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γ-irradiation of PEGd,lPLA and PEG-PLGA Multiblock Copolymers:
II. Effect of Oxygen and EPR Investigation
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Abstract. The purpose of this research was to evaluate how the presence of oxygen can affect irradiation-
induced degradation reactions of PEGd,lPLA and PEG-PLGA multiblock copolymers submitted to
gamma irradiation and to investigate the radiolytic behavior of the polymers. PEGd,lPLA, PEG-PLGA,
PLA, and PLGA were irradiated by using a 60Co irradiation source in air and under vacuum at 25 kGy
total dose. Mw and Mn were evaluated by gel permeation chromatography. The stability study was
carried out on three samples sets: (a) polymer samples irradiated and stored in air, (b) polymer samples
irradiated and stored under vacuum, and (c) polymer samples irradiated under vacuum and stored in air.
The thermal and radiolytic behavior was investigated by differential scanning calorimetry and electron
paramagnetic resonance (EPR), respectively. Samples irradiated in air showed remarkable Mw and Mn
reduction and Tg value reduction due to radiation-induced chain scission reactions. Higher stability was
observed for samples irradiated and stored under vacuum. EPR spectra showed that the presence of
PEG units in multiblock copolymer chains leads to: (a) decrease of the radiolytic yield of radicals and (b)
decrease of the radical trapping efficiency and faster radical decay rates. It can be concluded that the
presence of oxygen during the irradiation process and the storage phase significantly increases the entity
of irradiation-induced damage.

KEY WORDS: ionizing radiation; multiblock copolymer; polymer stability; radicals; radiolysis
mechanism.

INTRODUCTION

Gamma irradiation has been widely accepted as an
effective technique for sterilizing moisture and heat-sensitive
polymers and consequently medical devices based on this
kind of polymer (1). However, it has been known that this
process can lead to remarkable alterations in the materials
during, immediately after, or even days, weeks, or months
after irradiations (2). Many fundamental physical and chem-
ical polymers properties can be modified with radiations such
as molecular weight, chain length, entanglement, polydisper-
sity, branching, pendant functionality, and chain termination.
Physical changes can include embrittlement, discoloration,
odor generation, stiffening, softening, enhancement or reduc-
tion of chemical resistance, and an increase or decrease in
melting (or glass transition) temperature (3).

The extent of these alterations varies from polymer to
polymer and it depends on the chemical composition, the
structure of polymer, the total radiation dose absorbed, and
the rate at which the dose was deposited. The extent is also
affected by the environment conditions under which the radia-
tion treatment was carried out, and the post-radiation storage
environment (4–9). The environmental conditions under which
radiation process is conducted can significantly affect the
impact of radiations on the polymer material. The presence
of oxygen or air during irradiation produces free radicals that
are often rapidly converted to peroxidic radicals. The fate of
these radicals depends on the nature of the irradiated polymer,
the presence of additives, and other parameters such as
temperature, total dose, dose rate, and sample size (2,4,10,11).

In most cases, the polymer radicals generated by gamma
irradiation transform into oxidized moieties if oxygen is
present in proximity of formed radicals, or remain trapped
in the polymer matrix for a certain period of time after
irradiation. These trapped radicals may further undergo some
reactions during storage time after irradiation, resulting in
significant alteration of the physical properties of the
irradiated polymer. It is highly probable that post-irradiation
effects appear during storage time and they can deeply
influence the in vivo polymer performance. Understanding
the effects of sterilization method and shelf aging, on the
oxidation of polymers is crucial in developing polymeric
systems with longer outcomes (12–14).
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Even if a number of studies have been performed on the
effects of gamma-sterilization on biodegradable polymers for
pharmaceutical uses, only a limited number of works
investigated the influence of the environmental conditions
under which the irradiation process is conducted on the
degradation reactions induced by gamma irradiation. Besides,
no study has been found in the literature on the effects of
gamma irradiation on the multiblock copolymers PEGd,lPLA
and PEG-PLGA.

In a previous paper (15), we reported the effects of
different gamma irradiation doses (5, 15, 25, and 50 kGy) on
PEGd,lPLA and PEG-PLGA polymers and the behavior of
these multiblock copolymers during post-irradiation storage
time at 4°C, 40% RH. The study showed that gamma
irradiation doses significantly affect physical and chemical
polymer properties in terms of variations of polymer chemical
structure and average molecular weight. The stability study
carried out on polymers after irradiation treatment displayed
a different behavior related to the polymer composition.

On the basis of results obtained in this previous work
(15), the present study was undertaken to evaluate how the
presence of oxygen in the samples during irradiation process
and during post-irradiation storage time can affect irradia-
tion-induced degradation reactions of PEGd,lPLA and PEG-
PLGA multiblock copolymers submitted to gamma irradiation
at 25 kGy. On this purpose, a set of samples was irradiated
at 25 kGy in the presence of air and a second set under
vacuum. The behavior of the multiblock copolymers to
irradiation was compared to that of PLA, PLGA polymers.
The stability of the polymers irradiated in different en-
vironmental conditions was evaluated by gel permeation
chromatography (GPC) and differential scanning calorime-
try (DSC) immediately after ionizing treatment and during
storage in refrigerator (+4°C, 40% RH) for 30, 60, 90, and
120 days.

Electron paramagnetic resonance (EPR) spectroscopy is
a sensitive and specific technique to study chemical species
that have one or more unpaired electrons, such as organic
and inorganic free radicals or inorganic complexes possessing
a transition metal ion. This technique finds useful applications
in the investigation of radiolytic mechanisms and in the
analysis of radiolytic intermediates and of their transforma-
tion as a function of temperature. In previous works (6,7),
EPR has been successfully used to investigate the radiolytic
behavior of PLA and PLGA raw polymers and microspheres
subjected to gamma irradiation. In this work, EPR technique
was applied to evaluate the nature and the concentration of
free radicals formed upon exposure of multiblock copolymers
to 25 kGy total dose, at 77 K, under high vacuum.

MATERIALS AND METHODS

Materials

The copolymers PEGd,lPLA (Mw 130 kDa), PEG-
PLGA (7525 DLG 3C-PEG 6000, Mw 22 kDa), PLA (Mw
78 kDa), and PLGA (7525 DLG 3E, Mw 34 kDa) were
purchased from Lakeshore Biomaterials, Birmingham, USA.
Tetrahydrofuran (THF) and methylene chloride (CH2Cl2),
analytical grade, were from Sigma Aldrich (Milan, Italy). All
the reagents were of analytical grade.

Methods

γ-irradiation

Raw polymers were irradiated by using 60Co as irradiation
source (Applied Nuclear Energy Laboratory (LENA),
University of Pavia) at 1 kGy/h dose rate.

To evaluate how and to what extent oxygen can play a
role in the effect of gamma radiation on polymers the
samples were irradiated at 25 kGy total dose at room
temperature: (a) under vacuum and (b) in the presence of
air. It was checked by thermometric control that sample
temperature during the irradiation did not appreciably
increase above room temperature. Four hundred milligrams
of polymer samples were placed in glass tube, closed and
irradiated at 25 kGy, room temperature. Samples treated in
the absence of oxygen were sealed under vacuum at
10−5 Torr.

Twenty-five kilogray is the minimum absorbed dose
considered adequate for the purpose of sterilizing pharma-
ceutical products without providing any biological validation
(1,16). This reason led to the consideration of this irradiation
condition that is commonly used by the pharmaceutical
industry.

The irradiation pertaining EPR measurements devoted
to the identification and characterization of the free radicals
was performed at 77 K with a total dose of 25 kGy and dose
rate of 1 kGy/h.

Molecular Weight Determination

The molecular weights of polymers were determined by
GPC. The GPC system consisted of three Ultrastyragel
columns connected in series (7.7×250 mm each, with different
pore diameters: 104,103, and 500 Å), a pump (Varian 9010
(MI), Italy), a detector Prostar 355 RI (Varian (MI), Italy),
and software for computing molecular weight distribution
(Galaxie Ws, ver. 1.8 Single-Instrument, Varian (MI), Italy).
Sample solutions in THF at a concentration of 20 mg/mL
were filtered through a 0.45-μm filter (Millipore, USA)
before injection into the GPC system and were eluted with
THF at 1 mL/min flow rate. The weight average molecular
weight (Mw) of each sample was calculated using
monodisperse polystyrene standards, Mw 1,000–150,000 Da.
The data were processed as weight average molecular weight
(Mw), average molecular number (Mn), and polydispersity
index (PI). The analyses have been performed in triplicate on
three samples for each type of polymers and irradiation
conditions.

Glass Transition Temperature Determination

Glass transition temperature (Tg) was determined by
means of a 2910 modulated differential scanning calorimeter
(TA Instruments, USA), fitted by a standard DSC cell, and
equipped with a liquid nitrogen cooling accessory. Samples of
about 10 mg were quantitatively transferred to hermetically
sealed aluminum pans and subjected to two cooling and
heating cycles from −60°C to 60°C at cooling and heating
rates of 5°C/min. The DSC cell was purged with dry nitrogen
at 40 mL/min. The baseline correction was performed by
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recording a run with empty pans. The system was calibrated
both in temperature and enthalpy with indium as a standard
material. The data were treated with Thermal Solutions
software (TA Instruments, USA) and the results were
expressed as the mean of three determinations.

Stability Study

The stability study was carried out on three samples sets:
(a) polymer samples irradiated at 25 kGy in air and stored at
4°C in open vial, (b) polymer samples irradiated at 25 kGy
under vacuum and stored at 4°C in sealed vial, and (c)
polymer samples irradiated at 25 kGy under vacuum and
stored at 4°C in opened vials. The vials were opened
immediately after the irradiation process to permit the
oxygen diffusion in the polymer samples. The changes in
polymer molecular weight were monitored by GPC for a
period of 120 days.

EPR Study

EPR measurements were carried out on polymer sam-
ples by using an X Band Brucker EMX/12. Two sets of
experiments were performed starting with samples irradiated
at the liquid N2 temperature (77 K). The EPR spectra were
first recorded at 77 K, in order to identify the primary species,
and subsequently after stepwise increases of the temperature
above 77 K up to room temperature. This procedure was
aimed to obtain suitable conditions for the reactions of the
primary species and for the identification of the secondary
radicals. The EPR spectra were analyzed by computer
simulation using Hamiltonian including the Zeeman electron-
ic and nuclear terms and the hyperfine terms with isotropic
and anisotropic components for the g and hyperfine tensors:

H ¼ �S � g � Bþ
X

i
S �A � li

X
i
gili � B

The microwave power level was set below 0.1 mW to
avoid power saturation.

RESULTS AND DISCUSSION

Effect of Oxygen

Standard conditions for sterilization of polymeric drug
delivery systems using ionizing radiation is still a matter of
debate and they should be defined considering the physical–

chemical properties of the polymer submitted to gamma
radiation treatment and how the raw polymer responds to the
irradiation process (3,10,17). The environment conditions
under which radiation processing is conducted can signifi-
cantly affect polymer properties. For example, the presence
of oxygen and air during irradiation treatment produces free
radicals that are often rapidly converted to peroxidic radicals.
The fate of these peroxidic radicals depends on the nature of
the irradiated polymer, the presence of additives, and other
parameters such as temperature, total dose, dose rate, and
sample size.

These preliminary remarks make allowance for the need
to evaluate the effect of oxygen on the physical and chemical
properties of the polymeric materials that are submitted to
sterilization treatment with gamma irradiation.

In Table I, we collected the GPC results obtained on
polymer samples (PEGd,lPLA, PEG-PLGA, PLA, and
PLGA) non-irradiated and irradiated in the presence of
oxygen and under vacuum.

The effect of oxygen on Mw, Mn, and PI were not very
significant for PEGd,lPLA, PLA, and PLGA polymers. A
remarkable reduction of Mw and Mn was observed between
PEG-PLGA samples irradiated under vacuum (absence of
oxygen) and the samples treated in the presence of oxygen.

The evacuation of the PEG-PLGA samples reduces
oxygen diffusion in the polymer matrix and leads to a lower
extent of Mw and Mn reduction. The Mw and Mn reduction
(%) of PEG-PLGA was 15.5% and 19.5% after irradiation
under vacuum, against the 21.8% and 42.1% detected on
samples submitted to gamma irradiation in the presence of
air. The great sensitivity of this multiblock copolymer to
oxidative degradation may be due to the high percentage of
PEG in its structure. PEG as plasticizer was expected to induce
important intrinsic modification in the polymer such as: (1)
significant changes in local structure/microstructure; (2) en-
hancement in fraction of amorphous phase; (3) increasing free
volume and the flexibility of the polymer chains (18–20).

Irradiated PEG-PLGA polymer segments in the amor-
phous region are mobile due to the low glass transition
temperature (<33°C). It is also possible that the radicals
trapped in the crystalline regions of the polymer can migrate
along the polymer main chain and finally appear in the
amorphous region.

When oxygen molecules enter into the amorphous
region of polymer, they react with free hydrogen atoms (free
radicals), increasing amorphous regions and creating creeks
which could lead to a reduction of Mw and Mn.

Table I. GPC Results of PEGd,lPLA, PEG-PLGA Multiblock Copolymers and PLA, PLGA Polymers During Irradiation at 25 kGy in
Presence of Air and Under Vacuum

Nonirradiated

Irradiated 25 kGy

In presence of oxygen Under vacuum

Polymer Mw Mn PI Mw Mn PI
ΔMw
(%)

ΔMn
(%)

G(s)/
G(x) Mw Mn PI

ΔMw
(%)

ΔMn
(%)

G(s)/
G(x)

PEGd,lPLA 105,500 65,300 1.61 59,000 34,000 1.73 44 47.9 7.56 60,600 35,800 1.7 42.5 45.17 6.60
PLA 77,900 44,300 1.75 48,000 31,500 1.52 38.4 28.9 10.45 48,400 26,300 1.8 37.8 40.6 8.56
PEG-PLGA 21,750 18,150 1.19 17,000 10,500 1.62 21.8 42.1 12.87 19,000 14,600 1.3 15.5 19.5 12.64
PLGA 36,000 22,500 1.6 26,700 18,500 1.44 25.8 17.7 9.46 27,300 17,700 1.54 24.1 21.3 10.08
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PEGd,lPLA did not respond in the same manner, the
Mw and Mn reductions evaluated after irradiation under
vacuum did not present significant differences compared to
the variations observed on polymer samples irradiated in air.
This could be due either to the low percentage of hydrophilic
polymer (5% mol) in the multiblock polymer with respect to
PEG-PLGA (60% mol) or the high molecular weight
(105 kDa) of PEGd,lPLA polymer.

PLA and PLGA polymer samples present hydrophobic
features and the chains have a lower mobility compared to
PEG-PLGA; consequently, the oxygen molecules meet more
difficulties to permeate through the polymer chains. Oxygen
diffusion rate in PLA and PLGA samples could be so slow
that its presence during the irradiation process did not affect
in a remarkable way the extent of Mw and Mn reduction
induced by gamma-rays.

The G(s)/G(x) calculated by mathematical equation (14)
values collected in Table I illustrates the dominance of chain
scission over cross-linking reactions either in the polymer
samples irradiated in air or under vacuum.

It is reasonable to predict that such a change in Mw and
Mn after irradiation would affect thermal properties like the
glass transition temperature of the amorphous polymers.
Table II resumes the Tg values of PEGd,lPLA, PLA, PEG-
PLGA, and PLGA polymers determined by DSC. DSC
analyses were performed on polymer samples before and
after irradiation at 25 kGy, under vacuum and in presence of
oxygen.

PEGd,lPLA and PEG-PLGA Tg values (43.23°C and
35.24°C), detected before radiation treatment were always
lower than Tg values of PLA and PLGA (47.3°C and 42.4°C).
They are consistent with the plasticizing effect of PEG chains
present in the multiblock copolymers.

The irradiation of polymers resulted in a reduction of Tg
value due to radiation-induced chain scission reactions which
led to a remarkable decrement of molecular weight of
polymers and consequently an increase of free volume and
chain mobility.

The absence of oxygen during the irradiation of PEGd,
lPLA, PLA, and PLGA led up to a lower reduction of Tg
compared to polymers irradiated in air.

A different behavior was recorded for PEG-PLGA
multiblock copolymer since the Tg value of samples irradiat-
ed under vacuum (32.51°C) was pretty the same as that of
sample treated by gamma-rays in the presence of air (32.61°C).
This feature can be explained by admitting the formation of

intermolecular hydrogen bonding interactions between end
terminal groups (–COOH, –OH) of polymer chains, as a
consequence of chain scission reactions which take place
during the sterilization process. The presence of oxygen
molecules likely promotes the formation of the hydrogen
bonding interactions, which leads to an alteration of the
polymer chain mobility. The reduction of the chain mobility
involves an increase of the transition temperature with respect
to what is expected.

Stability Study

It is well recognized that gamma-irradiation treatment
causes property changes in poly-α-orthoesters, and generally
this kind of effects last for long periods of time because of
latent free radicals. Combination reactions between trapped
radicals and/or oxidation reactions can occur during storage
time, resulting in cross-linking or chain scission events. The
combined action of ionizing radiation and oxygen on poly-
meric materials may rapidly lead to severe alterations of the
polymer properties. The resulting effects are strongly depen-
dent on the chemical structure of the polymer (11,14,21).

The stability study was carried out on samples irradiated
at 25 kGy and stored in different conditions to evaluate the
role of oxygen in the degradation reactions induced by
gamma irradiation during the storage time. The stability
study was performed on three sample sets: (a) polymer
samples irradiated in air and stored at 4°C in an open vial,
(b) polymer samples irradiated under vacuum and stored at
4°C in a sealed vial, and (c) polymer samples irradiated under
vacuum and stored at 4°C in opened vials. In the last case, the
vials were opened immediately after the irradiation process to
permit oxygen diffusion in the polymer matrix. The changes
in molecular weight, as a function of storage time, were
detected by GPC on irradiated samples.

Figure 1a plots the GPC results obtained on PEGd,lPLA
polymer samples in terms of Mw variations. Polymer samples
irradiated in air and stored in the presence of oxygen showed
at the 120th day Mw reduction higher than the samples
irradiated under vacuum. The Mw reduction of PEGd,lPLA
samples irradiated in the presence of air amounted to 43.53%
after 120 days. For the samples irradiated under vacuum, a
significant lower Mw reduction between 24.17% and 29.94%
was observed. The sample irradiated under vacuum and
stored in the presence of oxygen showed a significative
reduction of Mw between the 30th and 60th day of storage
due to the oxidative degradation reactions induced by oxygen
diffused in the polymeric network. PEGd,lPLA samples
submitted to gamma-irradiation under vacuum and kept in
these conditions (absence of oxygen) for all storage time are
more stable: a percentage reduction from 18.97% to 24.17%
between the 30th and 120th day was observed.

PLA polymer irradiated under vacuum and kept in
sealed vials for all storage time presented a percentage of
Mw reduction of 8.57% after 120 days; the polymer samples
irradiated under vacuum and stored in open vial (in presence
of oxygen) did not show a significant difference in comparison
with the sample stored under vacuum (Fig. 1b). These results
could be attributed to the high hydrophobicity of polymer,
the Tg value, and consequently the low mobility of polymer
chains that limit the migration of oxygen molecules along the

Table II. DSC Results of PEGd,lPLA, PEG-PLGA Multiblock
Copolymers and PLA, PLGA Polymers Nonirradiated and Irradiated
at 25 kGy in the Presence of Air and Under Vacuum

Polymer
Nonirradiated,
Tg (°C)a

Irradiated at 25 kGy, Tg (°C)a

In presence
of oxygen Under vacuum

PEGd,lPLA 43.2 35.8 37.8
PLA 47.3 43.3 46.2
PEG-PLGA 35.2 32.6 32.5
PLGA 42.4 39.9 42.0

aMaximum standard error value ±0.5
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polymer main chains. A gradual increase of molecular weight
reduction was observed for PLA polymer sample treated in
air; the percentage of Mw reduction calculated at the end of
incubation time (120th day) was 29.65%. The slow reduction
detected in between the 30th and 60th day could be due to
the time needed for oxygen molecules to diffuse through
polymeric matrix.

The high Mw decay obtained for PEGd,lPLA with
respect to PLA can be a consequence of the presence of
PEG segments in the polymer network that improve the
penetration of oxygen.

The results obtained from the stability study of multi-
block copolymer PEG-PLGA are plotted in Fig. 2a. Polymer
sample treated under vacuum are stable during storage time:
an Mw reduction of 4% was detect after 120 days of storage.
The sample irradiated in air and stored in air showed a
gradual Mw reduction; a significative increase was detected at
the 30th day of storage until it reached a reduction of 26.06%.
The sample irradiated under vacuum and stored in the
presence of air showed a remarkable decrease of Mw
between the 30th and 90th day; the percent reduction ranged
between 12.85% and 28.45%. No more variations were
observed up to the 120th day. After 120 days, the Mw
reduction was 27% equal to the values detected for the
samples treated in air. These results can be justified consider-
ing the composition of polymer PEG-PLGA: 60 mol% of the
polymer is based on polyethylene glycol and only 40 mol% is
PLGA. The high percentage of PEG in the matrix improves in
a significative way the diffusion of oxygen in the polymer;
when the vial is opened to air, a massive amount of oxygen can

permeate through the polymeric chains and react with the
radicals trapped in the polymer matrix.

PLGA polymer showed a slight Mw reduction either for
the samples treated under vacuum or for the PLGA polymer
irradiated under vacuum and opened to air during storage
time. The Mw decay ranged between 2% and 12% (Fig. 2b).
The Mw reduction observed for the samples treated in air
were higher than those observed for the samples irradiated
under vacuum; after 120 days of storage, the percent
reduction measured was 18.5%.

Comparatively, PEGd,lPLA Mw reduction resulted to be
more sensitive to irradiation than PEG-PLGA as shown by
the Mw reduction observed under vacuum. This behavior
confirms that higher Mw polymers undergo higher degrada-
tion upon irradiation, as explained in a previous work (15).
On the contrary, PEG-PLGA resulted to being more sensitive
than PEGd,lPLA to oxygen effects.

EPR Study

Free Radical Products of the PLA and PLGA Radiolysis

The EPR measurements have dealt with samples of neat
PLGA and PLA and samples of PLA-PEG (5 mol% PEG)
and PLGA-PEG (60 mol% PEG) copolymers which were
analyzed on a comparative basis. The EPR spectra from PLA
and PLGA samples recorded at 120 K after irradiation at
77 K and after warming at 290 K are shown in Fig. 3. The
superimposition makes it fairly evident that PLA and PLGA

Fig. 2. Stability study of a PEG-PLGA and b PLGA polymers
treated in different conditions: irradiated and stored in air (dia-
monds); irradiated and stored under vacuum (squares); irradiated
under vacuum and then stored in open air (circles)

Fig. 1. Stability study of a PEGd,lPLA and b PLA polymers treated
in different conditions: irradiated and stored in air (diamonds);
irradiated and stored under vacuum (squares); irradiated under
vacuum and then open to air (circles)
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afforded almost identical spectra with really minor differences
in line shape, splitting, and intensity distributions. This
implies that a prominent mechanism of radiolysis exists,
driving the free radical radiation damage at the tertiary
carbon sites of the lactide units. According to previous
observations (6,7), the dominant component in the low-
temperature patterns was the chain scission radical −CH•

(CH3). Two different structures for this radical can be
predicted: –OCH•(CH3) (A) and CH•(CH3)C(=O)O– (B)
depending on weather the bond rupture takes place at the C–
C or the O–C site.

The species B was likely to be of prominent importance
on the basis of the analogy of its hf and g tensor with those of
the analog radical CH3CH

•C(O=O)O− resulting from the
radiation-induced deamination of alanine (22). A second
component in the low-temperature spectrum of PLGA and
PLA was the quartet signal with an average splitting of 22 G
due to the chain radical –C(=O)O–C•(CH3)–O– formally
arising from the splitting of the tertiary C–H bond at the
lactide sites. The relative abundance of this latter species
increased on warming towards room temperature because of
the contribution by the H abstraction reactions by the chain
scission radicals (Fig. 3).

The selectivity of the radiolysis mechanism towards the
formation of the –O(=O)C–CH•(CH3) radical in both the
PLA homopolymer and the PLGA 75/25 random copolymer
could be explained with the greater lability of the tertiary
ester anion-radicals toward the β-scission at the C–O bond
leading to a carboxylate anion (precursor of carboxylic acids,

a major radiolysis product) and the tertiary alkyl radical,
according to the reaction:

�C• �O�ð ÞO� CH CH3ð ÞC ¼ Oð ÞO� ! �C ¼ Oð ÞO�

þ �O ¼ Oð ÞC � CH• CH3ð Þ ð1Þ

The strong similarity of the PLA and PLGA EPR spectra
implied that in PLGA the decomposition reaction of the
analog glycolide anion radicals –C•(–O−)O–CH2C(=O)O–
was of minor importance presumably because of their
greater stability and the occurrence of charge migration
leading to a final localization of the spins at the carboxyls
adjacent to tertiary units.

The presence of the H abstraction radicals –C•(CH3)–
among the species trapped at 77 K called for a mechanism
involving excited species or reactions with low or negligible
activation energy. Within the latter hypothesis, H abstractions
by the ester cation radicals at tertiary C–H sites could be
invoked:

� C ¼ Oð ÞO½ �þ•�CH CH3ð Þ� ! � C ¼ OHþð ÞO½ � � C• CH3ð Þ�
intramolecular H abstraction

ð2Þ

� C ¼ Oð ÞO½ �þ•�þ�CH CH3ð Þ� ! � C ¼ OHþð ÞO½ ��
þ � C• CH3ð Þ � intermolecular H abstraction

ð3Þ

Support for this hypothesis come from Sevilla experiments
(23) which have demonstrated that ester cation-radicals are
capable of undergoing H abstraction at 77 K giving neutral
radicals.

Free Radical Products of PEG Radiolysis

The free radical products of the solid-state radiolysis of
PEG resembled closely those identified in the irradiated high-
molecular weight analog. The low temperature pattern was
reckoned with C–H and C–C bond scissions with formation of
the radicals –OCH2

• and –CH•–O– (Fig. 4); the post-
irradiation annealing at room temperature caused the gradual
decay of the initial species and their replacement with a
doublet of 15 G centered at g=2.005; this latter signal was
characteristic of the aldehydic radical (5,24) –CH•–CHO.

The low-field shift of the g value in the aldehydic radical
was a distinctive feature which was a consequence of the
delocalization of the spin on the carbonyl oxygen. The
formation of this species was reckoned with the cage reaction
between neighboring aldehyde-radical couples according to
the mechanism:

�CH2CH
• �O� CH2CH2O� ! �CH2CHO � � � � � �• CH2CH2O�

! CH• � CH ¼ Oþ CH3CH2O�

The aldehydic radicals were stable for months at room
temperature under vacuum.

Fig. 3. EPR spectra of PLGA vs PLA after irradiation under
vacuum at 77 K, recorded at 120 K and after temperature annealing
at 290 K
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Effect of PEG on the Radical Products of the PLA and PLGA
Radiolysis

The presence of PEG units in the PEGd,lPLA copoly-
mer chains (5% of PEG) and in the PLGA-PEG copolymer
chains (60% of PEG) had two major consequences:

(a) A decrease of the radiolytic yield of radicals –C(=O)
O–C•(CH3)–O– at 77 K. This species was practically
absent in the low-temperature spectrum of PEG-
PLGA (60% of PEO; Fig. 5) but it showed up with
increasing intensity on warming toward 290 K as a
consequence of the activation of H abstraction
reactions (Fig. 6).
The same effect by PEG was observed when dealing
with the PEGd,lPLA copolymer (Fig. 6). In this case,
however, due to the lower concentration of PEG, the
obliteration of the C(=O)O–C•(CH3)–O– signal at
77 K, it was not complete but it appeared with a
lower intensity as compared to neat PLA or PLGA
(Fig. 6—spectrum recorded at 125 kGy).

(b) The increase of the segmental chain mobility in the
polymer matrix resulting in a decrease of the radical
trapping efficiency and ultimately in faster radical
decay rates at 290 K. Indeed, a 20 min storage at
290 K was sufficient to cause a 98% decrease of the
overall initial radical concentration (Fig. 7b) while in
PLA and PLGA the residual radical concentration
after the same storage time at 290 K was approxi-
mately 28% (Fig. 3). This effect is consistent with the

observed Tg decrease and the enhanced radiolytic
effects on Mn and Mw in the presence of air.

On the basis of the mechanism proposed for the in
source low-temperature generation of the –CH•(CH3)–
radicals in the radiolysis of PLGA and PLA, the effect of
PEG can be rationalized by assuming that it interferes with
the intermolecular H abstraction reaction (3) by the ester
cation-radicals and that the intramolecular H abstraction
mechanism (2) is of minor importance. The cation-radicals
will therefore be driven toward alternative reaction paths,

Fig. 5. a EPR spectra of PLGA vs PEG-PLGA (60 mol%) multi-
block copolymer recorded at 120 K following irradiation at 77 K.
Spectrum b shows the difference between PLGA and PEG-PLGA

Fig. 6. EPR spectra of PEGd,lPLA (5 mol% of PEG) recorded as
function of temperature after irradiation at 77 K

Fig. 4. EPR spectra of PEG homopolymer after irradiation under
vacuum at 77 K, recorded at increasing of temperature from 120 to
298 K
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like the C–O scission, thus affording an additional contribution
to the formation of the tertiary chain scission radicals –
C•(CH3)–. The H abstraction at the tertiary C–H sites
leading to –CH•(CH3)– radicals was not inhibited above the
Tg because of the great enhancement of segmental mobility
in the mixed PLGA-PEG matrix.

The EPR spectral sequence recorded from the PLGA-
PEG copolymer (60% of PEO) during the storage at 290 K,
beside showing a faster decay rate, was diagnostic of the
buildup of novel signal with a peak to peak splitting of
approximately 12 (Fig. 7b). This spectrum, which account for
less than 2% of the initial radical concentration, was
tentatively suggested to arise from the superimposition of

the quartet signal due to the PLGA radical –C•(CH3)– with
the doublet shifted toward the low field of the aldehyde
radical –CH•C(=O)H radical from PEG radiolysis (Fig. 7).

In this temperature range, the radical decay process
involved almost exclusively the radical –C•(CH3)– as
observed by the difference spectrum C, Fig. 7.

CONCLUSIONS

The presence of oxygen during the irradiation process
and the storage phase influences the entity of the radiation
damage and the stability of polymers after sterilization by
ionizing radiation. Polymer radicals remaining trapped in the

Fig. 7. EPR spectra of PEG-PLGA (60mol% of PEG) recorded as function of temperature after irradiation at 77 K
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matrix of PEGd,lPLA and PEG-PLGA multiblock copoly-
mers after irradiation by gamma rays can undergo some
reactions long after irradiation time. The findings obtained in
this study are expected to contribute both to minimize the
damages induced by gamma irradiation on multiblock copoly-
mers based on PLA, PLGA, and PEG and to improve the
stability of PEGd,lPLA and PEG-PLGA polymers after
ionizing treatment.
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