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Effects of Structural Change Induced by
Physical Aging on the Biodegradation Behavior
of PLGA Films at Physiological Temperature
Taiyo Yoshioka, Naoki Kawazoe, Tetsuya Tateishi, Guoping Chen*
The effects of structural changes induced by physical aging (namely, enthalpy relaxation) on
the biodegradability of PLGA films at physiological temperature (37 8C) is investigated. The
degradation rate and behavior of aged and non-aged PLGA films are compared, and the effects
of physical aging on the biodegradability of the PLGA film are determined. Prior to the
degradation experiments, aged films are prepared by annealing the amorphous PLGA films
at 25 8C for 5 d or more. The degradation rate
of aged films in accelerated degradation tests
using aqueous NaOH is higher than those of
non-aged films due to heterogeneous micro-
scopic structural changes that occur during
the aging process.
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Introduction

When flexible polymers are in a molten state (shown as

stateA inFigure1), themolecular chainsareentangledwith

eachother, formingrandomcoils, andeachpolymerchain is

in high energy state.[1] If melted polymer chains are

quenched at a temperature that is sufficiently lower than

the glass transition temperature (Tg), the chains freeze

(Figure 2a) in a high energy, random coil state, which

drastically reduces their segmental mobility, and results in

an amorphous glass. However, by slowly annealing the

material at a temperature (Ta) close to but below Tg,

amorphous glass can undergo energetic relaxations (also

called structural relaxations) from the non-equilibrium

structural state to a more energetically stable state (from

state C to D or E in Figure 1). Energetic relaxation, also

known as enthalpy relaxation or physical aging, alters the

structural, physical, and mechanical properties of the
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material. For instance, aging can increase the density and

decrease the specific volume, enthalpy, and fracture strain

of a polymer.[1b,c] The formation of amorphous glass can be

achieved not only via quenching of melt but also via rapid

evaporation of the solvent from solution.[2] Despite

numerous studies on the physical aging of various

polymers, the mechanism of structural changes at the

molecular level remains unclear.

The degradation of biodegradable polyesters in vivo

commonly proceeds through hydrolysis of the ester bonds

in the polymer backbone, and the degradability of

polyesters is strongly dependent on factors that affect

the diffusibility of water molecules, such as the hydro-

philicity, molecular weight, crystallinity and bulk shape of

the polymer.[3] In addition, structural changes caused by

physical aging is considered to affect the diffusibility of

water and the biodegradability of polymers. Two possible

diametrical effectsof structural changeson thedegradation

behavior of polyesters were assumed. Specifically, if the

degradation rate decreased upon physical aging, structural

changes could be explained by simple volume contraction,

as shown in Figure 2b. Alternatively, if the degradation rate

increased, microscopic, heterogeneous, structural fluctua-
library.com DOI: 10.1002/mame.201100109
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Figure 1. Enthalpy/temperature diagram. Tm is the melting
temperature, Tg is the glass transition temperature, and Ta is
the annealing temperature. In this report, the enthalpic change
from C to D or C to E is referred to as the enthalpy relaxation or
physical aging, and the change from G to H is referred to as
enthalpy recovery.
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Figure 2. Schematic models of the two-diametrical structural
changes accompanied by enthalpy relaxation [(a) to (b) and (a)
to (c)]. The model (a) indicates that a random coil structure is
prevalent in the quenched amorphous glass. During physical
aging, the amorphous glass undergoes a macroscopic volume
contraction keeping with the random coil structure (b) and
accompanying with a microscopic heterogeneous fluctuations
(c). In each model, identical molecular chains are depicted with
a thick line. Areas enclosed with a broken line represent micro
voids formed during the aging process.
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tions in the local chain packing occurred during macro-

scopic volume contraction, leading to an increase in the

waterpermeability of thefilm, as shown inFigure 2c. In this

study, only a-relaxation,[4] which is responsible for Tg and

can be detected through differential scanning calorimetry

(DSC) techniques, was considered. b-relaxation,[4] which

is associated with local intramolecular motion, was not
www.MaterialsViews.com
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considered because the effects of b-relaxation on the

degradation behavior of the polymer are negligible

compared to the effects of a-relaxation.

Studieson thephysical agingofbiodegradablepolyesters

have been limited. However, due to the recent evolution

of medical fields that depend on the performance of

biodegradable polymers, such as controlled drug delivery

systems and tissue engineering, the number of studies

on the physical aging of biodegradable polymers has

increased.[2,5] Poly[(lactic acid)-co-(glycolic acid)] (PLGA)

behaves as an amorphous polymer over a wide range of

copolymer composition ratios (from 25/75 to 75/25), and

the Tg of PLGA is approximately 35–55 8C.[3b,c] Thus,

ambient and physiological conditions for the manufactur-

ing, storage and use of PLGA induce serious physical aging.

Allison et al.[2] found that structural relaxation in

amorphous PLGA microparticles in drug delivery systems

can decrease burst release of drug molecules due to an

increase in particle density and a decrease in porosity.

However, a systematic studyof the effects of physical aging

on thebiodegradability of biodegradable polyesters hasnot

yet been reported due to variety of experimental difficul-

ties. As described in our recent study on the in vitro

degradationofPLGAsponges, themaindifficultyassociated

with biodegradable polyesters, which has its Tg at around

physiological temperature, is that physical aging and

degradation occur simultaneously in physiological envir-

onments.[6] To successfully evaluate the effects of physical

aging on polymer biodegradability, physical aging and

degradation behaviormust be investigated individually. In

this study, the effects of the aging conditions on enthalpy

relaxation and the mechanical properties of PGLA, which

areoneof themostpracticallyusedbiomaterials andwhose

Tg is near but above the physiological temperature, were

investigated through DSC and tensile tests, respectively.

Before the degradation test, an optimum experimental

condition, in which both relaxation and recovery of

enthalpy didnot occur significantly during the degradation

test, was explored. Then, the kinetic parameters of the

physical aging process of PLGA were evaluated at 25 8C.
Finally, the degradation behavior of aged and non-aged

PLGA films was compared.
Experimental Section

Materials

PLGApelletswithacopolymer ratioof 75/25 (D,L-lactic acid/glycolic

acid) were purchased from Sigma-Aldrich, Inc. (St. Louis, MO). The

weight-average (Mw)andnumber-average (Mn)molecularweights,

and the polydispersity index (PDI) of the PLGA pellets were

measured by gel permeation chromatography (GPC), and values of

109 520�1 670, 47 870�1 560, and 2.3�0.1 were obtained,

respectively.
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Gel Permeation Chromatography (GPC)

Mw,Mn, and PDI of the PLGA pellets were determined by GPC on a

high-performance liquid chromatography system (HLC-8220GPC,

Tosoh Co., Tokyo, Japan) equipped with two TSK gel columns

(GMHHR-M, Tosoh Co., Tokyo, Japan). Chloroform at a flow rate of

1.0mL � min�1 at 40 8C was used as the elution solvent. TSK

polystyrene standards (Tosoh Co., Tokyo, Japan) were used to

calibrate the system.

Differential Scanning Calorimetry (DSC)

The enthalpy relaxation of aged films was determined via DSC

instrument, DSC8240 (Rigaku Co., Tokyo, Japan). In addition, to

induce physical aging, some of the annealing treatments were

performed by DSC. All of the DSC measurements and annealing

treatments were conducted on 5.00�0.05mg of sample under a

flow of nitrogen gas at a rate of 50mL � min�1. In general, each DSC

measurement consisted of the following steps: (1) heating from–20

toþ200 8C; (2) cooling fromþ200 to –20 8C; (3) heating from –20 to

þ200 8C.All stepswere conducted at a scan rate of 10 8Cmin�1. Only

the DSC curves obtained from heating steps 1 and 3 were recorded

and were labeled as the 1st and 2nd scan, respectively. The

instrumentwas calibratedwith indium, tin, and lead.Heating rates,

cooling rates, and individual programs were altered depending on

the purpose of the experiment. The enthalpy of relaxation (DH) was

estimatedbyintegratingtheendothermicpeakofenthalpy recovery

at the glass transition (see image in the section ‘The Effects of the

Annealing Temperature on the Enthalpy of Relaxation’, below).

Preparation of PLGA Amorphous Films and the

Annealing Treatment Used to Induce Physical Aging

Determination of the Melting Conditions for the
Preparation of Pure Amorphous Films

PLGA cast filmwas fabricated by casting a 10wt%PLGA solution in

chloroformonaTeflonmouldplatewithadiameterof 40mmanda

depth of 1.6mm at room temperature. The cast solution was

degassed to remove air bubbles, air-dried for 2 d without accurate

control of the evaporation rate, and vacuum-dried for another 3 d.

Figure 3 shows a typical DSC curve for the cast film,measured at

a scanning rateof 10 8C � min�1 from–15 toþ200 8C.During the1st
scan, a distinct endothermic peak attributed to the melting of
-6

-5

-4

-3

-2

-1

0

1
-50 0 50 100 150 200 250

Tg (1st) 13.5°C

Tg (2nd) 30.1°C

Tm (1st) 151.7°C

(b)

(a)

Temperature (°C)

H
ea

t F
lo

w
 (m

W
)

Figure 3. DSC curves of the cast film: (a) 1st scan and (b) 2nd scan.
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crystals was obtained. The reproducibility of the melting tem-

perature (Tm)was poor due to uncontrolled crystallizationor due to

inhomogeneous composition of the copolymer; however, the Tm
generally appeared between 140 and 180 8C, and was always less

than 200 8C. Thus, pure amorphous filmswere prepared via DSC at

200 8C for 10min. The complete removal of the crystalline history

under these melting conditions was confirmed by a complete

disappearance of the endothermic peak during the 2nd scan, as

shown in Figure 3.

Preparation of Amorphous Films

According to the procedure outlined in last section, the PLGA film

was sandwiched between smooth aluminium plates, hot-pressed

at 200 8C for 10min, and quenched with liquid nitrogen. The

thickness of the resultant amorphous film was approximately

0.2mm.

Annealing Treatment Used to Induce Physical Aging

In the relaxation experiments, the amorphous film was immedi-

ately annealed under predetermined annealing conditions. For an

annealing time (ta) of 2h or less, annealing treatments were

conductedviaDSCunderaflowofnitrogengas, and theenthalpyof

relaxation was measured immediately. Alternatively, for a ta
greater than 2h, the annealing treatments were conducted in a

thermostated hotplate (Thermo Plate TP-80, AS-ONE Co., Osaka,

Japan), and the enthalpy of relaxation of the annealed sample was

immediatelyevaluatedviaDSC.Thequenchedamorphousfilmwas

weighed, sealed in an aluminium pan, and placed into the DSC

instrument. To suppress the undesirable effects of ambient

temperature, samples with a ta of 2h or less were preparedwithin

10min. In addition, films that were annealed on the thermostated

hotplate were immediately weighed, sealed into an aluminium

pan, and placed into the DSC instrument within 10min, and DSC

measurements were conducted immediately.

To compare the physical properties of aged and non-aged films,

thequenchedamorphousfilmwas immediately cut into twopieces

to produce a pair of films with an identical thickness and thermal

history. One of the filmswas annealed, and the otherwas stored in

the freezer (–20 8C) to preserve its amorphous structure during

the annealing treatment of the tally. The detailed process for the

determination of optimal annealing condition is described in the

Results and Discussion.

Tensile Tests

The tensile properties of aged and non-aged films (20�5�
�0.2mm3) were measured at room temperature with a Texture

Analyzer TA-XT Plus (Stable Micro Systems Ltd., Surrey, UK) at a

cross-head speed of 2mm � min�1. The thickness of each filmwas

measuredusingmicrometer, andthereportedtensilepropertiesare

the average obtained from seven specimens. The tensile modulus

was estimated from the tangent of the initial slope of the stress/

strain curve.

Degradation Tests

The degradation behavior of aged and non-aged films

(7� 7��0.2mm3) was determined in 0.1M aqueous sodium
11, 296, 1028–1034
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hydroxide (NaOH aq) at 37 8C under constant agitation (60 shakes

permin). In each experiment, the ratio of the volumeofNaOHaq to

the mass of film was greater than 100. After the degradation tests

were complete, the films were collected, washed with deionized

water, air-dried for 1d, andvacuum-dried for 3d. Theweight (Wt) of

dried and degraded films wasmeasured with an electrical balance

(AG135,Mettler-Toledo International Inc.,NY,USA),andtheweight

loss was calculated according to a simple equation:
-2.5

-2H
ea

(c)
∆H

www.M
Weight lossð%Þ ¼ ðW0�WtÞ
W0

100 (1)
Temperature (°C)

where W0 is the initial weight of the sample.
Figure 4.DSC curves of aged films annealed at (a) 40, (b) 30, (c) 25,
and (d) 15 8C for 5 760min (4 d). All of the curves were obtained
from the 1st scan. Inset shows an example showing how the DH
was estimated from the curve (c).
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Results and Discussion

Determination of the Optimal Conditions of the
Annealing Treatment and Degradation Tests

To evaluate the effects of physical aging on the biodegrad-

ability of biodegradable polyesters, relaxationand recovery

of enthalpy must be avoided during the degradation tests.

On the other hand, shorter annealing times are preferable

due to practical reasons. Thus, the optimal conditions for

the annealing treatments and degradation tests were

explored by conducting the following three steps.

The Effects of the Annealing Temperature on the Enthalpy
of Relaxation

The 2nd scan of DSCwas performed onfive samples of aged

films, and the average Tg was 41� 0.9 8C. The Vogel-

Tamman-Fulcher (VTF) equation (Equation 2),[7] which

relates the relaxation time (t) to Ta, suggests that an

increase in Ta (namely, the closer to the Tg), results in an

decrease in t. In theVTFequation, t0 is a relaxationconstant,

D is Angell’s strength,[5c] and T0 is the zero mobility

temperature, also known as the Vogel temperature.

Typically, the Vogel temperature of a polyester film is

�50 8C less than Tg.
[5b]
4
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DT0
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Figure 5. Enthalpy relaxation at 25 8C as a function of the anneal-
ing time: (a) 0–120, (b) 1 200 (20h), (c) 2 640 (44 h), (d) 2 880 (48h),
(e) 4 320 (72 h), (f) 5 760 (96h), (g) 12 000 (200h), and
(h) 21 600min (360h). The solid line represents the fit of the
Cowie-Ferguson model.
In contrast, the enthalpy of relaxation is restricted by the

energyofmetastable glass; therefore, apotential relaxation

decreases as the Ta approaches the Tg (see Figure 1). To

determine the appropriate Ta of a temporal annealing time

of 4 d, the following annealing temperatures were

evaluated: (a) 40, (b) 30, (c) 25, and (d) 15 8C. The 1st scan

DSC curves obtained from PLGA films aged at different

Tas are shown inFigure4. The results indicated that thearea

of the endothermic peak (DH) was highly dependent on the

Ta. For instance, thehighestDHwasobtainedat aTa of 25 8C,
followedby15,30,and40 8C.These resultsdonotagreewith
aterialsViews.com
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those predicted by the VTF equation (Equation 1), which

suggests thatDH should increasewithan increase inTa. This

disparity was attributed to the achievement of the

potential relaxation at a Ta of 40 and 30 8C, during the

annealing time. Based on these results, the optimal Ta
was 25 8C.

Effect of Annealing Time on the Enthalpy of Relaxation

To determine the optimal ta at Ta¼ 25 8C, the relationship

between the ta and theDHof samples annealed at 25 8Cwas

determined.AplotofDHat25 8Casa functionof the ta (from

0 to 360h) is shown in Figure 5. The results indicated that

DH increased with an increase in the ta. The dependence of

DH on the ta can be explained by the Cowie-Ferguson

equation (Equation 3), which is based on the Kohlrausch-
11, 296, 1028–1034
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Williams-Watts stretched exponential function. In the

Cowie-Ferguson equation, DH1 is the enthalpy as ta
approaches 1 (namely, the enthalpy difference between

the glassy and metastable state of the polymer) and b is a

non-exponential fitting parameter that reflects the dis-

tribution of relaxation times among molecules (0<b � 1,

and b¼ 1 implies a single relaxation mode).[8]
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Figure 7. (a) Tensile modulus, (b) yield strength, and (c) fracture
strain of non-aged films and films aged at 25 8C as a function of
aging time (d). Data represent the average� SD of seven samples.
As shown in Figure 5, the Cowie-Fergusonmodel best fit

the experimental data at a DH1, t, and b of 11.54 J � g�1,

1 600min, and 0.77, respectively. Moreover, the results

indicated that enthalpy relaxation was significant in the

first 2 d of the aging process; however, relaxation decreased

dramatically after the first 2 d and remained constant after

5 or 6 d.

To evaluate the effect of the annealing time on physical

aging, the relationship between the annealing timeand the

mechanical properties of the films was also investigated.

Typical stress/strain curves of the non-aged film (a) and the

film aged at 25 8C for 7 d (b) are shown in Figure 6. The

fracture strainof theagedfilmwasdramatically lower than

that of the non-aged film; however, the tensile modulus

and yield strength of both films were almost identical. A

decrease in the fracture strain (or embrittlement) is

commonly observed as a result of physical aging in various

kinds of amorphous polymers.[9] Moreover, in poly(L-lactic

acid) (PLLA), a representative biodegradable polyester,

significant embrittlement due to physical aging at physio-

logical temperature was reported by Celli and Scandola[10]

and Pan et al.[11] Although Celli and Scandola ascribed the

observed embrittlement to a decrease in the ability to

dissipate energy through molecular motion, Pan et al.

attributed the embrittlement to a change in the conforma-

tion of the molecular chains from disordered to locally

ordered, which is similar to the concept of molecular
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ure 6. Typical stress/strain curves of the films: (a) before and
after aging at 25 8C for 10080min (7 d).
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rearrangement shown in Figure 2c. The tensile modulus,

yield strength, and fracture strain of non-aged films and

films aged at 25 8C for 3, 5, and 7 d are shown in Figure 7.

Although the tensile modulus and yield strength of the

films did not change significantly throughout the entire

aging period, the fracture strain decreased dramatically

from 49.8� 7.8 to 20.1� 12.7% in the first 3 d and to

7.3� 0.7% in the first 5 d. However, at an aging time greater

than 5 d, the fracture strain of aged films remained

constant. These results indicated that structural changes

due to physical aging were complete within 5 d, which

agrees with the results shown in Figure 5. Thus, in the

preparation of aged films for subsequent degradation tests,

the ta was set to 5 d.

Effect of Degradation Test Temperature on Enthalpy
Recovery

Aspreviouslymentioned, to evaluate the effects of physical

aging on the biodegradability of a polymer, further
11, 296, 1028–1034
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enthalpy relaxation and enthalpy recovery, which is

represented by a state change from G to H in Figure 1,

shouldbeavoidedduringdegradation tests atphysiological

temperature (37 8C). The time dependence of the enthalpy

change of aged films at 37 and 39 8C (for comparison) was

investigated by DSC (see Figure 8). As shown in the figure,

thermal treatment at 37 and 39 8C is labeled as reannealing

to distinguish it from the first annealing process used to

induce physical aging. The results indicated that almost

complete enthalpy recoveryoccurredduring reannealingat

39 8C for 24h and at 37 8C for 48h [see (b) and (c) in Figure 8,

respectively]. However, compared to non-reannealed sam-

ple (Figure8a), only13%enthalpywas recoveredwhenaged

samples were reannealed at 37 8C for 24h (Figure 8d);

thus, the specimen remained in a high energy state

(DH¼ 10.01 J � g�1) corresponding to that of plot d (aged

at 25 8C for 48h) in Figure 5. Therefore, the maximum

reannealing time (namely, the timeof the degradation test)

at 37 8C was determined to be 24h.
Degradation Test

Due to the aforementioned time constraints (<24h), NaOH

was used to achieve accelerated degradation at 37 8C. In a

preliminary test, the appropriate concentration of aqueous

NaOH was determined to be 0.1 M (the degradation rates

corresponding to 0.5 and 0.05M were too fast and too slow,

respectively). Figure 9 shows the relationship between

weight loss and alkaline treatment time of aged and non-

aged films. The results indicated that the degradation rates

of aged films were faster than those of non-aged films,

indicating that structural changes causedbyphysical aging

are not due to homogeneous volume contraction, as

depicted in Figure 2b. Furthermore, the results implied

that volume contraction with concomitant microscopic
www.MaterialsViews.com
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heterogeneous structural fluctuations occurred during the

aging process, leading to accelerated water diffusion, as

depicted in Figure 2c. Several authors also propose the

formation of density fluctuations or locally ordered

domains during physical aging.[12] A recent report on PLLA

by Pan et al.[13] suggested that the induction period for

crystallization decreases as physical aging proceeds, and

the cold-crystallization rate is enhanced by the aging

process due to conformational and microstructural chain-

rearrangements that occur during the aging process, which

can act as nucleation precursors in subsequent crystal-

lizations. In this study, the rapid degradation of aged films

can be explained by a similar structural change.

Hydrolytic degradation of non-crystalline biodegradable

polyesters can occur via surface or bulk degradation.

Surface degradation occurs only on the bulk surface of

the polymer, and bulk degradation proceeds uniformly and

perpendicularly to the surface of the polymer.[6a,14] Surface

and bulk degradation are related toweight loss and the loss

ofmolecularweight, respectively.[6a,14] Inbulkdegradation,

acidic degradation products, which act as a catalyst in

successive hydrolytic reactions, may accumulate inside of

thepolymermatrixdue to the lowdiffusion rate.Asa result,

the polymer core displays a faster degradation rate than

outer regions of the polymer. This type of degradation is

referred to as autocatalyzed bulk degradation.[6a,15] In

Figure 9, the difference of degradation rate between aged

and non-aged films at early stage is not so clear; however,

becomes more apparent at the later stage (after approxi-

mately 13h). This can be attributed to more preferential

autocatalyzed bulk degradation in aged films than in non-

aged films at early stage, providing further evidence for

microscopic structural fluctuations in the aged films. In the
11, 296, 1028–1034
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aged films, structural fluctuations that arise during the

aging process result in low density regions, where

penetration and successive diffusion of water molecules

is easier than in higher density areas of aged films or the

homogeneous structure of non-aged films. As a result,

autocatalyzedbulkdegradation ismorepreferential inaged

films than in non-aged films at early stages of the

degradation process (first 13h). However, the degree of

autocatalyzed bulk degradation in the early stages of the

process does not significantly affect weight loss. On the

other hand, due to the high degree of autocatalyzed bulk

degradation in the early stage of the degradation process,

the surface area of aged films increases dramatically. Then,

after 13h, the dominant mechanism of degradation

changes to surface degradation.[6a] As a result, subsequent

surface degradation in aged films leads to substantial

weight loss which is much lager than the one of non-aged

films.
Conclusion

The effect of structural changes induced by physical aging

onthedegradabilityofPLGAfilms,withaTgof41� 0.9 8C,at
physiological temperature (37 8C) was investigated. Before

the degradation test, an optimum test condition, in which

both relaxation and recovery of enthalpy did not occur

significantly during the degradation test, was designed. As

a result, only the effects of physical aging prior to the

degradation tests were evaluated. The results, that the

degradation rate of aged films was faster than that of non-

aged films, indicated that a homogeneous structural

contraction did not occur upon physical aging. Alterna-

tively, a heterogeneous structural contraction accompany-

ing microscopic structural fluctuations resulted in struc-

tural changes during the aging process. Furthermore, the

degradation rate of aged films at early stages of the

degradation process was similar to that of non-aged films;

however, the degradation rate of aged films became faster

at later stages, suggesting that thedominantmechanismof

aged film degradation changed from autocatalyzed bulk

degradation to surface degradation.
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