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Abstract: Low compliance with medication is the major cause

of poor outcome in schizophrenia treatment. While surgically

implantable solvent-cast pellets were produced to improve

outcome by increased compliance with medication, this pro-

cess is laborious and time-consuming, inhibiting its broader

application (Siegel et al., Eur J Pharm Biopharm 2006;64:287–

293). In this study, the previous fabrication process was trans-

lated to a continuous and scalable extrusion method. Extru-

sion processes were modified based on in vitro release

studies, drug load consistency examination, and surface mor-

phology analysis using scanning electron microscopy. After-

ward, optimized haloperidol implants were implanted into rats

for preliminary analysis of biocompatibility. Barrel tempera-

ture, screw speed and resulting processing pressure influ-

enced surface morphology and drug release. Data suggest

that fewer surface pores shift the mechanism from bulk to sur-

face PLGA degradation and longer lag period. Results demon-

strate that extrusion is a viable process for manufacturing

antipsychotic implants. VC 2010 Wiley Periodicals, Inc. J Biomed

Mater Res Part B: Appl Biomater 93B: 562–572, 2010.

Key Words: controlled drug release, extrusion, implant, poly-

lactic-co-glycolic acid (PLGA), scanning electron microscopy
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INTRODUCTION

Schizophrenia is a serious mental disorder characterized
by behavioral symptoms and lasting functional decline.
Although there are efficacious antipsychotic medicines for
schizophrenia, the main barrier to effective treatment is low
compliance with medication and subsequent deterioration
and rehospitalization.1–3 The major route of administration
for schizophrenia medications is oral. Depot injections have
also been created as an alternative method of administra-
tion for antipsychotic treatment, leading to increased medi-
cation adherence and improved clinical outcome.4–7 How-
ever, there are several drawbacks to depot injections,
including pain at the injection site from repeated injections
such that some patients decline sustained treatment.8 As a
result, the rate of discontinuation increases over time, which
reduces the overall benefit for improved patient adherence.9

We previously proposed that a surgically-implantable,
long-term delivery of antipsychotic drug implants could
improve the adherence of patients beyond that achieved
by depot injections.10 Therefore, long-term drug delivery

implants may fill an unmet need in psychiatric care. In addi-
tion, drug implants can be removed through a simple proce-
dure if removal is required. Alternatively, depot injections
are inherently irreversible. Parenteral delivery from drug
implants may also offer pharmacokinetic benefits over oral
administration due to reduced peaks and troughs of drug
concentration. Implants can provide a steady release pattern
with less variability. Lower peak values may reduce side
effects, which can make drugs more acceptable to a broader
group of patients. Furthermore, parenteral administration
bypasses first pass metabolism and reduces the overall drug
exposure.

Previous studies described haloperidol implants fabri-
cated by a solvent-casting method with a resulting steady
rate of drug release over 5 months.11 This study utilized
poly lactic-co-glycolic acid (PLGA) as a biodegradable poly-
mer matrix, which has been widely used for drug delivery
research.12–16 Additionally, biological effects of several
active pharmaceutical ingredients (APIs) have been demon-
strated in animal studies following release from PLGA
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implants.1,17,18 These studies suggested that antipsychotic
implants may be feasible as long-term delivery systems in
schizophrenia. However, solvent-casting methods are not
ideal for industrial scale-up for many reasons: First, the pro-
cess requires large amounts of organic solvent to dissolve
PLGA and API to combine the drug and polymer for pellet
fabrication. Second, this process requires a very long time
(2–3 weeks) to fully remove solvents from the resulting ma-
terial. Third, solvent-casting and compression molding are
not continuous processes, which may increase batch-to-
batch variation in the composition of implants as well as
cost of manufacturing.

To translate this laboratory-based method into a more
traditional manufacturing process that could be more easily
adapted by industry, we examined the use of a scalable, con-
tinuous process to produce haloperidol implants. We used a
single-screw micro extruder to fabricate drug implants
through melt extrusion.19–21 The purpose of this study is to
maximize the translation and scalability potential of a labo-
ratory-based method for industrial use. Once the key varia-
bles are determined, future studies can apply this knowl-
edge to other type of drugs and/or types of PLGA. Thus, we
focused on fabrication of 50:50 PLGA implants to test the
feasibility, as this yields the shortest time to evaluate a large
number of potential variables of the translated manufactur-
ing process. Applications utilizing other types of PLGA with
increased degradation duration will be tested in future stud-
ies. We compared performances of solvent-cast and
extruded implants and modified the fabrication process
based on in vitro release profiles and surface morphology
analysis. Optimized extruded implants were then implanted
into rats to test their biocompatibility. An ideal system
would release 2 mg day�1, similar to clinically efficacious
doses of haloperidol depot formulations (�50 mg mo�1).
Previous studies using solvent cast methods have achieved
this goal with 40% drug load, yielding clinically applicable
doses from 5 mg of implant material per day (e.g., 150 mg
of implant material ¼ �1.5-cm implant per month).1,11,17,18

The current study evaluates a scalable, continuous manufac-
turing method to foster easy, cost effective transfer of this
novel therapeutic approach from the academic setting into
clinical practice.

MATERIALS AND METHODS

Solvent-casting
Solvent-cast pellets were fabricated using a polymer consist-
ing of 50% lactide and 50% Gylcolide (50:50 PLGA, inher-
ent viscosity ¼ 0.47 dL g�1) (Lakeshore Biomaterials, Bir-
mingham, AL) and haloperidol (Sigma, St. Louis, MO).
Polymer and drug were mixed in a ratio of 60:40 by mass
for 40% haloperidol pellets and 80:20 for 20% haloperidol
pellets and solvent cast with acetone. Acetone was evapo-
rated at 40�C in oven under constant airflow until no sol-
vent remained, which was determined by weighing the re-
sultant mixture to make sure it returned to its constituent
mass. The resulting material was compression-molded
under a force of 25,000 lb at 80�C for 3 min. Pellets for

negative control were fabricated by the same method with
pure polymer.

Extrusion
Drug-polymer powder mixtures were extruded using a 3/4-
in. diameter, mixing single-screw Microtruder RCP-0750
(Randcastle Extrusion Systems, Cedar Grove, NJ); [Figure
1(A)]. To prepare powders for extrusion, 50:50 PLGA were
ground and sieved to 0.5 mm. Haloperidol was used directly
without grinding. Polymer and drug were mixed in a ratio
of 60:40 by mass. The mixture was constantly mixed by
rotating and shaking the combined powders to foster homo-
geneity of the feed material. Conditions for extrusion are
listed in Table I. The set temperatures in each zone are
listed, and the extruder was preheated for 1 h to allow
the extruder to reach steady state. Zone 1 is the feed sec-
tion of the extruder. Zones 2 and 3 are the upper and lower
parts of the extruder chamber. Zone 4 is the die, through
which material exits the extruder [Figure 1(B)]. The first
condition (Ext-Ctl) referred to the extrusion control and
used 50:50 PLGA only. The next three extrusion runs are
designated as Ext-1, Ext-2, and Ext-3 and included polymer
and drug in ratio of 60:40. Process parameters for Ext-Ctl
and Ext-1 were based on preliminary runs using tempera-
tures above the glass transition temperature (Tg) of 50:50
PLGA (43–48�C) and below the melting temperature of
haloperidol (150–152�C). Parameters in Ext-2 and Ext-3
were adjusted based on the results of in-vitro-release stud-
ies and surface morphology analysis.

At the beginning of each extrusion run, sufficient poly-
mer-drug mixture was fed through the extruder to ensure
that the chambers were filled prior to collecting rods. The
feed rate was 0.2 g min�1, based on the output rate of the
rods. Pressure inside the extruder was maintained below
4000 psi at this feed rate to prevent overloading the drive
motor. Extruded rods were cut into five segments, each with
1 foot (30.5 cm) in length, and labeled as nos. 1–5. These
rods were then stored in the dark at 4�C until use [Figure
1(C)].

In vitro assay
Each implant was added to a separate amber-glass dissolu-
tion jar containing 500 mL of phosphate-buffered saline
(PBS) at pH 7.4. The jars were stored in the dark at 37.4�C
on a platform shaker (Barnstead International, Dubuque, IA)
at 40 rpm consistent with USP guidelines to mimic physio-
logical conditions in the subcutaneous space. Aliquots of
200 lL were taken from each jar three times per week and
analyzed by ultraviolet spectrophotometer (Bio-Tek Instru-
ments, Winooski, Vermont). After each sampling, 200 lL of
fresh PBS was added to each jar to maintain constant vol-
ume during in vitro assessments. The calculated concentra-
tions in the dissolution jars were corrected for the amount
of drug removed at each sampling point. Standard solutions
were prepared in PBS. Peak absorbance was measured at
254 nm. Assays included a negative control at every time
point and a 0.02 mg ml�1 positive control of drug in PBS to
assess stability of the API over time.
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Drug load test
Five segments from Ext-1 to Ext-3 were examined by ultravio-
let spectrophotometer. Three pieces of rods were cut from
each segments and weighed. These sample rods were then
dissolved in 10 mL acetonitrile, respectively and vortex for 5
min until all samples were dissolved. About 100 lL of the re-
sultant solution was transferred to 10 mL of PBS and vortexed
for 5 min. Later 200 ml of the mixed solution was transferred
to 96-well plate and read by ultraviolet spectrophotometer.

Surface morphology analysis
Surface morphologies of implants fabricated by solvent-cast-
ing and extrusion were evaluated by scanning electron mi-

croscopy (SEM) (FEI Strata DB235, Oregon). Implants were
fixed on the sample holder, coated with gold/palladium, and
imaged using secondary electrons.

FIGURE 1. (A) photograph of the micro extruder used in these studies. (B) Schematic representation of the apparatus. (C) Flow diagram of

implant fabrication.

TABLE I. Extrusion Parameters for Implant Fabrication

Zone
1 (�C)

Zone
2 (�C)

Zone
3 (�C)

Zone
4 (�C)

Speed
(rpm)

Ext-Ctl 110 115 109 105 20.0
Ext-1 80 90 87 82 21.5
Ext-2 80 92 86 76 24.0
Ext-3 80 99 89 78 21.5

Zone 1: feed section. Zone 2 and 3: Upper and lower part of

extruder chamber. Zone 4: Die.
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Lateral surface roughness (Ra), which is defined as the
average height of a surface peak relative to the midline, was
analyzed using ImageJ and Matlab. An example image is
shown in Figure 2. The procedures for analysis were as
follows:

1. Examination of the intensity histogram for each sample
area and background area.

2. Definition of threshold intensity to yield a binary image
with a dark sample and a bright background.

3. Determination of coordinates of the sample edge and fit-
ting the line to edge coordinates.

4. Determination of the distance from each pixel on edge to
best-fit line and plot histogram.

5. Calculation of the Ra as the arithmetic average of absolute
values of the sample edge to centerline distance.

Crosssectional surface porosity (/), which is defined as
the ratio of the total area of pores in a crosssection to the
area of the crosssection, was evaluated by ImageJ and Excel.
An example image is shown in Figure 3. The processes for
analysis were as follows:

1. Examination of the intensity histogram for each sample
area and background area.

2. Definition and measurement of sample area.
3. Clearing of all background pixels.
4. Definition of threshold intensity was set to 19 intensity

units below the mode of the intensity histogram, result-

ing in a binary image with a bright sample and dark
pores.

5. Erode the image to eliminate single dark pixels.
6. Dilate the image to restore original without single pixels.
7. Plot ‘‘pores’’ on top of original image to confirm

consistency.
8. Measure the area of the dark regions.
9. Calculate the porosity ‘‘/’’ as the total number of dark

pixels in the sample area over the total number of pixels
in the sample area.

In vivo test
Animals. Implants were tested in rats (Harlan, Indianapolis,
IN). All animals were housed in Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAC)-
accredited animal facility at the University of Pennsylvania.
The Institutional Animal Care and Use Committee (IACUC)
approved all protocols. A total of 16 rats were used for
pharmacokinetic analysis of serum levels over time (n ¼ 8
with haloperidol implants and 8 with polymer alone control
implants).

Implantation surgery. The implants were prepared from
the rods fabricated by Ext-Ctl and Ext-3. The dose of halo-
peridol was �1.0 mg/kg/day. Rats were anaesthetized with
isoflurane and the skin on the dorsal aspect was shaved

FIGURE 2. Example images for lateral surface analysis using ImageJ and Matlab. (A) The original sample image. (B) Binary image with a dark

sample and a bright background under threshold intensity. (C) Determination of the best-fit line on the edge coordinates. (D) The resultant histo-

gram shows the distance from each pixel on edge to best-fit line.
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prior to cleaning the area with betadine and alcohol. Then,
the implant was inserted into the site between dermis and
muscle by using a trochar. After implantation, the wound
was closed with a surgical staple.

Pharmacokinetic studies. One milliliter samples of blood
were collected at days 7, 14, 21, 29, and 37. Blood was cen-
trifuged for 30 min, yielding 200 lL of serum, which was
stored at �80�C until analysis. Serum haloperidol concen-
trations were determined at each time point for each animal
by solid phase extraction (MCX, Waters) and HPLC/UV
detection.

Solid phase extraction (SPE) was performed using the
Waters 20-postion SPE vacuum manifold and Waters Oasis
MCX SPE cartridges (1 mL/30 mg cartridges). SPE car-
tridges were conditioned with methanol and water, loaded
with samples containing 2 vol % phosphoric acid, and then
washed with 5 vol % methanol in 0.1 N hydrochloric acid
followed by a 100% acetonitrile wash. The final elusion was
performed by washing each SPE cartridge with 5 vol %
NH4OH in 95 vol % acetonitrile. Each of these samples were
then dried under nitrogen in a water bath at 80�C, reconsti-
tuted in 100 mL of mobile phase, vortexed, and centrifuged
for 5 min. The reconstituted samples (75 lL) were then
loaded into an auto sampler and 50 lL were injected.

Analysis was then performed by HPLC with UV detection
at 254 nm. In vivo standard solutions of haloperidol
were prepared in normal rat serum. Standards were then

extracted using the same protocol as the study samples and
were included within each run to provide both the standard
curve and retention time for the compound. The retention
time for haloperidol was �7.567 min.

RESULTS

In vitro release study
In vitro haloperidol release profiles of solvent-cast pellets
were shown in Figure 4. Release of 20% haloperidol 50:50

FIGURE 3. Example images for crosssectional surface analysis using ImageJ and Excel. (A) Sample image for analysis. (B) Sample area defined

based on intensity histogram to cut the portion of image that is not at the surface. (C) Clearance of all background pixels and defining threshold

intensity as being 19-intensity units below the mode of the intensity histogram, resulting in a binary image with a bright sample and dark pores.

(D) The image with single dark pixels eliminated. (E) Plotting the resultant ‘‘pores’’ on top of original image to confirm that the results are con-

sistent with the original image.

FIGURE 4. Cumulative in vitro release profiles from 20% haloperidol

and 40% haloperidol solvent-cast pellets. Cumulative drug released is

expressed as percent of total drug released. Phase 1 is the initial slow

release, phase 2 is a period of rapid release after phase 1 and 3 is the

final slow release period until full drug release.
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PLGA pellets lasted �40 days with a three-phase release
profile: slower release during first 8 days (phase 1), fol-
lowed by a more rapid release between day 8 and 35
(phase 2) and another slow release period (phase 3) until
full drug release. The in vitro release profile from 40% sol-
vent-cast pellets showed a similar three-phase release
pattern.

Drug load of rods in all three extrusions were examined
by ultraviolet spectrophotometer and the results are shown
in Figure 5. As seen in Figure 5, Ext 1 rods showed the
most variability of drug load between each rod section and
drug loads were lower than the expected value of 40%. Ext
2 rods showed improved consistency in drug load. Ext 3
rods showed highest consistency of drug load in each sec-
tion among all extrusions.

Figure 6 shows the in-vitro-release profiles and Figure 7
shows the daily percentage of drug released, respectively,
for extruded rods. Ext 1 rods started release after 10 days

followed by a 20-day rapid release [Figures 6 and 7(A)].
Ext 2 rods showed release after 7 days followed by a
20-day rapid release [Figures 6 and 7(B)]. Ext 3 rods began
release after 7 days followed by a 30-day more uniform
release [Figures 6 and 7(C)]. Rods demonstrate a three-
phase release profile, albeit with less drug released during
phase 1 than pellets.

Surface morphology analysis
Surface morphology of solvent-cast, compression-molded
pellets was examined by SEM as shown in Figure 8.

FIGURE 5. Drug load in rods. Drug load is expressed as weight per-

centage of drug in sample rods. On the x-axis 1–5 represent the five

segments in each extrusion. For each segment in each extrusion,

three rod were cut for drug load analysis and are expressed as the

mean 6 SEM.

FIGURE 6. Cumulative in vitro release profiles from 40% haloperidol

50:50 PLGA rods in Extrusions 1–3. Phase 1 is the initial slow release,

phase 2 is a period of rapid release after phase 1 and phase 3 is the

final slow release period until full drug release.

FIGURE 7. Daily percentage of drug released calculated based on

release profiles. (A) extrusion 1, (B) is extrusion 2, and (C) is extrusion

3 of 40% drug loaded 50:50 PLGA.
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Figure 8(A) shows the outer surface of pellet, with both
cracks and smooth regions. Figure 8(B) shows the crosssec-
tional fracture surface of a molded pellet. Lateral surface
morphology of extruded rods is shown in Figure 9. The sur-
face of Ext-1 rods showed moderate roughness [Figure
9(A,B)]. Figure 9(C,D) reveal the most surface roughness in
rods from Ext 2. Ext 3 rods show smooth surface morphol-
ogy [Figure 9(E,F)]. Figure 9(A,C,E) were further character-
ized by ImageJ and Matlab (Table IV) and data are consist-
ent with the qualitative observations.

Crosssectional surface morphology of rods was shown in
Figure 10. Ext 1 rods showed moderate porosity, which can

be seen in Figure 10(A,B). As shown in Figure 10(C,D),
more pores were observed on the crosssectional surface of
Ext 2 rods. Fewer pores were observed in Ext 3 rods [Fig-
ure 10(E,F)]. Porosity analysis of Figure 10(B,D,F) by ImageJ
are consistent with qualitative descriptions as shown in
Table V.

In vivo test
In vivo release study. The in vivo release profile of Ext-3
rods is shown in Figure 11. Drug was released for �40
days with slightly more released in the first week (day 7
mean 6 SEM ¼ 3.74 6 1.11) followed by a steady release

FIGURE 8. Scanning electron micrographs showing the surface morphology of 40% haloperidol solvent-cast pellets. Panel (A) illustrates the lat-

eral surface at a magnification of �100 with a scale bar of 500 lm. Panel (B) illustrates the crosssectional surfaces at a magnification of �100

with a scale bar of 500 lm.

FIGURE 9. Lateral surface micrographs of extruded rods: Ext-1 rods are shown in panels (A) and (B), Ext-2 rods are shown in panels (C) and (D),

and Ext-3 rods are shown in panel (E) and (F). The scale bars in (A), (C), and (E) are 1 mm at a magnification of �50 and the scale bars in (B),

(D), and (F) is 500 lm at a magnification of �100.
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rate between 7 and 21 (day 14 ¼ 1.99 6 0.76, day 21 ¼
1.74 6 0.77). Release rate was further reduced on days 29
(0.83 6 0.21) and 37 (0.76 6 0.38), consistent with the
in-vitro-release profile of Ext-3 [Figure 7(C)]. Body weight
of the rats increased steadily for both the groups. There
were no signs of inflammation or other differences in
appearance between groups.

DISCUSSION

This study compared the pattern of in vitro drug release
and analyzed surface morphology of haloperidol-PLGA
implants fabricated through two different methods: solvent-
casting and extrusion. As shown in Figure 4, steady release
was achieved from 20% haloperidol solvent-cast pellets,
consistent with previously published data.1,11,17 The 40%
haloperidol pellets showed a slightly different release pat-
tern, possibly due to decreased hydrophilicity from the
increased ratio of hydrophobic API. The increased haloperi-
dol load also reduced the difference in slope between phase
1 and 2.

Despite favorable performance of these pellets, there
were several disadvantages of the solvent-casting, including
laborious processing, large amount of organic solvent
required, and a long time period required to fully remove
solvent from the mixture. All of these factors together make
this process difficult to scale-up and apply to a clinical set-
ting. Therefore, we examined the feasibility of fabricating
comparable drug implants through extrusion, which is a

continuous, solvent-free process that is more suitable for
large scale clinical fabrication.

Previous studies revealed that in-vitro-release patterns
of diclofenac sodium-PLGA implants fabricated by extrusion
were not steady and further improvement of extrusion pro-
cess was required.22 Similar studies also resulted in burst
release and short release duration.23 We and others have
previously suggested that the drug release profiles are influ-
enced by the fabrication process, as well as the drug and

FIGURE 10. Crosssectional surface micrographs of extruded rods. (A) and (B) show Ext 1-rods. (C) and (D) show Ext-2 rods. (E) and (F) show

Ext-3 rods. The scale bar in (A), (C), and (E) is 500 lm at a magnification of �100 and the scale bar in (B), (D), and (F) is 200 lm at a magnifica-

tion of �200.

FIGURE 11. In vivo serum concentration for 40% haloperidol 50:50

PLGA implants from Ext-3, 40% drug load. Drug was released for �40

days with slightly more released in the first week (day 7 mean 6 SEM

¼ 3.74 6 1.11) followed by a steady release rate between 7 and 21

(day 14 ¼ 1.99 6 0.76, day 21 ¼ 1.74 6 0.77). Release rate was further

reduced on days 29 (0.83 6 0.21) and 37 (0.76 6 0.38), consistent with

the in vitro release profile of Ext-3 [Figure 7(C)].
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materials used.1,24,25 In addition to the polymer used, drug
type and percentage also influenced degradation rate of
polymer matrices because less hydrophilic API shifted the
degradation mechanism from bulk degradation to surface
degradation.1 Increased ratio of drug to polymer also influ-
enced mechanical properties, optimal processing tempera-
ture, and viscosity of the final product with resulting effects
on release profile.26 We focused on fabricating 40% drug
implants because increased drug load results in decreased
implant volume, allowing for longer drug release periods
(weeks to months) from comparable sized implants.8

Extrusion parameters for Ext-1 were initially selected to
be between the glass transition temperature of PLGA (43–
48�C) and melting temperature of haloperidol (150–152�C).
However, optimal conditions for extrusion could not be
determined merely through these properties because the
rheological properties, such as viscosity, were different for
drug-polymer mixtures. Therefore, initial temperatures were
determined empirically by several preliminary runs prior to
Ext-1.

Unlike the steady drug release from solvent-cast pellets,
Ext-1 rods showed 10-day lag (phase 1) followed by 20-day
release (phase 2) for rods from the initial extrusion condi-
tions. Rods had longer delay and shorter steady release
compared to profiles from pellets. This may indicate a lon-
ger latency for water to penetrate the surface. We hypothe-
sized that a barrier of polymer formed on the outer surface
of the rods during extrusion due to contact with the hot
surface of the transfer tube and exit aperture. This process
could lead to fusion between PLGA particles or chains on
the outer rod surface, similar to phenomenon called sinter-
ing in a previous study.27 Additionally, surface tension gen-
erated when fusion occurred could also result in pulling of
PLGA chains from inner regions to the outer surface of the
rods. These factors may have resulted in a concentration
gradient with higher drug load in the inner portions of the
rod, yielding both delayed drug release (initial lags obtained
in all rods) as well as the accompanied decreased release of
drug in early phase 2. Although the densities of solvent-cast

pellets (Table II) and extruded rods (Table III) are similar,
the difference in release pattern may be due to uneven dis-
tribution of polymer in extruded rods.

Alternatively, we hypothesized that contact of the mate-
rial with the screw should not contribute to this phenom-
enon because of the intense mixing forces. Thus fusion
would only occur during the time at which rods left the
extruder barrel and entered the die. Although the transit
time in this section is only a few minutes, we suggested
that it was enough to affect the polymer distribution in the
outer portion of the rods because the processing tempera-
ture (76–82�C) was 30� higher than the Tg of PLGA (43–
48�C). Additionally, a high percentage of drugs might have
lowered the viscosity of the mixture, which could facilitate
polymer chain movement.

To examine this hypothesis, we lowered temperature in
zone 4 to reduce the driving force for polymer chains to
move toward the surface and increased screw speed to
decrease transit time to the aperture. In vitro studies
revealed a shorter phase 1 (7 days) followed by a shorter
phase 2 (14 days) as compared with Ext-1. Surface mor-
phology analysis showed increased surface roughness on
lateral surface and higher porosity on crosssectional surfa-
ces of Ext-2 rods. Increased roughness of lateral surface and
a shorter phase 1 in Ext-2 rods likely resulted from less sin-
tering, consistent with our hypothesis that a surface poly-
mer barrier led to longer delay in Ext-1. This phenomenon
suggests that fewer pores on the surface may shift the PLGA

TABLE II. The Lateral Surface Morphology of Extruded Rods

Pictured in Images 9A, 9C, and 9E was Characterized by the

Surface Roughness, Ra, Which is Defined as the Average

Height of a Surface Peak Relative to the Midline

6A 6C 6E

Ra (lm) 3.6 10.9 2.7
Sample length (lm) 1503 1628 1580

TABLE III. The Crosssectional Morphology for Rods Pictured

in Images 10B, 10D, and 10F was Evaluated by the Percent

Porosity, /, Which is Defined as the Ratio of the Total Area

of Pores in a Crosssection to the Crosssectional Area

7B 7D 7F

Porosity / (%) 8.3 12.0 4.3
Sample area (lm2) 189,414 159,970 171,206

TABLE IV. Physical Characteristics of Solvent-Cast Pellets

Pellet
Weight
(mg)

Radius
(mm)

Thickness
(mm)

Density
(mg mm�3)

20% drug no. 1 46.9 3 1.31 1.27
20% drug no. 2 48.1 3 1.35 1.26
20% drug no. 3 46.5 3 1.29 1.27
40% drug no. 1 50.1 3 1.45 1.22
40% drug no. 2 49.6 3 1.40 1.25
40% drug no. 3 49.5 3 1.41 1.24

TABLE V. Physical Characterization of Three Portions of Each

Set of Extrusion Conditions

Weight
(mg)

Diameter
(mm)

Length
(mm)

Density
(mg mm�3)

Ext 1-1 43.7 2.0 10.9 1.3
Ext 1-2 42.6 2.0 10.4 1.3
Ext 1-3 45 2.0 11.1 1.3
Ext 2-1 44.8 2.0 11.9 1.1
Ext 2-2 41.5 2.0 10.9 1.1
Ext 2-3 43.4 2.0 11.2 1.1
Ext 3-1 50.9 2.0 12.8 1.3
Ext 3-2 41.3 2.0 10.9 1.2
Ext 3-3 43.1 2.0 10.9 1.3

Samples were taken from three lengths along each extrusion run,

and are designated as 1, 2, and 3 starting with the initial portion of

the run (�1) and proceeding to the latter portion of the extrusion

stream (�3).
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degradation process from bulk degradation to surface degra-
dation, which leads to more time required for solution to
penetrate the surface of the rod. As a result, the lag period
increased in proportion to increased surface integrity.

Although the lag caused by a putative polymer barrier
was reduced in Ext-2, burst release in phase 2 was still a
problem, possibly due to pores inside the rods.28 Pore for-
mation also decreased the density of these rods to 1.1 mg
mm�3 (Table III). We suggested that these pores were
formed due to poor mixing or discontinuity of the process.
Since temperature in zone 4 affected the surface of rods, we
increased the temperatures in zones 2 and 3. In vitro
release from Ext-3 rods showed 7 days of lag followed by
30-days of steady release. Surface morphology of Ext-3 rods
showed that there were fewer pores on the lateral surface
as well as decreased roughness than those on Ext-2 rods.
We suggest that this set of parameters caused sintering on
the surface, but not enough to cause as long lag as Ext-1.
Similar to crosssectional surface morphology of solvent-cast
pellets, crosssectional micrographs and porosity analysis
showed that significantly fewer pores were generated inside
Ext 3 rods, suggesting that an increased temperature in the
extruder chamber increased mixing. Improved mixing can
also be inferred because Ext-3 displayed the highest consis-
tency of drug load among the conditions tested.

In vivo serum levels ranged from about 1 to 4 ng mL�1

over the course of treatment. Studies of haloperidol dec-
anoate in humans indicate that therapeutic doses yield peak
serum levels of �7 ng mL�1 1 week after injection, which
tapper to 2 ng mL�1 within 30 days.29 The higher level at 7
days than at later time points likely results from a brief ele-
vation in drug release during phase 2 following initial
implant hydration during the lag period (phase 1) as noted
in the in vitro release curves. This corresponds well to
the initiation of drug release in vitro noted for Ext-3 in
Figure 7(C). Thus the implants used in the current study
provided roughly half of the human level from implants
designed to deliver approximately one quarter of the human
dose (0.5 mg day�1 in rat as compared with 2 mg day�1

using haloperidol depot). Although it is difficult to match
doses accurately between rat and human due to large inter-
species variation in metabolism (3- to 10-fold higher doses
needed for biological effects in rats as compared to
humans), these data suggest that small PLGA implants in
the current study can deliver clinically applicable doses.11,17

CONCLUSION

These results suggest that it is possible to translate the pre-
vious laboratory-based solvent-casting methods to a more
scalable extrusion process for human use.

Future work
Future work will focus on extension to other types of PLGA
polymers (molar ratios and molecular weights) with differ-
ent drug loads, depending on the desired release period and
amount of drug to be released. Additional pharmacokinetic
studies in other species and behavioral tests will also be

performed to further examine the potential efficacy of
extruded haloperidol-PLGA implants.
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