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Abstract

The degradation characteristics of αTCP-PLGA(50:50)
nanocomposites containing varying ceramic weight load-
ings in an aqueous medium have been assessed using X-
ray microtomography (XµT). Also measured were bulk
density changes, pharmaceutic drug release and medium
acidification for the degrading materials.

Calcium phosphate addition to the polymer leads to in-
creasing delays in the onset of degradation medium acid-
ification and tetracycline release. Bulk density changes
with time for all composite materials measured using a
buoyancy method were well described during the initial
degradation regime by a t

1
2 function. PLGA density evo-

lution follows a linear function of time which indicates a
differing water absorption process occurring in the pure
polymer compared with the nanocomposites.

Nanocomposite microtomographic analysis over the
same period elucidated a core-periphery structure caused
by water imbibition. Peripheral regions closest to the
specimen surface exhibit reduced attenuation coefficients
compared with the core which may be characteristic of a
frontal system caused by a polymer phase transition. The
front position and specimen swelling are adequately de-
scribed by a t

1
2 and complementary error function respec-

tively which if assessed under the assumption of a diffu-
sion controlled process yields a diffusion coefficient of wa-
ter in all nanocomposites at 37◦C of 4.8× 10−14 cm2s−1.
Nevertheless, a

√
t dependence is a necessary but not

sufficient condition of a Fickian diffusion process. For all
nanocomposite types both XµT data and bulk density
measurements exhibited no variations with ceramic filler
content.
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1 Introduction

Composites composed of nanoparticulate αTricalcium
phosphate evenly dispersed in poly(lactic-co-glycolic)
acid (50:50 monomer ratio) are candidate materials for
use in resorbable orthopaedic devices.

The investigation of bioceramic nanocomposites is mo-
tivated by the weight of evidence supporting the biologi-
cal and physical enhancement of biodegradable polymers
by nanoparticulate incorporation compared with equiva-
lent microcomposites. Properties enhanced by nanopar-
ticle addition include greater material moduli, suppres-
sion of autocatalytic degradation and cytotoxicity by
acid degradation product neutralization. A review of the
rationale and evidence for the aforementioned improve-
ments to PLGA properties by αTCP incorporation was
performed by Barrett et al. [1]. Additionally, prelimi-
nary evaluations of αTCP-PLGA nanocomposite physi-
cal property changes with degradation time may be found
in the works of Yang et al.[2] and Ehrenfried et al.[3] with
further complementary biological characterization of the
degrading materials by Meyer et al. [4].

The absence of systematization in the assessment of
degradable polymer-ceramic systems has been identified
by Vert [5] as a salient problem in modern biodegradable
material investigation which hinders the comparison of
material behaviour between researchers. Moreover, ma-
terial modellers often cite the dearth of quantitative poly-
mer degradation and erosion rate measurements as major
impediment to predictions of biodegradable device per-
formance and refinement of such models to better predict
device behaviour in vivo(author?) [6]. The principal
impediment to biomaterial degradation property evalu-
ation is the small length scales associated with degrada-
tion phenomena which limits the effectiveness of conven-
tional characterization methods.

This article details characterization of the degrad-
ation behaviour of pure PLGA(50:50) and αTCP-
PLGA(50:50) containing 10, 20, 30 and 40 wt% αTCP
nanoparticles which is a substantial step in rationaliz-
ing biodegradable material characterization. X-ray mi-
crotomographic analysis is used to evaluate internal mor-
phological changes as functions of degradation time to as-
sess the effects of water imbibition which is a major factor
in the evolution of material properties. Thus far most
studies of pure PLGA or polymer-ceramic composite de-
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gradation have evaluated only specimen bulk changes.
Information regarding internal composite morphological
changes therefore is a substantial improvement in the
knowledge of these materials which will aid material ra-
tionalization and optimization of devices incorporating
the material.

In parallel with X-ray microtomography, degradation
medium acidification measurements, tetracycline drug
release data and specimen bulk density changes measured
using a buoyancy technique are presented to systematic-
ally elucidate the degradation kinetics of the nanocom-
posite materials.

2 Sample preparation

2.1 Materials

Nanoparticle αTCP was synthesized at room tempera-
ture using an aqueous precipitation reaction according
to

2H3PO4{aq} + 3Ca (OH)2{aq} →

Ca3 (PO4)2{aq} + 6H2O. (1)

Aqueous 0.187 M calcium hydroxide (Sigma Aldrich,
UK) and 0.121 M phosphoric acid (analytical reagent
grade, BDH Laboratory Supplies, UK) were stirred sep-
arately for one hour then mixed together and stirred for
a further hour in order to homogenize the solution. The
solution was left to age for 24 hours then filtered leav-
ing a gelatinous paste. After evaporating the water in a
drying cabinet the solid was crushed with a mortar and
pestle and ball milled for four hours. The dried powder
was sieved using a 75 µm mesh followed by sintering at
1400◦C for four hours after which the sample was cooled
rapidly to room temperature.

TCP polymorph phase identification was performed
using an X-ray powder diffractometer (Philips X-Pert
PW3020 vertical diffractometer) employing Cu Kα X-
rays operating at source voltage and current settings of
40 kV and 40 mA. Diffraction patterns were acquired
over the angle range 10◦ − 50◦ using a step size of 0.02◦

and dwell time of 30 seconds.
Post-acquisition, quantitative peak fitting was per-

formed using the software Highscore Plus employing
the reference intensity ratio method (RIR) to assess
the material phase content. Acquired powder diffrac-
tion patterns were matched to material reference diffrac-
tion data from the International Centre for Diffraction
Data (ICDD), selecting the patterns corresponding to
α, βTCP, and HA in addition to other commonly occur-
ring compounds in calcined materials such as calcium ox-
ide. The RIR method determined that the phase purity
of the TCP was >95% which meets the required criterion
for polymorph phase purity.

The αTCP crystal size was assessed using peak broad-
ening analysis of X-rays diffracted from a crystal of width
d using the same Phillips diffractometer system accord-
ing to the Scherrer formula

d =
Kλ

γcos(2θ)
(2)

where γ denotes the crystal diffraction peak full-width
half maximum, K is a geometrical constant, λ the X-ray
wavelength measured in nanometres and 2θ the Bragg
angle (in radians). An intermediate value of the Scherrer
constant of 0.9 was used in although this may deviate
significantly from this value for some crystal shapes [7].
The instrument mediated peak broadening as a function
of scattering angle was determined by the linear interpol-
ation between instrument broadening measured for large
crystal silicon which produces diffraction peaks at 28.3◦
and 47.2◦ neglecting possible non-linearity of diffraction
profiles with Bragg angle. The Scherrer analysis demon-
strated that the crystal axes corresponding to the most
intense diffraction peaks were in the 20− 50 nm range.

Nanocomposites were formed using a solvent evapo-
ration method with prior attritor milling in acetone for
4 hours to reduce the TCP particle size. The material
was formed into nominally 900 µm thick sheets by com-
pression molding. Specimens in the form of disks of di-
ameter 8 mm were cut from the sheet using a circular
punch. The high diameter to thickness aspect ratio was
chosen to limit edge effects in order that material swelling
and water absorption phenomena would primarily occur
along the disk axis to facilitate degradation phenomena
assessment in one dimension only.

Ceramic particle sizes in the composites were mea-
sured by Wilberforce et al. [8] using a cold cathode field
emission electron SEM (S-5500, Hitachi, Japan). Sam-
ples differed from those studied in this investigation in
that injection molding rather than compression mold-
ing was used in specimen manufacture. The modal par-
ticle sizes for 10, 20 and 30 wt% composites is below
150 nm with relatively few particles exhibiting dimen-
sions greater than 500 nm. Agglomeration and a sig-
nificantly greater particle size dispersion is observed for
40 wt% composites which also possess a significant per-
centage of particles with dimensions greater than 500 nm.
Nonetheless, the distribution indicates that a nanocom-
posite and not a microcomposite is formed using the at-
tritor milling and compression molding procedure.

Specimens manufactured for the tetracycline drug re-
lease study were made using the same solvent evapor-
ation technique detailed above with the sole exception
that approximately 0.2 g of tetracycline per 20 g of com-
posite was added to the slurry 30 minutes prior to com-
pletion of attrition milling.
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(a) (b)

Figure 1: (a) Aqueous degradation medium pH and (b) buffer medium tetracycline concentrations versus degradation time
for pure PLGA, 10, 20, 30 and 40 wt% αTCP nanocomposites showing averaged values for each composite type. .

2.2 Degradation study

Samples of each composition were degraded in 40 ml dis-
tilled, deionized water (sample to water volume ratio
1:900) at 37.4◦C in PTFE containers for various times
in order to assess composite morphology as functions of
degradation time.

Aqueous medium acidity measurements on 27 samples
for each composite type were performed at regular in-
tervals using an electronic pH meter (HI-98230, HANNA
Instruments) which was calibrated prior to each testing
series using standard solutions. The variation between
specimens was determined to be greater than individual
time point measurement errors, therefore the uncertainty
associated with each material at each time point was cal-
culated as the standard deviation between specimens of
the same composition.

The degradation release profiles of the pharmaceutic
tetracycline were evaluated for 27 samples of each com-
posite type using a UV spectrometer (Permer-Elkin) cal-
ibrated using tetracycline peak absorption at 273 nm to
measure the drug concentration as a function of degrad-
ation time. Possible concerns regarding calcium ions in-
fluencing tetracycline measurements were evaluated by
assessing the effect of known concentrations of aqueous
calcium hydroxide on the tetracycline chromophor; no
variations in measured tetracycline concentrations with
increasing calcium concentration were observed.

Density measurements were performed using a water
buoyancy method calculating the specimen bulk density
according to

ρ = ρ0
mair

mair −mwater
. (3)

At regular intervals specimens were removed from the
degradation study and the mass measured in water,
mwater, using a modified balance simultaneously record-
ing the water temperature using a thermometer from
which the water density, ρ0, was determined from a look-

up table. Specimens were then dabbed dry and mass in
air, mair, measured. The number of specimens per ma-
terial composition in the density analysis varied consid-
erably between time points. Initially, approximately 20
samples per composite type were measured prior to the
start of degradation. This number gradually decreased
as the degradation study proceeded as specimens were
removed to be characterized destructively using other
techniques or the specimens disintegrated during meas-
urement of the density. This reduced the total number of
specimens at later time points reduced to approximately
6 for all composite types.

3 Tomographic analysis

The X-ray microtomographer used in this investigation
is a SkyScan-1072 (SkyScan, Aartselaar, Belgium). X-
rays are generated using a Hamamatsu L7 901-01 tung-
sten target transmission tube possessing a 150 µm thick
Beryllium window and an incident electron angle of 39◦.
The generator uses micro-focusing to produce a 8 µm dia-
meter X-ray spot size. Depending on the incident elec-
tron energy, the X-ray spectrum consists of characteristic
X-ray emission and bremsstrahlung caused by electron
scattering in the anode. The electron beam may be ac-
celerated through 20–100 kV over the current range of
0–100 µA up to a maximum power of 10 W.

The conical X-ray beam geometry permits geometrical
magnification achieved by altering the source-sample dis-
tance to subtend a larger shadow image at the cost of
an increasingly divergent beam through the sample at
higher magnifications. Subtended shadow images must
be maintained within the camera field of view which is a
two-dimensional X-ray CCD camera with a 1024×1024
pixel resolution 12-bit dynamic range sensor (fibre optic
coupling, 3.7:1 image reduction). Conversion of the X-
ray beam to visible light is achieved using a 22 µm thick
gadolinium oxysulphide scintillator which is placed over
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the photodetector. Also incorporated are physical beam
hardening filters (0.5 mm and 1 mm thick aluminium
sheets) which can be imposed between the source and
the specimen.

The limited CCD camera spatial extent to record
shadow image projections required the specimens to be
reduced in size prior to placement in the tomographer
specimen chamber such that the shadow image projec-
tion remained in the field of view at all times. This was
achieved by sectioning the specimens after their removal
from the degradation medium and embedding the de-
graded composite in epoxy resin (Struers Epofix) which
was left to cure for 12 hours. After sectioning, exposure
of the transect to air led to rapid drying prior to tomo-
graphic image acquisition hence all tomographs presen-
ted herein represent dehydrated materials.

For all specimens investigated, the source-sample dis-
tance was maintained at 52.0 mm producing a 60× geo-
metric magnification factor corresponding to a voxel size
of 4.67µm. This magnification was considered adequate
to identify features of interest but not so high as to incur
disproportionate penumbral blurring.

Shadow images were acquired over a full 360◦ stage
rotation using rotation steps of 0.45◦. Complete 360◦

rotation rather than 180◦ was used to minimize possi-
ble “star artifacts” which are caused by high attenuation
coefficient contrasts between adjacent phases.

Intensity differences in the illuminating source or inef-
ficiencies in individual CCD pixel element detection sens-
itivity can cause errors in measurements of transmitted
X-ray intensities which yield reconstruction image arte-
facts [9]. Correction involves the acquisition of a dark
field image (no incident X-rays) which is used as the ref-
erence intensity for each pixel, both for measurement of
the X-ray intensity recorded at the photodetector after
traversing the sample, I, and the intensity incident on
the sample, I0.

Beam hardening in the sample was reduced by the use
of a 1 mm aluminum filter to preferentially absorb lower-
energy X-rays producing a more monochromatic beam at
the cost of a decreased count rate and greater signal-
to-noise ratio. The tomographic reconstruction soft-
ware NRECON does permit the application of a beam-
hardening correction which fits a polynomial as a func-
tion of the path length through the material which re-
quires a greater number of terms for highly attenuating
materials. This function was not utilized due to the re-
duced signal to noise ratio caused by the correction and
difficulties in applying the technique to inhomogeneous
materials which may suffer from the subjectivity of cor-
rection validation by the empiricist.

The percentage error on the pixel count-rate, σ, is
equal to the inverse square-root of the number of counts

σ=
1√
N
. (4)

Minimization of σ can achieved by increasing the acquisi-

tion times for each rotation angle either by extending the
dwell time, recording multiple shadow images for each
step and averaging or a combination of the two. The
reductions in count rate by highly attenuating materi-
als such as high TCP content nanocomposites requires
longer acquisition times to improve shadow image signal
to noise ratio. In manipulating the dwell time it must
be noted that it is not the count rate which is detected
but the total number of counts. The ramifications for
this difference is that saturation may occur in CCD el-
ements if the total number of counts is too high which
requires verification during set-up. Frame averaging was
therefore preferred to improve the image quality.

Tomographic reconstruction was performed using the
SkyScan NRecon package supplied by the manufacturer
which uses the Feldkamp cone-beam algorithm recon-
struction method to account for the X-ray source con-
ical geometry [10]. Reconstruction was performed for
each CCD pixel row which produces a stack of 1024
tomographs. However, the upper and lower pixel rows
are compromised by the cone-beam geometry therefore
the default reconstruction stack range excludes the up-
per and lower CCD elements from reconstruction unless
over-ridden by the experimenter.

Prior to reconstruction, post-alignment was performed
in NRECON to correct possible rotation axis misalign-
ment during acquisition which can cause blurring or dou-
bling in reconstructed images. Correction values are ob-
tained by comparing pseudo-parallel projections of cone-
beam shadow images at 0◦ and 180◦ and calculating
the misalignment value to achieve optimal image con-
vergence. Tomographic reconstructions were outputted
as 256 grey-scale 8 Mbit BMP images.

Tomographic image analysis was performed using Im-
ageJ [11]. For all specimens tested, sample inclination an
deviation from the vertical exhibited a negligible effect
on measured distances. The maximum registered devi-
ation from the vertical across all samples measured was
6.5◦; typical deviations ranged from 0.5-4◦ which leads
to a distance error of less than 1% which is negligible.

Warping of the sample can cause the plane vector for
each tomograph to deviate from the vertical at different
stack heights. Image alignment was performed using the
ImageJ application “TurboReg” developed by Thevenaz
et al. [12] using the translation aliasing mode in which
straight lines are mapped to straight lines in the tar-
get image of identical operation conserving the distance
between point pairs of the form x = u + ∆u.

Prior to tomographic evaluation, the resin used to em-
bed the specimens prior to sectioning were removed di-
gitally using Adobe Photoshop®.
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Material Final pH Acidification
onset (days)

Tetracycline
release

onset (days)

PLGA 2.5 15 15
10% 2.9 22 33
20% 3.3 32 45
30% 3.6 43 55
40% 4.2 43 55

Table 1: PLGA(50:50) and PMNC degradation study infor-
mation showing final aqueous medium acidity at the end of
composite degradation, time at start of significant medium
acidification and tetracycline release onset times.

4 Results

Degradation medium acidification onset is an indicator
of oligomer release from the polymer matrix. Accord-
ing to figure 1a therefore, mass loss from the material
does not occur until approximately 40 days into the de-
gradation process for 20 wt% and higher ceramic loading
nanocomposites. The equivalent erosion onset time for
10 wt% composite is approximately 25 days post immer-
sion.

The delay in pH change initiation with increasing
αTCP content is particularly apparent for pure PLGA,
10 wt% and 20 wt% composites. The convergence of
30 wt% and 40 wt% behaviour indicates that autocata-
lyst saturation occurs around 30 wt% which corroborates
previous empirical studies of this material by Yang et al.
[2] and Ehrenfried et al. [3].

Tetracycline release data are presented in figure 1b.
Tetracycline is highly insoluble in water hence detection
in the buffer medium is primarily attributable to polymer
erosion which releases the pharmaceutic. The initial in-
crease in detected tetracycline concentrations at early de-
gradation times is most likely surface release. The start
of tetracycline release is closely correlated with medium
acidification and becomes progressively later for higher
ceramic loaded nanocomposites which is a consequence of
autocatalysis inhibition. Behavioural convergence is also
observed in the release profiles of 30 and 40 wt% nano-
composites in an analogous pattern to buffer medium
acidity which is caused by saturation of the autocata-
lysis neutralization effect.

A summary of final degradation medium pH, onset of
significant medium acidification and initialization of tet-
racycline release are presented in table 1.

Figure 2a presents the bulk density evolution for nano-
composites and pure PLGA. Included for each nanocom-
posite type are curves of best-fit according to

ρ (t) = A+Bt
1
2 (5)

where A and B represent fitting parameters. The
√
t

dependence of nanocomposite density evolution is sug-
gestive of a diffusion controlled process. The fit quality
of equation 5 for 10 wt% and 20 wt% composites begins
to deviate from a

√
t dependence at around 25 days after

the start of degradation. This is most likely attributable
to the increasing importance of polymer hydrolysis and
mass loss as indicated by drug release and medium acid-
ification which occurs around this time. The

√
t trend is

followed for 30 wt% and 40 wt% over the whole of the
recorded data set which is expected due to ceramic inhib-
ition of autocatalytic degradation until late degradation
times.

Figure 2 also demonstrates that the PLGA density
evolution is not well described by equation 5. This indic-
ates that different processes occur in the pure polymer
compared with the nanocomposites which is discussed
further in section 5.

Normalized composite masses measured in air accord-
ing to figure 2b demonstrate that the mass of 10 wt%
and 20 wt% samples doubles in approximately 13 days.
The equivalent doubling time for the 30 wt% and 40 wt%
composites is 35-40 days. This increase in mass is a di-
rect consequence of water imbibition into the composite.
Evaluation of the normalized mass per unit volume of
polymer shows that mass increase is negligible in pure
PLGA compared with the nanocomposites suggestive of
different water sorption kinetics between the pure poly-
mer and nanocomposites.

An example of the morphological features exhibited by
the materials in X-ray tomographs is presented in figure
3 which shows the direction of water diffusion evaluated
assuming infinite planar geometry. Regions of reduced
attenuation coefficients are termed the “periphery” and
the central part which exhibits higher attenuation coef-
ficients is defined as the “core”. Frequently observable in
the core regions are particles exhibiting higher attenu-
ation coefficients above the mean which are most likely
clusters of ceramic particles not broken down by attritor
milling during sample fabrication.

Examples of tomographic montages for 30 wt% nano-
composites are presented for degradation times of 7, 21
and 42 days in figure 4 in which specimens are oriented
such that water penetration occurs in the horizontal dir-
ection.

Regions of lower attenuation coefficient are observ-
able on the lateral portions of each material with clear
advancement towards the centre occurring between the
time points. Void formation in the periphery is observ-
able in the more degraded materials which absent in
tomographs of the same material degraded for 7 days.

A significant problem with material behavioural ana-
lysis based on individual tomographs as per figure 4 is
the arbitrary nature of the tomographs selected by the
user; typically 900 individual tomograph slices were re-
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(a) (b)

Figure 2: (a) Densities of pure PLGA(50:50) specimens and nanocomposites measured using a buoyancy method versus
degradation time, nanocomposite density versus time is fitted with a t

1
2 function described in section 4. (b) Normalized

average sample mass with respect to undegraded sample at start of degradation measured in air

constructed for each specimen. A more impartial method
of assessing the effects of degradation on material struc-
tures is to calculate the average properties over the entire
stack using the median stack projection function in Im-
ageJ. A disadvantage of stack median projection is that
random pore formation in the peripheral region is ob-
scured.

Figure 3: Definitions of core and peripheral regions observed
in tomographs of 30 wt% nanocomposite degraded for 21
days. Also indicated are voids formed during degradation
and the water diffusion direction.

Attenuation coefficient transects determined from me-
dian projection images for each composite type at vary-
ing degradation times is shown in figure 5. Tomographic
analysis of PLGA was attempted but the material’s low
stiffness and rapid degradation did not permit tomo-
graphic image acquisition. Transect attenuation coef-
ficient profiles show that the core region’s attenuation
coefficient (which is proportional to material density)
decreases progressively as degradation proceeds. The
attenuation coefficient increase at the specimen edge is
probably a beam-hardening artefact.

The reduced attenuation coefficient for the periphery
is either caused by TCP diffusion out of the material
or composite swelling and consequent density reduction.
Yang et al. [2] showed that αTCP release from the mat-
rix evaluated using calcium ion concentrations is absent
during the first 25 days post immersion for 10 wt% nano-
αTCP composites which increases to approximately 40
days for 20 wt% composites and higher ceramic loaded
composites. This eliminates the loss of TCP from the
matrix as the cause of the attenuation coefficient reduc-
tion. Direct quantitative comparison between this study
and that of Yang is not possible due to the use of deion-
ized, distilled water as the degradation medium in this
investigation as opposed to phosphate buffered saline so-
lution. Other variables measured by Yang such as degra-
dation medium acidification are closely correlated with
equivalent measurements performed in this investigation.
Therefore, the attenuation coefficient reduction must be
attributable to material swelling.

4.1 Measurement uncertainties

5 Analysis

PLGA is a bulk eroding polymer therefore it is expected
that polymer degradation occurs faster in the sample in-
terior due to autocatalysis producing a lozenge-like struc-
ture. For all but one sample investigated, the attenua-
tion coefficient of the central region never decreases be-
low that of the periphery. The sole exception is a 40 wt%
nanocomposite after degrading for 49 days (see figure 5)
which may exhibit central hollow formation due to auto-
catalyst accumulation and accelerated degradation.

The total transect width for each nanocomposite ma-
terial studied is plotted in figure 6a. Included on the
plot is a curve of best-fit which describes the composite
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(a)

(b)

(c)

Figure 4: X-ray microtomographs of 30 wt% TCP nanocomposites at varying stack positions degraded for a) 7 days b) 21
days and c) 28 days. The reader should note that differing greyscale normalization criteria have been employed between the
time points which does not enable quantitative attenuation coefficient comparisons.
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Figure 5: Average attenuation coefficient variation across transects of 10, 20 30 and 40 wt% nanocomposites for various
degradation times acquired using an accelerating voltage of 60 kV.
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transect width according to

τ (t) = A+Berfc (at+ c) . (6)

fitted using GNUPLOT which yields A = 1021± 14µm,
B = 147±9 µm, a = −0.11±0.02 days−1 and c = 1.66±
0.35 days−1. The curve of best-fit possesses a reduced χ2

of 2.0 for 19 degrees of freedom.
Assuming that the reduction in specimen density ob-

served in microtomographic data is caused by Fickian
water diffusion neglecting possible ceramic leeching,
omitting edge effects for a plane sheet of thickness l, and
using the symmetry of the problem the position of the
mid-point of the transitional region may be expressed as

C (x, t)

C0
= erfc

(
l
2 + x

2
√
Dt

)
=

1

2
(7)

where D, t and x represent the water diffusion coeffi-
cient, immersion time and the transect distance defined
in relation to the sample centre line. The distance from
the sample centre line, x is equal to half the core region
thickness i.e. x = τ

2 . Therefore, using the Taylor series
expansion of the error function

erfc (z) = 1− 2√
π

(
z − z3

3
+
z5

10
− z7

42
+ ...

)
(8)

neglecting higher order terms in z, equation 7 may be
expressed as

√
πDt = l + τ. (9)

The core width, τ was defined using a core boundary cri-
terion which was defined as mid-point of the transition
between core and non-core in the median tomographic
image projections presented in figure 5. The result of
fitting τ as a function of t

1
2 according to equation 9

is shown in figure 6b. The curve is a line of best fit
with gradient B = −0.038± 0.002m · s− 1

2 and intercept
A = 1012±32 µm corresponding to an effective diffusion
coefficient of D = 6.1× 10−14cm2s−1. The quality of the
fit is poor (a χ2 of 6.7 for 21 degrees of freedom) which
is caused by deviations from the t

1
2 dependence for core

region dimensions at advanced degradation times which
is probably caused by material degradation.

A schematic of the average degradation profile of the
nanocomposites with time showing average specimen
swelling and core region thickness behaviour is presen-
ted in figure 7. The swelling complementary error func-
tion time dependence and the t

1
2 core region thickness

dependence suggest that the core-periphery structure is
controlled by Fickian diffusion during the initial degrad-
ation phase. However, a t

1
2 dependence is a necessary

but not sufficient criterion to establish linear diffusion as
the cause of the core-peripheral structure.

The relatively abrupt transition of the attenuation
coefficient from core to periphery as demonstrated in at-
tenuation coefficient profiles in figure 5 appears incon-
sistent with a diffusion controlled process. It is possible
that the front formation is representative of a water or
degradation induced polymer phase change from a glassy
to rubbery state which requires further investigation.

An additional indication that the attenuation coef-
ficient behavioural evolution might be attributable to
a phase change rather than diffusion is the specimen
transect width and core thickness behaviour (figures 6a
and 6b). Both the specimen transect width and the
core thickness exhibits no variation with nanocompos-
ite ceramic content. This contrasts with the inverse re-
lationship between ceramic volume fractions and water
diffusion coefficients for HA-Poly(3-hydroxybutyrate-co-
3-hydroxyvalerate) nanocomposites incorporating a sil-
ane coupling agent measured by Tang et al. [13] using
water imbibition measurements assuming Fickian diffu-
sion. This inverse relationship between ceramic filler con-
tent and water diffusion coefficient is expected due to the
increase in the tortuosity of diffusion paths caused by the
presence of the impermeable HA crystals.

The range of ceramic volume filler fractions assessed
by Tang et al. [13] was 0 to 0.3 which is comparable to
the ceramic volume fractions in the αTCP-PLGA nano-
composites in this study which is 0 to 0.216. The water
uptake in PHBHV nanocomposites saturated approxim-
ately 3 days post immersion in water yielding water dif-
fusion coefficients for the materials measured at 37◦C for
PHBHV in the 6.01×10−9 to 14.11×10−9 cm2s−1 range.

An equivalent assessment of water absorption charac-
teristics in PLGA-αTCP composites using similar prin-
ciples to Tang et al. [13] is not possible in this investig-
ation due to the inability to define the mass of water in
specimens at equilibrium (M∞). Bulk density and nor-
malized mass measurements according to figure 2 show
that,M∞ is not attained for 10 wt% and 20 wt% compos-
ites until around td = 35 during which time significant
polymer hydrolysis has occurred. Future assessment of
sorption behaviour requires the fabrication of much thin-
ner samples such that the time required for complete spe-
cimen saturation with water be significantly less that the
characteristic polymer degradation time allowing poly-
mer matrix changes to be neglected.
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(a) (b)

Figure 6: (a) Composite transect width as function of degradation time measured using XµT with curve of best fit. (b)
Core region width versus degradation time with curve of best-fit.

Figure 7: Evolution of nanocomposite swelling and hy-
dration front behaviour. The vertical axis denotes the
position of the material edge (outermost curve) and the
core region boundary (inner curve) with respect to the
sample meridian.

Front behaviour as a result of hydration has also been
observed during the degradation of polyglycolic acid
(PGA) which is a semi-crystalline polymer. In a series
of studies by Hurrell et al. [14, 15, 16], front forma-
tion at the material surface was documented after a lat-
ent period of 7 ± 2 days post immersion in an aqueous
medium. Subsequently, the fronts advanced at a rate
of 0.033 ± 0.002 mm/day towards the sample centre.
Plasticization was discounted as the origin of the front
which based on the diffusion coefficient of water in PGA
(DH2O = 5 ± 1 × 10−9cm2s−1[17]) and the material
dimensions which results in complete water saturation
and hence plasticization of the polymer 6 hours post-
immersion.

Front formation and movement in PGA were described
in terms of a four-stage reaction-erosion model [18] in
which the first stage, completed several hours after im-
mersion, consists of rapid water imbibition and polymer
plasticization. In situ polymer de-esterification defines
the second stage where oligomers are too large to be
mobile and hence are unable to diffuse into the buffer
solution. The third stage begins when oligomers near

the surface are sufficiently small to diffuse out of the
sample; the resulting polymer erosion and further water
imbibition causes the formation of a moving front which
characterizes the stage. Elimination of the water gradi-
ent occurs when the fronts converge which is defined as
the fourth and final stage of the reaction-erosion model.

The linear nature of the front progression and latent
formation period for PGA contrasts with the t

1
2 depend-

ence for αTCP-PLGA nanocomposites in which swelling
and front advance occurs immediately after immersion in
the degradation medium.

In summary, the non-inverse relationship between
ceramic filler content and apparent diffusion coefficient
measured for αTCP-PLGA nanocomposites may be due
to a polymer phase change and not water diffusion con-
trolling the internal specimen morphology. Additionally,
a threshold ceramic content may exists above which fur-
ther nanoparticle contribution to the front behaviour is
negligible. Although XµT for pure PLGA does not exist,
the density evolution difference observable in 2a between
pure PLGA and the nanocomposites is indicative of dif-
fering material dynamics caused by αTCP nanoparticle
addition.

6 Conclusion

This paper describes the evolution of the morphol-
ogy of PLGA(50:50) and nanocomposites formed from
PLGA(50:50) and nanoparticulate αTCP in various
weight loadings as a function of degradation time in an
aqueous medium. Further information regarding degra-
dation kinetics was achieved by assessing changes in
degradation medium acidity, specimen density and phar-
maceutic release.

X-ray microtomography demonstrates that morpho-
logical changes occurring during material degradation is
attributable to hydration which exhibits a preponder-
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ance over de-esterification during the initial degradation
phase. Material expansion follows an error function of
time and the internal front advance is well described by
a t

1
2 time dependence which are indicative of a Fickian

diffusion controlled process. Nonetheless, these are nec-
essary but not sufficient conditions for linear diffusion
and further work is required to establish whether this is
indeed caused by Fickian diffusion or whether the ob-
served front is caused by a water and polymer degrada-
tion effected phase changes in the polymer from a glassy
to a rubbery state.
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