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Abstract: A compression–heat molding procedure was de-
veloped to fabricate poly(D,L-lactide-co-glycolide) (PLGA)
controlled release drug delivery devices for the local treat-
ment of tumors. The drug delivery devices were designed in
the shape of a cylindrical millirod (1.6-mm diameter, 10-mm
length), which allows them to be implanted by a modified
14-gauge tissue biopsy needle into tumor tissues via image-
guided interventional procedures. In this study, the proto-
type trypan blue-containing PLGA millirods were fabricated
under a compression pressure of 4.6 × 106 Pa and different
fabrication temperatures for 2 h. The scanning electron mi-
croscopy results showed complete polymer annealing for
millirods fabricated at 80 and 90°C, while the cross sections
of the 60 and 70°C millirods showed incompletely annealed
PLGA microspheres and trypan blue powders. The density,
flexural modulus, and release properties of the PLGA mil-
lirods were also characterized and compared. The average
values of the density and flexural modulus of the millirods
increased with an increase in fabrication temperature. The
flexural modulus values of most PLGA millirods were above
1 × 108 Pa, which provides sufficient stiffness for implanta-

tion within the tumor tissue. In addition, a Dcp method was
developed to determine the loading density of trypan blue
in the PLGA millirods by differential scanning calorimetry.
Results from the Dcp measurement showed that trypan blue
was homogeneously distributed in the millirod. Release
studies in phosphate-buffered saline showed that the release
rate decreased for the millirods fabricated at higher tem-
peratures. The times for the release of 50% trypan blue were
5, 25, 25, and 25 h for millirods fabricated at 60, 70, 80, and
90°C, respectively. Millirods fabricated at 90°C had the most
reproducible release profiles. The results from this study
established compression–heat molding as an effective
method to fabricate controlled release PLGA millirods with
sufficient mechanical strength and reproducible release pro-
files for local cancer therapy. © 2001 John Wiley & Sons, Inc.
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INTRODUCTION

Advances in imaging and interventional technology
have profoundly impacted the medical treatment of
cancer over the past decade. Image-guided thermal
ablation of solid tumors is emerging as a novel tech-
nique for the minimally invasive treatment of tu-
mors.1–8 In this procedure a physician inserts a needle
electrode under image guidance into a tumor percu-
taneously and with image feedback controls ablation
by adjusting the duration and electrical current in the
electrode. The alternating electric current causes local
ionic agitation and frictional heat, which increases the

tissue temperature to 70–90°C to kill the cancerous
cells. This novel interventional procedure has been ap-
plied to treat various types of cancers, including squa-
mous cell carcinoma of the head and neck,9 primary
brain tumors,10 and cancers of the liver,11–15 pros-
tate,16 pancreas,17,18 kidney,19–21 and breast.22,23 Im-
age-guided ablation permits accurate local destruction
of solid tumors and only requires local anesthesia. Al-
though patients currently stay overnight at the hospi-
tal after treatment, tumor ablation has the potential to
become an outpatient procedure. However, tumor re-
currence has been reported following various ablation
treatments and limits the scope of their applica-
tions.24–27 The long-term goal of this project is to de-
velop a local drug therapy to prevent tumor recur-
rence. This therapy consist of a drug containing
poly(D,L-lactide-co-glycolide) (PLGA) millirod, which
is directly implanted into ablated tumors and delivers
elevated concentrations of anticancer drugs to kill any
viable tumor cells remaining after thermoablation.
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The objective of this study was to develop an effec-
tive procedure to fabricate PLGA millirods with re-
producible release profiles. PLGA is a biocompatible
and biodegradable polymer with a wide range of
pharmaceutical applications. Various forms of con-
trolled release devices, including tablets,28 micro-
spheres,29–32 and nanoparticles,33–36 are fabricated
from PLGA. The Food and Drug Administration con-
siders this polymer to be safe in drug delivery appli-
cations. The geometry of the current delivery device
was designed in the shape of a cylindrical millirod
(1.6-mm diameter, 1-cm length), which permits the di-
rect implantation of the device into tumor tissue by a
modified 14-gauge tissue biopsy needle under image-
guided procedures.

We describe the compression–heat molding proce-
dure used to fabricate the PLGA millirods that contain
a dye molecule, trypan blue, and the means used to
evaluate the reproducibility of this fabrication process.
We used dynamic mechanical analysis (DMA), differ-
ential scanning calorimetry (DSC), and scanning elec-
tron microscopy (SEM) to characterize the mechanical
properties, composition homogeneity, and microstruc-
ture and morphology of the millirods, respectively.
The experimental results demonstrate that compres-
sion–heat molding is a successful procedure for the
fabrication of PLGA millirods with reproducible re-
lease profiles and adequate mechanical strength for
controlled release applications.

MATERIALS AND METHODS

Materials

PLGA (1:1 lactide:glycolide, 50,000 Da molecular weight,
0.65 dL/g inherent viscosity) was purchased from Birming-
ham Polymers, Inc. (Birmingham, AL). Trypan blue and
poly(vinyl alcohol) (PVA, 13,000–23,000 Da molecular
weight, 87–89% hydrolyzed) were purchased from Aldrich
(Milwaukee, WI). Phosphate-buffered saline (PBS) and
methylene chloride were obtained from Fisher Scientific
(Pittsburgh, PA). Teflon tubes were purchased from McMas-
ter–Carr Supply Company (Cleveland, OH).

Preparation of PLGA microspheres and trypan
blue powders

PLGA microspheres were produced using a single-
emulsion procedure. The PLGA polymer was first dissolved
in CH2Cl2 at 100 mg/mL, and 1 mL of this solution was
added to 10 mL of aqueous PVA solution (1% w/w). The
mixture was stirred vigorously by a homogenizer (model
985370, Biospec Products, Inc.) at 25,000–30,000 rpm for 1
min. The emulsion was then poured into a beaker containing

300 mL of the PVA solution. The bulk solution was stirred
by a magnetic bar at 400 rpm overnight to allow the evapo-
ration of the CH2Cl2. After solvent evaporation, the micro-
spheres were collected by centrifugation, washed 3 times
with distilled water, and freeze-dried by a lyophilizer. The
PLGA microspheres were sieved by a 100-mesh sieve before
the millirod fabrication. SEM was used to determine the size
of the microspheres by measuring the diameter of 50 micro-
spheres in an SEM picture and then taking an average value.
The size of the PLGA microspheres was also measured by a
BI-240 laser scattering particle sizer (Brookhaven Instru-
ments).

The trypan blue from commercial sources was in the form
of large 2–3-mm pieces. To convert these pieces into fine
powders, the trypan blue was first dissolved in distilled wa-
ter at a concentration of 50 mg/mL, and then the solution
was lyophilized overnight. After freeze-drying the materials
were loose and porous and were easily ground to fine pow-
der with a mortar and pestle. The morphology of the trypan
blue particles was examined by SEM.

Fabrication of PLGA millirods by compression–
heat molding

Figure 1 illustrates the experimental setup for the fabrica-
tion of PLGA millirods. The trypan blue powder and PLGA
microspheres were first weighed separately according to the
final loading density (20 w/w%) of trypan blue in the mil-
lirod. The two components were placed in a plastic tube and
physically mixed by a vortex for 10 min. For each millirod 50
mg of the mixture was weighed and placed into a Teflon
tube (1.6-mm i.d., 2.0-mm o.d.). Then the Teflon tube was
placed inside a stainless steel mold, and a stainless steel
plunger (1.6-mm diameter, 35-mm length) was inserted into
each end of the Teflon tube. Before insertion of the Teflon

Figure 1. An illustration of the experimental setup for the
fabrication of PLGA millirods by compression–heat mold-
ing. During fabrication, the Teflon tube containing the
sample was placed inside a stainless steel mold and a con-
stant compression pressure was applied by the gravity of a
copper weight and aluminum cap. The setup was designed
by the authors and produced by the machine shop at Case
Western Reserve University.
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tube, the mold, plungers, and other fabrication equipment
were equilibrated to the oven temperature overnight. Two
aluminum cap holders were placed on both sides of the
stainless steel mold (Fig. 1). A copper weight (820 g) was
placed on top of the aluminum cap to introduce a constant
compression force to the mixture of PLGA microspheres and
trypan blue powder. The whole system was placed into an
iso-temp oven (set point accuracy <2°C, model 282A, Fisher)
for 2 h to allow the annealing of the PLGA polymer. After
polymer annealing, the PLGA millirod was cooled to room
temperature and removed from the Teflon tube. The fabri-
cation temperature was controlled at 60, 70, 80, and 90°C;
eight millirods were fabricated for each temperature.

To determine the density of the millirod, the weight,
length, and diameter of each millirod were measured. The
diameter was measured as an average value from three dif-
ferent positions along the millirod axis, and it was used to
calculate the volume of the millirod. The density was calcu-
lated by dividing the mass of the millirod by its volume.

SEM analysis

A scanning electron microscope (model 840, JEOL) was
used to study the surface morphology of the PLGA micro-
spheres, trypan blue powder, and PLGA millirods. The
outer surface and the cross section of the millirods were
examined. The cross section was obtained by first creating a
small crack at the millirod surface with a razor blade and
then manually fracturing the millirod by force. Before SEM
analysis the samples were mounted on the aluminum stubs
by double-sided tape and sputter coated with Pd (10-nm
thickness). The SEM analysis was carried out at an acceler-
ating voltage of 20 kV.

Mechanical analysis of PLGA millirods

The flexural modulus of each PLGA millirod was mea-
sured by a PerkinElmer DMA-7e dynamic mechanical ana-
lyzer. The DMA instrument worked in 3-point bending
mode. The compression probe was tared before each mea-
surement. The distance between the two parallel sample
stages was 5 mm. The PLGA millirod was placed in the
middle of the stages and perpendicular to the edge of each
stage. The compression probe was lowered until it touched
the surface of the millirod. A force of 100 mN was applied
from the probe to the PLGA millirod, and the position of the
probe at this position was read as zero. The DMA was then
programmed to work in static stress scan mode; the initial
and maximal forces were set at 100 and 2000 mN, respec-
tively. The force scan rate was 200 mN/min. After the mea-
surement, the modulus–strain curve was calculated with Py-
ris software. The flexural modulus at a higher strain value
appeared to be a constant and was used to compare the
millirods under different fabrication conditions.

DSC analysis and measurement of loading density

The glass-transition temperature (Tg) and change in spe-
cific heat capacity (Dcp) between the glassy and rubbery

states of the PLGA polymer were measured by a Perkin–
Elmer DSC-7 calorimeter. For all the experiments, samples
of 5–10 mg were accurately weighed by a Perkin Elmer AD-4
autobalance and sealed into an aluminum sample pan. An
empty aluminum pan was used as the reference sample. The
DSC heating and cooling rates were controlled at 15°C/min,
and all the experiments were carried out under a nitrogen
purge (30 psi). Each sample was heated and cooled for five
cycles between 10 and 80°C. The heating–cooling cycles per-
mitted the elimination of any previous thermal history of the
polymer and allowed the measurement of the polymer prop-
erties under reproducible conditions. The Dcp and Tg values
were measured by the Pyris software based on the last three
heating thermograms.

To determine the composition homogeneity of trypan
blue in the PLGA millirods, each of three millirods contain-
ing trypan blue was cut into five sections and the Dcp of each
section was measured. The dye loading density in each sec-
tion of the millirod was calculated from the Dcp values of this
section and pure PLGA polymer based on Equation (4).

In vitro release study

The release study was carried out in PBS (pH 7.4) at 37°C.
Each millirod containing the trypan blue (10-mm length)
was placed in a plastic vial containing 10 mL of PBS buffer.
The sample vials were placed in an orbital shaker (model
C24, New Brunswick Scientific) with a rotating speed of 100
rpm. At each time point the millirod was removed with
forceps and placed into another vial with fresh PBS solution.
The concentration of released trypan blue in the PBS buffer
was determined at its maximum adsorption wavelength of
597.2 nm by a Hitachi U3210 UV–vis spectrophotometer.
The extinction coefficient of trypan blue at this wavelength
was measured to be 64.6 mL/(cm mg). The percentage of
cumulative release was obtained by normalizing the re-
leased dye to the total amount of entrapped trypan blue in
the PLGA millirods. The release study was carried out for 3
weeks until over 90% of the dye was released.

RESULTS AND DISCUSSION

Morphology of PLGA microspheres and trypan
blue powder

In this study we used a physical mixture of PLGA
microspheres and trypan blue powder to fabricate the
drug delivery device. The morphology, size, and size
distribution of the PLGA microspheres and trypan
blue powder can affect the release profiles of trypan
blue from the PLGA matrix. We used SEM to charac-
terize the morphological properties of these particles.
Figure 2(a) shows the SEM image of PLGA micro-
spheres fabricated from a single emulsion procedure.
In this procedure the average size of the PLGA micro-
spheres can be controlled by the concentration of the
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PLGA in the methylene chloride and the mixing speed
of the homogenizer during the emulsion process. The
SEM analysis showed that the PLGA particles were
spherical and had a smooth surface. Based on the im-
age analysis of 50 particles, the size of the PLGA mi-
crospheres was found to be 1–7 mm in diameter with
an average diameter of 4 mm. This value was consis-
tent with 3.8 mm, which was the mean size of the
PLGA microspheres from the laser scattering mea-
surement. Figure 2(b) shows the morphology of the
trypan blue particles from the freeze-drying proce-
dure. The trypan blue particles are irregular in shape
and mostly appear as flat flakes. The particles were
less than 20-mm in length and width and approxi-
mately 2-mm in thickness. The PLGA microspheres
and trypan blue powder were vigorously mixed by a
vortex to allow the homogeneous distribution of the
two components at the micron level in the solid state.

Compression–heat molding

The solid particle mixture of trypan blue powder
and PLGA microspheres was fabricated into the shape
of cylindrical millirods by a compression–heat mold-
ing procedure (Fig. 1). There are three essential pa-
rameters during fabrication that can affect the proper-
ties of the PLGA millirods: the fabrication tempera-
ture, annealing time, and compression pressure. The
fabrication temperature was kept at a value higher
than the Tg of PLGA (45°C) to allow the annealing of
the PLGA microspheres. During the annealing process
a constant compression pressure was introduced to
facilitate polymer annealing. The value of the com-
pression pressure was 4.6 × 106 Pa (∼46 times atmo-
sphere pressure), as calculated by dividing the com-
bined weight of the copper cylinder and aluminum
cap over the cross-sectional area of the PLGA millirod.
In this study the annealing time (2 h) and compression
pressure were kept constant in all the experiments.
The fabrication temperature was controlled at 60, 70,
80, and 90°C; the microstructures of the resulting
PLGA millirods were characterized to correlate with
their physical properties and release profiles.

Microstructure of PLGA millirods by SEM analysis

We used SEM to characterize the microstructures of
the PLGA millirods to examine the extent of polymer
annealing at different fabrication temperatures. Figure
3(a, b) shows the surface and cross section, respec-
tively, of the PLGA millirod fabricated at 60°C. This
fabrication temperature is 15°C higher than the Tg of
PLGA. At the millirod surface [Fig. 3(a)], polymer an-
nealing occurred at the border of the microspheres as
demonstrated by the merging boundaries. The extent
of annealing, however, was far from complete because
the PLGA microspheres and trypan blue particles
maintained most of their original morphology. At the
cross section of the millirod [Fig. 3(b)], the annealing
was even less complete than that at the millirod sur-
face, as indicated by the distinguished boundaries of
the trypan blue powder and PLGA microspheres.
These results demonstrated that the 60°C fabrication
temperature produced poorly annealed millirods with
rough surfaces and relatively loose internal structures.
The observed microstructure was consistent with the
lower density and flexual modulus of the 60°C mil-
lirods than those from higher fabrication temperatures
(see results below).

PLGA millirods fabricated at 90°C showed com-
pletely different microstructures than the 60°C mil-
lirods. The SEM analysis for the surface and cross sec-
tion of the 90°C millirods is presented in Figure 3(c, d),

Figure 2. The SEM analysis of the morphology of (a) PLGA
microspheres and (b) trypan blue powders. Scale bar =
10 mm.
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respectively. At the millirod surface, the original mor-
phology of the PLGA microspheres and trypan blue
powder disappeared completely. The surface appears
to be smooth and the pattern of vertical lines reflects
that of the internal surface of the Teflon tube used in
fabrication. SEM analysis of the cross section of the
millirod demonstrates uniform microstructures at dif-
ferent locations within the millirod [Fig. 3(d)]. PLGA
microspheres appear to anneal completely with each
other to form a condensed polymer phase. The trypan
blue particles cannot be identified in the SEM image.
Because the melting point of trypan blue (>300°C) is
significantly higher than the fabrication temperature
(90°C), the morphology of trypan blue powder is ex-
pected to be preserved after the fabrication process.
The lack of observation of trypan blue powders may
be a result of the complete polymer annealing and
coverage surrounding the powders during compres-
sion–heat molding. The microstructure of the PLGA
millirods fabricated at 80°C was similar to that at 90°C
as described above.

The PLGA millirods fabricated at 70°C showed a
different pattern of polymer annealing within the mil-
lirods [Fig. 4(a–d)]. Figure 4(a) illustrates the general
overview of the cross section of the millirod under
lower magnification. Gross inspection suggests two
regions of different microstructures within the mil-
lirod. The region close to the millirod surface appears
to be well annealed while the region close to the center
of the millirod appears to be grainy. Figure 4(b–d)
provides a detailed examination of the morphology at
different locations on the millirod. At the millirod sur-
face [Fig. 4(b)] the SEM analysis showed that the origi-
nal shapes of the PLGA microspheres and trypan blue
powders were mostly erased. Although some slight
boundaries were still present, the overall surface mor-
phology of 70°C millirods closely resembled that of
the 90°C millirods. Within the millirod, the morpho-
logical appearance of the region close to the millirod
surface was very similar to that of the 90°C millirods.
The PLGA microspheres annealed completely to form
a condensed polymer phase [Fig. 4(c)]. In com-

Figure 3. The SEM analysis of the microstructures of the PLGA millirods fabricated at 60 and 90°C: (a) the surface of the 60°C
millirods, (b) the cross section of the 60°C millirods, (c) the surface of the 90°C millirods, and (d) the cross section of the 90°C
millirods. Scale bars = 10 mm.
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parison, the region close to the center of the millirods
[Fig. 4(d)] contained unannealed particles of PLGA
microspheres and trypan blue powders. The particles
had well-defined boundaries and led to relatively
loose internal structures within the millirod.

This SEM study demonstrates that at a 4.6 × 106 Pa
compression pressure and 2-h annealing time the 60
and 70°C temperatures are not sufficiently high for
complete polymer annealing, although they are well
above the Tg of the PLGA polymer. The pattern of
annealing in the 70°C millirods suggests a tempera-
ture gradient from the surface to the center of the mil-
lirod. Prolonging the annealing time or use of thinner
Teflon tubes to reduce the barrier of heat transfer
should lead to more completely annealed millirods. In
the current procedure, we achieved the complete an-
nealing of the PLGA polymer by raising the fabrica-
tion temperature to 80 or 90°C.

Density and mechanical properties of millirods

We measured the density and flexural modulus of
the PLGA millirods at different fabrication tempera-
tures (Table I). The results showed that the density of
the PLGA millirods increased with an increase in fab-
rication temperature from 60 to 90°C. The density
value increased from 1.32 g/cm3 for the 60°C millirods
to 1.53 g/cm3 for the 90°C millirods. The relative in-
crease in density was approximately 16% for the 90°C
millirods compared to the 60°C millirods. This value
suggests that 90°C millirods will occupy 16% less vol-
ume compared to 60°C millirods of the same mass.
This quantitative difference in density can be qualita-
tively correlated to the loose internal microstructures
of the 60°C millirods as indicated by the SEM analysis.

The flexural modulus of the millirods produced at
different fabrication temperatures was also measured

Figure 4. The SEM analysis of the microstructures of the PLGA millirods fabricated at 70°C: (a) the overview of the cross
section of the PLGA millirod. Two distinguished layers (areas c and d) from the surface to the center of the millirod can be
observed. Scale bar = 100 mm. (b) An SEM image of the surface of the millirod (area b in part a). Scale bar = 10 mm. (c) An
image of the outer layer in the cross section of the PLGA millirod (area c in part a). The morphology is similar to that of the
90°C millirod [Fig. 3(d)]. Scale bar = 10 mm. (d) An image of the inner layer in the cross section of the millirod (area d in part
a). Scale bar = 10 mm. The morphology is similar to that of the 60°C millirod [Fig. 3(b)].
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and compared. The average modulus was found to
increase with an increase in the fabrication tempera-
ture. The average value of the modulus changed from
1.6 × 108 Pa for 60°C millirods to 2.0 × 108 Pa for 90°C
millirods (Table I). Meanwhile, the standard deviation
calculated from measurement of eight millirods at
each fabrication temperature decreased from 0.5 × 108

Pa for 60°C millirods to 0.1 × 108 Pa for 90°C millirods.
Table I also lists the maximum and minimum values
of the flexural modulus within the group of millirods
fabricated at the same temperature. The range of
variation was significantly larger for millirods at
lower fabrication temperatures than those at higher
temperatures.

PLGA millirods fabricated at higher temperatures
were mechanically stiffer and more reproducible, as
shown by the flexural modulus, than those at lower
fabrication temperatures. The higher modulus values
for 80 and 90°C millirods were consistent with the
complete polymer annealing in the millirods. In com-
parison, the relatively loose and slightly porous inter-
nal structures of the 60°C millirods should lead to
weaker and more unpredictable mechanical proper-
ties. Variations in mechanical properties may suggest
that the millirods have different microstructures or
extent of polymer annealing, which can lead to erratic
or unpredictable release profiles for millirods from
identical fabrication conditions. For a majority of these
millirods, their flexural moduli were above 1 × 108 Pa
(comparable to medium density polyethylene), which
is sufficiently strong for direct implantation in tumor
tissues for local drug therapy.

Distribution of trypan blue within
PLGA millirods

The distribution of trypan blue in the PLGA mil-
lirods is an important factor that affects the reproduc-
ibility of the release profile of the dye. Here we devel-
oped a Dcp method to determine the loading density of
trypan blue at different sections of the PLGA millirod
by DSC. DSC experiments allow the measurement of
the specific heat capacity (cp) as a function of tempera-

ture for a given temperature range. The cp is defined as
the amount of heat (H) required to raise the tempera-
ture (T) at a constant pressure (p) per unit mass of a
material [Equation (1)]. For a material containing two
components without interactions, the cp of the binary
mixture is equal to the sum of the products of the mass
percentage for each component and the cp for the pure
component. Equation (2) describes this relationship in
the PLGA millirods,

cp =
1
m SH

TDp
(1)

cp ~millirod! =
mPLGA

M
cp ~PLGA! +

mTB

M
cp~TB! (2)

where cp(millirod), cp(PLGA), and cp(TB) are the cp val-
ues for the PLGA millirod containing trypan blue, the
PLGA polymer, and pure trypan blue, respectively.
The terms mPLGA, mTB, and M represent the mass of
the PLGA polymer, trypan blue, and PLGA millirod,
respectively. The value of mTB/M is also defined as the
loading density of trypan blue in the PLGA millirod.

In the Dcp method, we measured the change in the cp

before and after the glass transition of the PLGA poly-
mer. Because the current PLGA polymer with a 1:1
glycolide:lactide ratio is completely amorphous, the
Dcp value reflects the cp changes between the rubbery
and glassy states for the total mass of the polymer. The
DSC experiments were carried out in the temperature
range between 10 and 80°C. Within this temperature
range the experimental results showed that the value
of Dcp for trypan blue was approximately zero. Based
on this result and Equation (2), we obtained Equation
(3),

Dcp~millirod! =
mPLGA

M
Dcp~PLGA! (3)

LD =
mTB

M
= 1 −

mPLGA

M
= 1 −

Dcp~millirod!

Dcp~PLGA!
(4)

where the value of Dcp(millirod) is equal to the prod-
uct of the mass percentage of the PLGA polymer and
the value of Dcp(PLGA). Equation (4) describes the
principle of the Dcp method in the measurement of the
loading density (LD) of trypan blue in the PLGA mil-
lirods.

Figure 5(a) shows the DSC curves for the pure
PLGA polymer and a representative section of the
PLGA millirod. The DSC curve is plotted in the cp as a
function of temperature. The Tg and Dcp can both be
measured from the DSC curve. The Tg value was de-
termined by extending the tangents of the curve im-
mediately proceeding and following the glass transi-
tion, then measuring the temperature at one-half the
vertical distance between the two lines. The Dcp value
was determined as the whole vertical distance. The Tg

values for pure PLGA polymer and tryphan blue-
containing PLGA millirods were both 44.6 ± 0.1°C.

TABLE I
Dependence of Density and Flexural Modulus of PLGA

Millirods on Fabrication Temperature

Temperature
(°C)

Density
(g/cm3)*

Modulus
(108 Pa)

Average† Maximum Minimum

60 1.32 ± 0.04 1.6 ± 0.5 2.3 0.6
70 1.36 ± 0.03 1.6 ± 0.4 2.0 0.9
80 1.47 ± 0.03 1.9 ± 0.1 2.2 1.8
90 1.53 ± 0.03 2.0 ± 0.1 2.2 1.7

*The average density and standard error are calculated
from three samples.

†The average modulus and standard error are calculated
from eight samples.
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The identical Tg values indicated that the PLGA poly-
mer in the millirod containing trypan blue had the
same thermal properties as the pure PLGA polymer.
We determined the loading densities of trypan blue in
different sections of the PLGA millirods based on the
Dcp values using Equation (4). Figure 5(b) illustrates
the values of the loading density for five different sec-
tions of the three PLGA millirods. The experimental
results showed that the loading density of trypan blue
in all the sections of different PLGA millirods was 20
± 2% by the Dcp method. This result was con-

sistent with the value calculated from the weight mea-
surement before the fabrication. Furthermore, the
loading density of each section of the three millirods
was within experimental uncertainty (±2%), which
demonstrated a homogeneous distribution of trypan
blue within the same millirod and between different
millirods. Therefore, the PLGA millirods have satis-
factory composition homogeneity for controlled re-
lease applications.

The Dcp method should make a useful addition to
the existing methodology for the measurement of
drug loading densities in drug delivery devices. Cur-
rently, the most common method to measure the drug
loading density is the solvent extraction procedure in
which the drug is extracted into either an organic or
aqueous phase (depending on the solubility and po-
larity of the drug) for quantitative measurement.
Sometimes the procedure is complicated by the parti-
tion of the agent in both phases, or difficulty in achiev-
ing a clean phase separation for spectrophotometric
measurement, or drug decomposition by organic sol-
vents or the use of a strong base in the aqueous phase.
In the tryphan blue-containing PLGA millirods we ex-
perienced the first two complications, which pre-
vented the satisfactory quantification of the dye load-
ing densities. The Dcp method avoided such complica-
tions and provided an alternative method to
determine this parameter. However, it should be
noted that the Dcp method also has its own limitations.
For example, this method is only applicable to poly-
mer-based systems that have glass transition phenom-
ena. The sensitivity of the measurement depends on
the magnitude of change in the heat capacity of the
polymer and the sensitivity of the DSC instrument
(the experimental uncertainty for PLGA systems in
this study was 2%). Furthermore, the Dcp method is
not directly applicable for polymers that contain a
crystalline phase. In this case, quench cooling may be
necessary to eliminate the crystalline phase for the
measurement of the Dcp that corresponds to the total
mass of the polymer. Despite these limitations, the Dcp

method provides a new and alternative procedure for
the measurement of drug loading density in polymer-
based systems.

Release properties of PLGA millirods

Figure 6 compares the release profiles of PLGA mil-
lirods fabricated at different temperatures. For each
fabrication temperature, the release profiles of three
millirods were measured and compared to evaluate
the reproducibility in the release properties. Each re-
lease profile is represented by the percentage of re-
leased trypan blue as a function of the release time.
The results from Figure 6(a) show that the release rate

Figure 5. (a) Representative DSC thermograms of pure
PLGA polymer and a small section of the PLGA millirod
containing trypan blue. The Tg values for the pure PLGA
polymer and PLGA millirod were determined to both be
44.6 ± 0.1°C. The values of the Dcp for the pure PLGA poly-
mer and PLGA millirod were 0.474 and 0.384 J/(g °C), re-
spectively. (b) The measurement of the loading density of
trypan blue at different sections of three PLGA millirods by
the Dcp method. The loading densities were determined ac-
cording to Equation (4). The error bars show the standard
deviation of the loading density in three Dcp measurements.
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of trypan blue from 60°C millirods is faster than those
at higher fabrication temperatures. After 50 h approxi-
mately 90% of the dye in the 60°C millirod was re-
leased, but for the 90°C millirods it took more than 500
h to release 90% of the dye. We also determined the
values of the time for 50% of the trypan blue to be
released (t1⁄2) for millirods at different fabrication tem-
peratures. The average t1⁄2 values for 60, 70, 80, and
90°C millirods were 5, 25, 25, and 25 h, respectively.
The faster release rates for 60°C millirods were con-
sistent with the loose and relatively porous micro-
structures within the PLGA millirods. The existence of
the pores and possible channels may facilitate the dif-
fusion of water into the PLGA millirods, as well as the
release of trypan blue from the millirod into solution.
The release kinetics of the 70°C millirods was more
similar to that of the 80 and 90°C millirods than to the
60°C millirods. Although the SEM analysis showed
that the regions close to the center of the 70°C mil-
lirods were also grainy and unannealed, we hypoth-
esize that their release kinetics were primarily dictated
by the well-annealed exterior section, which is similar
to the 80 and 90°C millirods.

We also evaluated the reproducibility of the release
profiles for different PLGA millirods fabricated at the
same temperature. Figure 6(b, c) shows the release
profiles for three millirods fabricated at 60 and 90°C,
respectively. The variation in the release rates between
the 60°C millirods is significant [Fig. 6(b)]. For ex-
ample, at the 20-h point, the maximum difference in
the percentage of released trypan blue between two
millirods is almost 20%. This variation is not accept-
able in controlled release applications, especially for
anticancer drugs with a narrow therapeutic index. In
contrast, the maximum difference in the release per-
centage is less than 5% at any time points for the 90°C
millirods. We also calculated the standard deviation in
the release percentage at different time points based
on the release profiles of three millirods at each fabri-
cation temperature. For the 60°C millirods, the stan-
dard deviation varies from 5–15%; for millirods fabri-
cated at 70 and 80°C, the standard deviation varies in
the ranges of 3–10 and 2–9%, respectively. The 90°C
millirods showed the most reproducible release pro-
files among the three individual millirods [Fig. 6(c)].
Throughout the release studies, the standard devia-
tion in the percentage of release at any time point was
less than 4%. The superb reproducibility in the release
kinetics for the 90°C millirods demonstrated the opti-
mal fabrication conditions for PLGA millirods.

CONCLUSIONS

This article described a compression–heat molding
procedure for the fabrication of PLGA millirods for
local cancer therapy. SEM analysis was used to exam-

Figure 6. Release profiles of trypan blue-containing PLGA
millirods that were fabricated at different temperatures. (a)
The average release curves of millirods fabricated at 60, 70,
80, and 90°C. For clarity of presentation, the error bars in the
release percentage for each time point are not shown. The
standard error varies between 5 and 15, 3 and 10, 2 and 9,
and <4% for 60, 70, 80, and 90°C millirods, respectively. (b)
The release curves of three millirods fabricated at 60°C. (c)
The release curves of three millirods fabricated at 90°C. The
release studies were carried out in PBS at 37°C.
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ine the microstructures of the PLGA millirods from
different fabrication temperatures. The results showed
that the millirods fabricated at 60°C maintained the
original morphology of most of the PLGA micro-
spheres and trypan blue powder. In comparison, mil-
lirods fabricated at 80 and 90°C showed well-annealed
and dense internal microstructures. The density, flex-
ural modulus, composition homogeneity, and release
profiles of the PLGA millirods were also characterized
and compared. The values of the density and flexural
modulus increased with an increase in the fabrication
temperature. The release studies showed that 90°C
millirods have the most reproducible release profiles.
The results from this study demonstrated that the op-
timal fabrication conditions for PLGA millirods were
90°C fabrication temperature for 2 h at a compression
pressure of 4.6 × 106 Pa. The resulting PLGA millirods
had sufficient mechanical strength, homogeneous
agent distribution, and reproducible release profiles
for controlled release applications. Work is currently
in progress to fabricate PLGA millirods that contain
anticancer drugs (e.g., doxorubicin, carboplatin) for
the local treatment of liver tumors.

We thank Dr. John Haaga, Dr. Nicholas Stowe, and Dr.
Sergei Nazaranko for helpful discussions.
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