reported
that the insensitivity of pH on hydrolytic degradation
kinetics was due to the combined effects of hydro-
phobic/hydrophilic balance and crystallinity in the
experiments performed with PLGA as well as PGA.
The extent of water hydration was thought to deter-
mine the rate of degradation; this is supported by the
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fact that amorphous PLGA171 was degraded more
quickly than semicrystalline PGA, and a lower rate
of degradation was observed for stereoregular PLLA
relative to amorphous PDLLA.175

Following an accelerated degradation testing of
these polymers, however, Dauner et al.185 showed
that no significant effect from the crystallinity was
detected. Li et al.186 reported that degradation-
induced morphology changes of large-size amorphous
PDLLA devices were observed during degradation
with the partial crystallization of degradation byprod-
ucts or residues. Hence, the degradation of PLGA as
well as PGA and PLA may be significantly influenced
by many factors such as the morphology and crystal-
linity of the material and formulation, besides the
structure, molecular weight, and composition of the
polymers. The amorphous fraction, which is assumed
to be surface segregated from AFM studies24,187 on a
series of biodegradable polymers, may also play a role
in both bulk and surface degradation in order to
explain the roles of morphology and crystallinity on
surface and bulk reaction kinetics.

4.2.5. Hydrolytic Degradation of Polyester Monolayers at
the Air/Water Interface

Many different analytical methods have been ap-
plied to determine the degradation rate of polyesters.
One suitable technique to study the hydrolysis be-
havior is to use a Langmuir film balance to study
polymers at the air/water interface, because the
hydrolysis of a polyester usually occurs through the
cleavage of ester groups and eventually produces
water-soluble oligomers and monomers.

The hydrolysis of polyester monolayers would re-
sult in a change in the occupied area when the mono-
layer is maintained at a constant surface pressure.
The study of polyester monolayers at the air/water
interface will, therefore, give a fundamental under-
standing of the hydrolytic mechanism of polyesters,
such as polymers and copolymers derived from lactic
acid (LA), glycolic acid (GA), and ε-caprolactone (CL).
There have been several reports on the structural
study of polyester monolayers at the air/water inter-
face.188,189 Ivanova et al. reported the hydrolytic be-
havior of poly(DL-lactide) monolayers spread on acidic
(pH 1.9 by HCl) and basic (pH 11.4 by Na2HPO4 and
NaOH) subphases for short times.190 They calculated
the hydrolysis rates by assuming that the reaction
products from fragment hydrolysis are soluble when
the number of lactic units in sequence is below 4.191

Lee and Gardella studied192 systematically the
hydrolytic degradation of PDLA and PLLA, PCL,
poly(l-LA-co-CL), and a blend (1:1 by mole) at the air/
water interface as a function of degradation medium,
pH, and time. The hydrolysis of polyester monolayers
strongly depended on both the degradation medium
used to control subphase pH and the concentration
of active ions. Under the conditions studied, polymer
monolayers showed faster hydrolysis when they were
exposed to a basic subphase rather than that of acidic
or neutral subphase. The basic (pH )10) hydrolysis
of PLLA/PCL (1/1 by mole) blend was faster than that
of each homopolymer at the initial stage. This result
is explained by increasing numbers of base attack
sites per unit area owing to the very slow hydrolysis

of PCL, a “dilution effect” on the concentration of
PLLA monolayers. Conversely the hydrolytic behav-
ior of poly(l-LA-co-CL) (1/1 by mole) was similar to
that of PCL even though the chemical compositions
of the blend and the copolymer are very similar to
each other. The resistance of the copolymer to hy-
drolysis might be attributed to the hydrophobicity
and the steric hindrance of the CL unit in the
copolymer. The model system served to describe the
role of the initial steps in degradation, those occur-
ring through the interfacial or surface limited cleav-
age of ester groups, which eventually produces water-
soluble oligomers and monomers.193

On the other hand, parameters affecting the con-
trolled degradation of blends include composition,194,195

preparation method,194 miscibility,10b,195 and degree
of surface segregation of one component with lower
surface energy.24 Biodegradable polymer blends, some
of which create heterogeneous microstructures due
to physical mixing, will show different hydrolytic
behaviors for each blend component. It is important
to know the degradation rate of each component in
a blend system and how this rate can be affected by
morphology.

One possible application of such a differentially
biodegradable blend is for drug release using the
resulting different degradation rates of each compo-
nent. Two kinds of drugs, which have different
medical efficacies, could be delivered at the same time
with different controlled release times if they can be
partitioned into the different phases. However, little
is known about the hydrolyzability of each individual
component in a polymer blend.

Lee et al. further reported on the magnitude of the
dilution effect and the acceleration of the hydrolytic
rate of biodegradable polymer blend monolayers,
using the Langmuir monolayer technique.193 The
hydrolytic behavior of monolayers of biodegradable
PLLA/PCL blends spread at the air/water interface
was studied to identify the relative rate of hydrolytic
degradation of each component when exposed to a
basic subphase. As the hydrolysis time increases, the
isotherm recorded from PLLA/PCL blend monolayers
was found to be similar to that of PCL homopolymer;
this is likely to be due to the preferred hydrolysis of
PLLA. The rate of hydrolysis was recorded by a
change of occupied area when the monolayer is main-
tained at a constant surface pressure. The hydrolysis
of the blend in a basic condition was much faster than
that of each homopolymer, regardless of the composi-
tion, arising from a dilution effect on the concentra-
tion of PLLA monolayers. From the deviation behav-
ior (Dt,blend) in the area ratio of each blend between
the arithmetic average (Xt,blend) and experimental
values (xt,blend), blends with compositions of <50 mol
% PLLA showed the maximum dilution effect, whereas
high PLLA compositions (>75 mol % PLLA) showed
a smaller effect, as shown in Figure 12. In this figure,
the curves were calculated by using eq 2.

The excess of blend hydrolysis due to the dilution
effect can be expressed by the sum of the deviation
(ΣDt). The negative slope in the nonlinear region was

Dt,blend ) 1 - xt,blend/Xt,blend (2)
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explained in terms of the hydrolysis of the remaining
PCL and the residual effect of preferentially hydro-
lyzed PLLA.

4.2.6. Poly(â-malic acid)
The surface chemical structure of poly(â-malic

acid), especially poly(ortho esters), and its ester
derivatives was analyzed by Davies and co-workers
using TOF-SIMS and XPS.181b

Poly(ortho esters) (POEs) are a versatile family of
biodegradable and biocompatible polymers and are
receiving significant attention because they can be
designed to possess a surface-dominant erosion mech-
anism and, thus, provide a zero-order release profile
for various therapeutic agents.184,196

The pH sensitivity of the POEs has led to several
drug delivery systems being developed, of which the
rate of drug release is predominantly controlled by
the rate of polymer hydrolysis. Davies’s group used
XPS, SIMS, and AFM in a multitechnique approach
to probe the effect of acid-catalyzed hydrolysis at the
interface of POEs. They analyzed positive ion SIMS
spectra in the range m/z 100-300 before and after
hydrolyzing the POE 3,9-diethylidene-2,4,8,10-
tetraoxaspiro[5,5]undecane-co-N-phenyldiethanola-
mine (DETOSU/PDE) in 0.001 M HCl for a given
time. Figure 13 shows their typical positive ion SIMS
spectral result. From the relationship between the
relative intensity of the m/z 231 cation of [MDETOSU
+ H]+ (where M is the mass of the monomer unit)
and the time of exposure in the acid solution, they
suggested that the preferred mechanism for hydroly-
sis was via the cleavage of an exocyclic alkoxy bond
in the 3,9-diethylidene-2,4,8,10-tetraoxaspiro[5,5]-
undecane (DETOSU) unit (Scheme 2). The cation has
the structure below:

The molecular specificity of SIMS was successfully
employed in their work, whereas the resulting change
in the surface chemical structure of the partially
hydrolyzed POE is such that it was not detectable
by XPS analysis. Images acquired from an in situ
AFM study of the hydrolysis of a POE showed
changes in the surface morphology, seen as the
formation of pits, and an overall thinning of the

Figure 12. Deviation versus time for (PLLA/PCL) blend
monolayer films maintained at 7 mN/m on the subphase
of pH 10.5. The curves were calculated by using eq 2. l-LA
is the same as PLLA. (Reprinted with permission from ref
193. Copyright 2002 American Chemical Society.)

Figure 13. Comparison of the positive ion SIMS spectra of (a) DETOSU/PDE and (b) a film of DETOSU/PDE exposed to
0.001 M HCl for 2.5 min. (Reprinted with permission from ref 181b. Copyright 1998 Elsevier Science Ltd.)
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polymer film. The use of SIMS, XPS, and AFM has
enabled changes in surface chemistry to be compared
with changes in surface morphology. These comple-
mentary data, on the behavior of the polymer during
degradation, have important implications for the
further design of novel biodegradable materials.181b,184

Wang et al. fabricated the physostigmine-loaded
POE, PLGA, and POE/PLGA blend microspheres by
a spray-drying technique, for which the structure of
the physostigmine is as follows:184

The in vitro degradation of, and physostigmine
release from, the microspheres were investigated.

SEM analysis showed that the POE and POE/PLGA
blend particles were spherical. They were better
dispersed when compared to the pure PLGA micro-
spheres. Two glass transition temperature (Tg) values
of the POE/PLGA blend microspheres were observed
due to the phase separation of POE and PLGA in the
blend system. XPS analysis proved that POE domi-
nated the surfaces of POE/PLGA blend microspheres,
indicating that the blend microspheres were coated
with POE. The encapsulation efficiencies of all the
microspheres were >95%. The incorporation of phy-
sostigmine reduced the Tg value of microspheres. The
Tg value of the degrading microspheres increased
with the release of physostigmine. For instance, POE
blank microspheres and physostigmine-loaded POE
microspheres had Tg values of 67 and 48 °C, respec-
tively. After 19 days of in vitro incubation, Tg of the
degrading POE microspheres increased to 55 °C.
Weight loss studies showed that the degradation of
the blend microspheres was accelerated with the
presence of PLGA because its degradation products
catalyzed the degradation of both POE and PLGA.
The release rate of physostigmine increased with the
increase of PLGA content in the blend microspheres.
The initial burst release of physostigmine was ef-
fectively suppressed by introducing POE to the blend
microspheres. However, there was an optimized
weight ratio of POE to PLGA (85:15 in weight), below
which a high initial burst was induced. They sug-
gested that the POE/PLGA blend microspheres may
make a good drug delivery system in that the initial
burst release of physostigmine can be suppressed
with the presence of a POE coating layer in the blend
microspheres by improving the hydrophobicity of the
microsphere system while a sustained release of the
model drug is obtained.

4.3. Initial Burst of Drug Release Coupled with
Polymer Surface Degradation: PLLA Case

The drug release kinetics from drug/biodegradable
polymer blend matrices are found to be complicated
because of both polymer erosion and drug diffusion
through preformed microporous channels within the
matrices.175,197 Factors such as the morphology and
crystallinity of a polymer, formulation, drug molec-
ular size, and water solubility may have significant
influence not only on the degradation of drug delivery
devices but also on the release profile of a drug.
Furthermore, it has been reported in previous studies
that it is difficult to predictably control drug release
over a desired period.198 This is caused by an initial
burst (rapid release) of drug combined with the
process of relatively faster drug diffusion than poly-
mer degradation of the matrices. Although a number
of studies197-199 have been directed toward drug
release profiles and correlating these results with
polymer degradation kinetics, no attempt has been
made to simultaneously determine both at the sur-
face during the induction period of bulk erosion of
drug/biodegradable polymers, especially PLLA blend
matrices.

As a model system of drug delivery, Lee and
Gardella200 have chosen PLLA as a matrix biode-

Scheme 2. Proposed Mechanism for Exocyclic
Alkoxy Bond Cleavage in DETOSU (Reprinted
with Permission from Reference 181b; Copyright
1998 Elsevier Science Ltd.)
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gradable polymer system. They also have chosen
triphenylamine (Ph3N: fw 245.33, insoluble in 100
g of H2O, pKb not applicable201) as a low MW
hydrophobic model drug to minimize the diffusion
and/or solubility effects of a drug depending on
intrinsic basicity in the course of PLLA degradation.
Because the in vivo delivery of hydrophobic drugs
cannot be approximated using simple release studies
into aqueous buffers, they used a method to measure
surface concentration as a better means to model the
availability of a hydrophobic drug in vivo.

They investigated the local pH effect on the release
of a model pH-inert hydrophobic drug coupled with
polymer degradation at the induction phase of bio-
degradable polymer erosion for better understanding
the nature of initial burst of a drug. Using a novel
approach with TOF-SIMS,202 both the surface con-
centration of Ph3N and degradation kinetics of PLLA
are simultaneously and independently determined
from a model Ph3N/PLLA (20:80 wt %) blend matrix
(t ≈ 0.4 µm on 1.0 cm2). In vitro hydrolysis of the
model blend matrix was investigated for short-term
periods (<24 h) at physiologic pH and temperature
and compared to basic pH. They found that the rate
of PLLA degradation was accelerated by a factor of
∼3 when using basic pH in vitro, but the rate of Ph3N
accumulation at the surface was accelerated by a
factor of ∼6 (Figure 14).

They developed a new quantitative method to
examine the earliest stages of polymer degradation
and drug release. It was applied to a model system
that could not be examined by traditional in vitro
methods. For the model system studied the release
of a low molecular weight hydrophobic drug at the
induction phase of polymer erosion is related to but
not singularly dependent on degradation kinetics.

To determine the concentration of Ph3N at the
surface, they tested the hypothesis that hydrolysis
would change intensities of ions related only to the
polymer matrix. A peak at m/z 246 in the spectrum
of pure PLLA is overlapped with [Ph3NH]+ ) 246 Da.
The relative intensities (a peak at m/z 246/[C3H4O]•+)
of pure PLLA matrices were measured after the
hydrolysis under two different pH-buffered conditions
for 24 h, respectively: 2.62E-3 for pH 7.4 and
2.59E-3 for pH 10.0. They indicated that the relative
intensity of the peak at m/z 246 ratioed to the
intensity of [C3H4O]•+ in pure PLLA is independent
of pH and hydrolysis time. Therefore, it is valid to
use the change in the ratio of intensities, m/z 246
divided by m/z 56, as a measure of release profiles
that represent a change in the surface concentration
of Ph3N.

The surface concentration of Ph3N from the 20:80
wt % blend matrices has been measured as a function
of hydrolysis time at two buffered pH values and
compared with the corresponding concentration from
a series of Ph3N/PLLA blend matrices, as shown in
Figure 14 for evaluating the cumulative amount of
Ph3N. The rate of increase in relative intensity of
[Ph3NH]+/[C3H4O]•+ at basic buffered pH (ApH10 )
-9.36E-5) is 5.92 times faster than that in physi-
ologic buffered condition (ApH7.4 ) -1.58E-5). To
better understand the role of the environmental pH
effect on the drug release behavior coupled with
polymer degradation at the surface/interface of PLLA
blend matrices, the surface concentration profiles of
Ph3N have been compared with the corresponding
hydrolytic degradation kinetics of PLLA in each pH
condition. The extent of change in accumulation rate
of Ph3N (ApH10 ) -5.92ApH7.4) is >2 times greater
than that in the hydrolytic degradation rate of PLLA
(kpH10 ) -2.67kpH7.4) at the surface of Ph3N/PLLA (20:
80 wt %) blend matrices.

They also carried out TOF analysis of drug surface
concentration and polymer degradation kinetics in
biodegradable PLLA blends.203 In their paper, they
reported a quantitative method of analyzing both the
earliest stage of degradation of a polymer and the
surface concentration of an additive using TOF-
SIMS. The SSIMS spectra of Ph3N/PLLA (20:80 wt
%) blend matrices hydrolyzed in buffered conditions
within a short-term (<48 h) period are simulta-
neously analyzed in the low-mass range for the
surface accumulation profile of Ph3N and in the high-
mass range to determine the hydrolytic degradation
kinetics of PLLA, respectively. The results provided
new insight in evaluating the surface concentration
of Ph3N (pKb ) 0) from the blends to see how it
relates to the reactions (hydrolytic PLLA degrada-
tion) occurring in the surface region in the initial
induction period over which negligible loss of polymer
weight is observed. The relative PLLA surface deg-
radation at pH 10.0 was similar to 2 times faster than
that at pH 7.4. The relative extent of increase in
Ph3N surface concentration assayed in the pH 10.0
buffer system was 9 times greater than that at pH
7.4. The initial rapid increase in surface concentra-
tion of Ph3N was related to but not singularly

Figure 14. (Left Y axis) Concentration of Ph3N ac-
cumulated at the surface of Ph3N/PLLA (20:80 wt %) blend
matrices as a function of hydrolysis time in two pH buffered
conditions, respectively. The curves were fit with an
empirical exponential expression, ([Ph3NH] + /[C3H4O]•+)
) -9.37E-3 + A e∧(t/7.94): ApH10 ) -9.36E-5 for pH 10.0
and ApH7.4 ) -1.58E-5 for pH 7.4. (Right y axis) Surface
concentration of Ph3N obtained from the standard calibra-
tion for surface concentration of Ph3N as described in the
Experimental Section of ref 200. (Reprinted with permis-
sion from ref 200. Copyright 2003 Springer).
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dependent on the rate of PLLA degradation at the
surface of blend matrices.

They further performed simultaneous TOF-SIMS
analysis to determine both the earliest stage of
polymer degradation and the surface concentration
of a drug additive. The static SIMS spectra of a model
Ph3N/PLLA (20:80 wt %) blend matrix (t ∼ 0.4 µm
on 1.0 cm2) hydrolyzed in buffered conditions are
simultaneously and independently analyzed in the
low-mass range for the surface accumulation profile
of Ph3N and in the high mass for the hydrolytic
degradation kinetics of PLLA, respectively. The rate
of PLLA degradation at pH 10.0 is ∼2 times faster
than that at pH 7.4, but the corresponding rate of
Ph3N accumulation at the surface is accelerated by
a factor of ∼10.5.210 The evaluation of the surface
concentration of Ph3N (pKb ) 0) from the blends
indicates that the initial rapid increase in surface
concentration of Ph3N is related to but not singularly
dependent on the rate of PLLA degradation, as for
their previous work.203

4.4. Other SIMS Investigation on Biodegradable
Polymers in Drug Delivery Systems

Cluster primary ion sources (such as SF5
+) have

generated considerable interest for organic SIMS
analysis, where they have resulted in significant
improvements (up to 100-fold) in characteristic mo-
lecular secondary ion yields and in some samples
have resulted in decreased beam-induced damage.205

This decreased beam-induced damage coupled with
an increased sputter rate has led to the ability to
depth profile some organic materials without the
characteristic rapid signal decay observed with mon-
atomic primary ion sources. More importantly, depth
profiling polymer samples has been achieved for the
first time with limited success.205a

Very recently, Mahoney et al.206 investigated the
utility of cluster SIMS in depth profiling of materials
commonly utilized in drug delivery. The behavior of
various biodegradable polymer films (PLA, PGA, and
PCL) as well as some model drugs (theophylline,
4-acetamidophenol) under dynamic SF5

+ primary ion
bombardment is explored as a function of primary
ion dose. Furthermore, a series of PLA films contain-
ing various concentrations of 4-acetamidophenol were
analyzed under similar conditions. They wanted to
illustrate that the distribution of a drug can be
monitored as a function of depth. The resultant
molecular depth profiles obtained from these polymer
films doped with drug showed very little degradation
in molecular signal as a function of SF5

+ primary ion
dose, and it was found that the molecular ion signals
of both polymer and drug remained constant for ion
doses up to ∼5 × 1015 ions/cm2. In addition, the
polymer film/silicon interface was well-defined, which
may imply that sputter-induced topography forma-
tion was not a significant limitation. These results
suggest that the structure of the biodegradable
polymers, which all have the common main-chain
structural unit of R-CO-O-R, allows for a greater
ability to depth profile due to ease of bond cleavage.
Most importantly, however, they suggested that in
the particular biodegradable polymer systems, the

distribution of the drug as a function of depth can
be monitored under dynamic SF5

+ primary ion bom-
bardment.206

Before conclusion are drawn, it should be noted
that the kinetic approach using surface chemistry to
investigate degradation behavior is not limited to
drug delivery systems but can be applied to a variety
of different systems for environments and biological
systems. One example includes the analysis of early
stages of degradation of polysulfide sealants in an
aqueous environment by Church et al.207 They used
XPS and TOF-SIMS for that purpose; polysulfide
sealants are widely used to ensure the integrity of
fuel tanks on both civil and military aircraft, and the
consequences of the failure of such sealants are
severe in terms of both the length of time that the
aircraft will be removed from service and the nature
of the remedial work that must be carried out within
the tanks themselves.

5. Conclusions
Surface science techniques can have a clear and

definitive role for a biodegradable polymers, because
many biodegradable materials have been designed
as biomaterials for active applications. The degrada-
tion can proceed either in the bulk or at the surface
of the material. A quantitative description of the role
of surface degradation processes versus bulk erosion
is of great importance. Although studies of the
surface of biodegradable polymeric materials have
provided chemical composition, structural informa-
tion, or images of the morphological changes for
visualization during hydrolytic or enzymatic degra-
dation, there have been few reports of quantitative
results about the surface degradation behavior. Sur-
face studies of the reactivity of biodegradable poly-
mers have an essential value, not only for a funda-
mental understanding of hydrolytic surface degrada-
tion kinetics as a model for the drug delivery systems
but also toward the design and formulation of new
biodegradable polymers and their fabrication into
new devices. In this paper, therefore, we critically
review the role of surface science in the surface
reactivity to contribute to the understanding of
biodegradation kinetics and controlled drug release
mechanisms for some important biological polymers
such as poly(glycolic acid) and poly(lactic acid).

XPS and SIMS are simple and very powerful
surface analytical techniques. Especially, the devel-
opment of TOF-SIMS is an area of great current
interest, because TOF mass analysis gives the ability
to detect ions of very high mass and therefore analyze
high molecular weight samples (10000-20000 amu)
as well as very low limits of detection due to the
quasi-simultaneous detection of all masses. Previous
limitations with respect to quantitation are no longer
a primary barrier. Developments in quantitation
methods have allowed detailed insight into reaction
rates, mechanisms, and their relationship to drug
release.

Clearly, there is a role for modern surface science
techniques to play in understanding the mechanisms
of the surface degradation reactions of biodegradable
polymers.
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