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Abstract

To obtain a sustained fentanyl delivery with effective and precise control, fentanyl loaded wafer was fabricated
using poly(L-lactide-co-glycolide) (PLGA) oligomer by direct compression method. XRD and DSC analysis indicated
the presence of crystalline drug in the wafers. The release of fentanyl from PLGA wafer was determined to be
primarily diffusion controlled, but swelling and erosion also contributed to the release process. In vitro release studies
showed that different release patterns and rates could be achieved by simply modifying factors in the preparation
conditions. The wafer degradation profiles were also investigated to understand the drug release mechanism.
Gravimetric studies of mass loss of wafers during the incubation revealed that the weight loss increased apparently
after 4 days. These results indicate that the polymer degradation was contributed to drug release followed by
diffusion. From the results, this constant localized release system can potentially provide anesthesia for a longer
period than injection or topical administration. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction (PLGA) has been widely used as carriers in con-
trolled-release delivery systems due to its

Biodegradable polymers produce biocompat- biodegradability and relatively good biocompati-
ible, toxicologically safe by-products that are fur- bility (Jalil and Nixon, 1990; Wu, 1995; Khang et
ther eliminated by the normal metabolic al., 1999, 2000). The FDA has also approved it
pathways. It would deliver the drug at a continu- for drug delivery use, so it has been used for the
ous rate and reduce the administration difficulties study of a controlled release system over the past

(Maria et al., 2000). Poly(D,L-lactide-co-glycolide) decade. The direct compression method has the

following advantages: (1) it can control the release

E— . rates even for low molecular weight drugs; (2) it is
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Tateshita et al., 1993) or contact with organic
solvent (Bakai et al., 1990; Sansdrap and Moes,
1993), such as the chlorinated solvent often used
in the preparation of microspheres is required
(Chuo et al., 1996); (3) the release rates can be
controlled easily by appropriate selection of poly-
mer species and formulation. The drug-release
pattern from PLGA wafer is biphasic, combina-
tion of diffusion and biodegradation (Lewis,
1990). Initially, drug is released via diffusion
through the polymer matrix as well as through the
porous voids of the polymer structure, but
biodegradation of PLGA continuously changes
the drug-release pattern. The second process in-
volves bulk erosion: the polymer matrix uptakes
water and the polymer chains are degraded small
enough to be soluble, and drug is released during
the dissolution of the PLGA matrix. The initial
burst is caused by release of drug that embedded
in a superficial region of the wafer (Arshady,
1990; Lewis, 1990).

We have been investigating various approaches
to deliver the anesthetics with zero-order release
profiles. In our previous papers, we have dis-
cussed about fabrication of fentanyl delivery sys-
tem, especially microspheres using PLGA (Choi et
al., 2001) as well as the analysis method of fen-
tanyl (Choi et al., 2002). In this system, they
released anesthetics over 15 days with first-order
release pattern although the optimum release pe-
riod, we expected, is about 10 days. Based on the
above observation, PLGA oligomer wafers were
employed to develop anesthetic delivery system
within 10 days with zero-order release pattern. In
this study, we demonstrated the possibility of
precise and effective control of fentanyl adminis-
tration with the PLGA local devices. In order to
understand the drug release mechanism from
wafer, the effects of the preparation conditions on
morphology and release profiles were investigated.
The pattern of the drug release depends on vari-
ous factors: initial drug/polymer loading ratio,
wafer thickness, and additive content. The water-
soluble polymer hydroxypropyl methylcellulose
(HPMC) was used in order to adjust the water
permeability of PLGA and so attempt to achieve
a zero order release of fentanyl over long period.
The physical characteristics were studied using

X-ray analysis and differential scanning calorime-
ter (DSC) analysis. Also, the in vitro release pat-
tern of fentanyl and the morphology of wafer
have been investigated by means of gas chro-
matography with a nitrogen-phosphorous detec-
tor (GC-NPD) and scanning electron microscope
(SEM), respectively.

2. Materials and methods

2.1. Materials

Fentanyl base was purchased from McFarland
Smith (Edinburgh, UK). PLGA 50:50 (PLGA-
5005, molecular weight: 5000 g/mol) was obtained
from Wako Chem. Co., Ltd. (Osaka, Japan). The
matrix binder HPMC was purchased from Sigma
Chem. Co., Ltd. (St. Louis, MO). The extraction
solvent such as toluene, n-butyl chloride, and
methanol were also obtained from Sigma Chem.
Co., Ltd. (St. Louis, MO). Water was obtained by
a Milli-Q purification system from Millipore
(Molsheim, France). All other chemicals were of
analytical grade and used with distilled
purification.

2.2. Preparation of wafer

Fentanyl loaded PLGA wafers (5.0 x 0.9 mm?
base) were prepared by direct compressing the
drug—polymer mixture using a manual press
(MH-50Y, Masada, Japan). Before the prepara-
tion of the wafer, to decrease the crystallinity of
fentanyl and to make homogeneous and minuted
powder, we used freezer-mill (SPEX 6700,
Metuchen, USA) freezing with liquid nitrogen.
PLGA and drug mixture was obtained homoge-
neous powder and put into 5 mm diameter mold
then pressed (MH-50Y, Japan) under 40 kgf/cm?
at room temperature. And these wafers were
stored in refrigerator until analyzed morphology
and in vitro release. The variables and conditions
of wafer formulations are listed in Table 1. The
effects of initial drug loading ratio, different
thickness of wafers, and additive content on the
fentanyl release profile have been investigated.
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2.3. X-ray analysis

Powder X-ray diffraction (XRD, D/MAXIII,
Rigaku, Japan) patterns were obtained to study
physical state of drug, polymer, and drug—poly-
mer mixture. The test was carried out at 40 kV of
voltage and 25 mA of current. The scanning rate
was 4°/min over a 260 range of 1.5-40°. Physical
mixture was made of grinding drug and polymer
material.

2.4. DSC analysis

DSC was used to determine the glass transition
temperature (7,) and melting point (7},) of fen-
tanyl loaded PLGA wafer. The wafer samples for
thermal analysis were equilibrated with PBS for
11 days at 37 °C, subsequently, dried, weighed,
and finally analyzed with DSC. Thermal analysis
was performed using a Metler TA 4000 system
with a DSC equipped with a computerized data
station (Mettler DSC, AC, USA). All samples
were heated at scanning rate of 10°C/min between
30 and 270 °C.

2.5. In vitro release test
The fentanyl release from the wafers was estab-
lished by emerging the wafers into 40 ml of phos-

phate-buffered saline (PBS, pH 7.4). The sample
tubes were incubated at 37 °C under continuous

Table 1

Preparation conditions of fentanyl-loaded PLGA wafers (n = 3)

shaking. The release medium (200 pl) was period-
ically taken out from the tube with pipette and
same volume of the fresh medium was replaced.
To extract fentanyl from the buffer solution, 10 pl
of IS (1 pg/ml) was added to 200 pl of sample in
a centrifuge tube. The aqueous phase was ex-
tracted with 600 pl of 5% isopropyl alcohol in
n-butyl chloride. The tube was vortex-mixed and
the upper organic phase was transferred to a
second centrifuge tube. The sample was evapo-
rated in a vacuum concentration system (Spinvac,
Hanil, Korea) at 40 °C. Extraction residue was
reconstituted in 50 pl toluene, sonicated, and cen-
trifuged at 12000 rpm. The solution was injected
into the GC system via splitless mode.

2.6. Quantitative analysis of fentanyl

The amount of fentanyl released from the wafer
was determined by GC analysis as described be-
fore (Choi et al., 2001). Chromatography was
performed on a Hewlett—Packard 6890 GC,
equipped with an autosampler (HP 7683) and a
NPD. High purity helium was used as the carrier
gas at a constant pressure of 25 psi. A HP-5 5%
phenyl methyl siloxane capillary column (60 m x
0.32 mm I.D. and 0.25 um film thickness) was
used. The initial oven temperature was 150 °C for
1 min. The oven temperature was programmed to
270 °C at 30 °C/min, held 2 min, then to 280 °C
at 5 °C/min, and held 9 min (overall run time 18

Batch Drug ratio (%) HPMC (%) Weight (mg) Thickness (mm)
FW1 3 - 20 0.90
FW2 5 - 20 0.90
Fw3? 10 - 20 0.90
Fw4 20 - 20 0.90
FW5 10 - 10 0.45
FW6 10 - 50 2.25
FWwW7 10 - 100 4.50
FW8 10 2 20 0.90
FW9 10 5 20 0.90
FW10 10 10 20 0.90

2 Control.
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min). The temperature of the injector and the
detector were maintained at 285 and 310 °C, re-
spectively. Flow rates were 2.0 ml/min for the
helium gas, 60 ml/min for air, and 3.0 ml/min for
hydrogen. Deactivating all glassware, including
disposable culture tubes and the injection port
liner, with a 5% solution of dimethyldichlorosi-
lane and vapor of hexamehyldisilazane (HMDS)
were necessary to avoid adsorption of the drug
onto the glassware and optimize recovery.

2.7. Water uptake and mass loss of wafer

In order to study degradation and weight loss
of wafer, incubation was performed in the same
conditions as those used for the drug release
studies. At different time intervals, the samples
were collected and dried for at least 24 h at room
temperature under vacuum. The weight loss was
determined gravimetrically (Hausberger and
DeLuca, 1995). Water uptake was calculated ac-
cording to the difference between the wet weight
(W,) and the dry weight (W) and expressed by
the relationship:

Water uptake (%) = (W,, — Wy) x 100/ W
The mass loss was expressed as:
Mass loss (%) = (W, — W4) x 100/ W,

where W, is the implant weight determined ini-
tially. The dried wafer samples were further used
for morphological characterization.

2.8. SEM observation

In order to examine the surface and cross-sec-
tional morphology, microphotographs of the
wafers were observed with SEM (S-2250N, Hi-
tachi, Japan) operated at 15 kV. Before SEM
observation, all samples were mounted on metal
stubs and coated with a thin layer of platinum by
means of a plasma sputtering apparatus (Em-
scope, SC 500K, UK) under argon atmosphere.
To obtain a cross-sectional morphology, the frac-
tured samples were prepared by submerging the
wafers into liquid nitrogen. The observations were
studied before and after in vitro test.

M
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Intensity (a.u.)

(a) Fentanyl
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0 10 20 30 40

Degree (20)

Fig. 1. Powder X-ray diffraction patterns of (a) fentanyl, (b)
FW4 (after 10 days), (c) FW2 (after 10 days) and (d) PLGA.

3. Results and discussion
3.1. Physical characteristics of FWs

To evaluate the crystallinity and miscibility of
fentanyl and PLGA, XRD and DSC analysis were
employed. As shown in Fig. 1, the XRD patterns
show the decrease of fentanyl crystals at the after
10 days of the release study. Fentanyl showed
several peaks corresponding to the crystalline
form while PLGA is mainly amorphous with a
poor crystalline part. In contrast, samples of
wafer showed a halo pattern in which diffraction
peaks of the drug decreased indicating that fen-
tanyl in both preparations was in the amorphous
state. These results proved that the drug was
dispersed in a molecular state of PLGA. In these
graphs, more fentanyl remained in FW4 (20%
fentanyl loading) than FW2 (5% fentanyl load-
ing), and this result coincides with Fig. 3. On the
other hand, the crystals of copolymers were ap-
peared after drug release. The original PLGA was
an amorphous copolymer with a glass transition
temperature (7,) at 49.0 °C. However, after de-
grading in release medium for 10 days, a 7,, could
be detected and the 7, was found to move to a
higher temperature, though the thermograms are
not presented. This means that the PLGA copoly-
mer degraded to acid forms and changed from an
amorphous state to a crystalline state.
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3.2. Morphology observation

Fig. 2 shows SEM microphotographs of the
surface and cross-sectional morphology of 0, 1
and 4 days after in vitro release test for 10%
fentanyl-loaded PLGA wafer. The SEM micro-
graphs indicate that wafer degradation occurs in a
heterogeneous manner, i.e. degradation proceeds
more rapidly in the center than at the surface.
This is manifested by the rapid progression in
pore formation within the wafer in comparison to
the relatively intact surface crust. This behavior
has recently been demonstrated for a variety of
polyester microspheres (Li et al., 1990). This re-
sults in the enhanced autocatalytic hydrolysis in
the central region of the matrix, while the surface
region, which is in contact with the bulk medium,
degrades at a slower rate.

Cross-section

Surface

(b)

Fig. 2. SEM micrographs of wafer FW3: (a) before in vitro,
(b) after 1 day and (c) after 4 days release (original magnifica-
tions x 500).

3.3. Effect of initial drug loading ratio

To determine an optimal drug loading, various
ratios of initial drug loading to the polymer ma-
trix, 3, 5, 10 and 20%, were investigated (Table 2).
For these formulations, a higher drug loading
resulted in a higher initial burst (Fig. 3). Fentanyl-
loaded PLGA wafers produced from direct com-
pression with a drug loading of 20% (FW4) had
an initial burst of 10.7%. This initial burst could
be reduced to 2.4% by lowering the drug loading
to 3% (FW1). Analysis by scanning electron mi-
croscopy revealed that FW4 had more drugs on
the surface than FW1 (results are not shown). The
increasing of drug on the surface may account for
the increase in diffusion of the drug from the
surface during the initial release phase. The lower
loading can avoid the occurrence of the initial
burst, which can be related to the reduced proba-
bility that a drug particle is situated on or near
the surface of the device. Thus, a lower loading
will be the best choice if a constant and a lower
release-rate is desirable. In addition to the initial
burst, drug loading also affected the erosion-con-
trolled release phase. As shown in Fig. 3, FW4
had a daily release rate of about 5% whereas FW1
had a daily release rate of about 10%. In order to
obtain continuous release wafer, continuous ero-
sion of the polymer by hydrolysis to generate new
pores for continuous diffusion of drug from wafer
is required. That is, the diffusional phase and
erosion-controlled release phase must overlap
(Cleland and Jones, 1996). In this case, the degra-
dation of PLGA oligomer matrix is compensating
the drug release followed by initial dissolution
and diffusion.

3.4. Effect of wafer thickness

The influence of wafer thickness (0.45, 0.9, 2.25
and 4.5 mm) on the release profiles of drug from
10% fentanyl-loaded PLGA wafers is shown in
Fig. 4. It can be seen that the thickness of wafers
has a significant effect on the release pattern. The
amounts of after 11 days release for the wafer
thickness 0.45, 0.9, 2.25 and 4.5 mm were about
0.988 (98.8%), 1.51 (75.3%), 3.07 (61.4%), and
4.43 mg (44.3%) with zero-order release, respec-
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Table 2

Water uptake and mass loss of fentanyl-loaded PLGA wafers (n = 3)

Batch W, (mg) Time (day) W, (mg) Wy (mg) Water uptake (%) Mass loss (%)
FW3 20.0 1 22.8 19.3 11.8 2.5
2 24.5 19.1 28.3 4.5
4 25.6 18.9 35.5 5.5
6 25.9 17.6 47.2 9.0
10 - 11.9 - 41
FW6 50.0 1 56.5 48.6 16.5 1.8
2 59.7 48.1 24.1 3.6
4 63.3 47.2 34.1 5.6
6 63.9 44.9 423 10
10 - 31.3 - 35
FW7 100 1 111 97.7 13.6 23
2 115 96.3 19.4 3.7
4 122 95.2 28.2 4.8
6 126 89.1 41.4 10.9
10 - 63.8 - 36.2
FW9? 20.0 1 23.9 19.3 22.6 2.5
2 25.2 19.1 30.6 3.5
4 25.6 19.1 34.0 4.5
6 26.1 17.6 48.3 12
10 - 13.6 - 32

W,, original weight; W,,, wet weight; W, dried weight
#20-mm wafer containing 5% HPMC.

tively. That is to say, the increase of wafer thick-
ness significantly decreased initial burst and could
be reached more close zero-order release pattern.
It can be explained that this wafer acts like simple
‘depot’. The thinner wafer, the faster the simple
dissolution and diffusion due to small volume of
depot of drug also could be happened. From these
results, the desirable duration of fentanyl release
can be obtained by the controlling of the wafer
thickness.

3.5. Effect of additive content

Efforts have been made in order to reduce the
extent of the initial burst and release rate, includ-
ing adding HPMC (content with 2, 5 and 10%)
into the PLGA matrix as a matrix binder. HPMC
is well known binder to cause a slower release
when added to a porous matrix (Li et al., 1990).
In the present study, it seems that using over 10%
of HPMC in the matrix does not provide any
positive effect on slowing down drug release (re-
sults are not shown). As shown in Fig. 5, it has

been widely recognized that the in vitro release of
fentanyl from biodegradable wafers without addi-
tive (FW3) showed typical biphasic release kinet-
ics, a slow diffusion release followed by a little
faster erosion-mediated release (Cleland and

—=—FW1
—o—FW2
FW3

’gg 34 [—w—Fw4
E v
é 24 / /
3 v
x*
-

14 o / /./.

0 v::-%agllﬁlf . . . .

0 3 6 9 12

Time (days)

Fig. 3. Effect of initial drug loading ratio on the fentanyl
release profiles (5.0 x 0.9 mm?). Each point represents the
mean of at least three runs.
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Fig. 4. Effect of wafer thickness on the fentanyl release profiles
(10% drug content). Each point represents the mean of at least
three runs.

Jones, 1996). However, the wafers containing
HPMC as a wafer binder are shown decreased
release rate after diffusion and dissolution.
Among the wafers, FW9 (5% HPMC) was shown
the slowest release rate of fentanyl with zero-or-
der. FW8 and FW9 were shown similar release
profiles slower than FW3. When HPMC was as-
sociated with PLGA, fentanyl entrapment effi-
ciency was close of superior to the theoretical
value. This is likely due, at least in part, to an
impossible migration of drug into the aqueous

20

—a—FW3

—o—FW8
FW9

—v—FW10

-
o
1
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T
N
\\

e
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1

0.0

Time (days)

Fig. 5. Effect of HPMC concentration on the fentanyl release
profiles (0.9 mm thickness). Each point represents the mean of
at least three runs.
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Fig. 6. Mass loss profiles of fentanyl-loaded PLGA wafers.
Each point represents the mean of at least three runs.

phase by attached binder leading to control of
drug/polymer ratio. From these results, it can be
summarized that fentanyl release mechanism from
PLGA wafer may be controlled by altering
amount of additive.

3.6. Degradation and weight loss of wafer

The wafer degradation profiles were investi-
gated to understand the drug release mechanism.
The degradation of PLGA polymers is influenced
by several physical and chemical factors, such as
initial pH, ionic strength and temperature of the
external bulk medium, molecular weight, crys-
tallinity, exposure to gamma radiation and pres-
ence of drugs and other agents in the matrices
(Kenley et al., 1987). In general, an erosion pro-
cess involves three steps: the penetration of water
into the device, the hydrolysis of ester bonds in
the polymer main chain leading to water soluble
degradation products, and the mass loss of poly-
mer from the device through transport of cleavage
products into the surrounding medium (Mathiow-
itz et al., 1993). Fig. 6 is a plot of the mass
erosion profiles of the PLGA wafers with M, of
5000. Low molecular weight PLGA shows no
apparent lag phase. This indicates that the hy-
drolytic rate of the polymer chains is quite high
leading to the rapid loss of the water-soluble
oligomeric fragments. Fig. 6 shows that about
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40% of the polymer mass is lost in 11 days. The
weight loss during the first 4 days of incubation
represents less than the amount of fentanyl left
in the wafer at the same time. This can be ex-
plained by the fact that during the incubation
an important amount of buffer penetrates deeply
into the polymer matrix. Mass loss cannot be
occurred during the swelling step after 4 days
incubation so that they produce a weight in-
crease, which is balanced by fentanyl loss.

4. Conclusion

Biodegradable PLGA wafers have been manu-
factured by means of direct compression and
their in vitro release patterns have been investi-
gated. The fentanyl-loaded PLGA wafers with
appropriate factors of drug loading, thickness
and additive content could be reached controlled
zero-order release. This study has demonstrated
that the release pattern of drug from wafer
could be improved by optimizing the prepara-
tion conditions of the wafers.

Generally, the drug showed the biphasic re-
lease patterns, with an initial diffusion followed
by a lag period before the onset of the degrada-
tion phase (Mathiowitz et al., 1993). However,
these wafers showed zero-order release because
the degradation of matrix promoted the drug
release followed by a diffusion process. In vitro
release studies showed that different release pat-
terns and rates could be achieved by simply
modifying factors in the preparation conditions.
Gravimetric studies of mass loss of wafers dur-
ing the incubation revealed that the weight loss
increased apparently after 4 days and about
40% of mass loss was observed after 11 days
fentanyl release. These results indicate that the
polymer degradation was contributed to drug re-
lease followed by diffusion. In conclusion, this
system showed very few initial burst and zero-
order release profiles. The fentanyl-loaded
PLGA wafers appear to be a promising anal-
gesic delivery device for the treatment of chronic
pain without second operation for the removal
of the implants after releasing of drug.
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