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Abstract

We developed several kinds of fentanyl-loaded poly(L-lactide-co-glycolide) (PLGA) microspheres (FMS) for
sustained release of fentanyl. FMS were prepared by an emulsion solvent-evaporation method. In this study, the
influences of several preparation parameters, such as initial drug loading, polymer concentration, and solvent volume
on the release patterns of fentanyl were investigated. Furthermore, it has been well noted that the detection of
fentanyl is extremely difficult because its clinical dose level is very low, about 1–3 ng/ml, in cancer-patient treatment.
Therefore, we also developed a rapid and sensitive determination method for fentanyl in systemic circulation by
employing gas chromatography (GC) system. Fentanyl was slowly released from FMS over 15 days with a quasi-zero
order property. From the results, our FMS may be good formulations to deliver the analgesics and suitable for the
treatment of severe pain over long periods. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Fentanyl is a potent synthetic opiate commonly
used for surgical analgesia and sedation (Baselt,
1982; Hammargren and Henderson, 1988). It is
approximately 200 times more potent than mor-
phine, has a rapid onset (1–2 min), and short
duration of action (30–60 min) (Marchall and

Longnecker, 1990). Because of its potency and
quick onset, even a very small dose of fentanyl
can lead to sudden death (Garriott et al., 1984;
Pare et al., 1987; Matecjczyk, 1988; Levine et al.,
1990). Moreover, the expected concentration
range of fentanyl is very low. A concentration of
1–3 ng fentanyl per ml of serum is effective
therapeutic range for analgesia and toxicity is
reached between 3 and 5 ng/ml when fentanyl is
abused. Therefore, the detection of lower levels of
the compound from analgesic doses is important.
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In addition, intravenous administration of fen-
tanyl results in a relatively short half-life, about
3.7 h in plasma, and simple parenteral administra-
tions of fentanyl may not be fully effective, so
frequent injections and continuous infusions are
required to ensure adequate plasma levels (Mof-
fat, 1986). However, these methods have the dis-
advantage of potentially causing irreversible
damage to nerve or surrounding tissues due to
fluctuations in concentration and high levels of
anesthetic. Additionally, anesthetic delivered in
the form of pulse instead of zero-order kinetics
may aggravate adverse reactions due to over-
dosage (Beck et al., 1985; Moffat, 1986). There-
fore, a sustained release system is needed to
prolong the action of local anesthetic as well as to
avoid the inconvenience of patients and to main-
tain constant therapeutic levels (Ikeda and Pelton,
1990). The development of long-acting local anes-
thetics is also needed for postoperative analgesia
and control of chronic pain of cancer patients
(Lee et al., 1999).

Biodegradable polymers produce biocompat-
ible, toxicologically safe by-products that are fur-
ther eliminated by the normal metabolic
pathways. It would deliver the drug at a continu-
ous rate and reduce the administration difficulties
(Maria et al., 2000). Poly(L-lactide-co-glycolide)
(PLGA) has been widely used as carriers in con-
trolled-release delivery systems due to its
biodegradability and relatively good biocompati-
bility (Cho et al., 2000, 2001; Khang et al., 2000;
Lee et al., 2000; Maria et al., 2000). The FDA has
also approved it for drug delivery use, so it has
been used for the study of a controlled release
system over the past decade. The drug release
pattern from PLGA microspheres is biphasic,
combination of diffusion and biodegradation
(Lewis, 1990). Initially, drug is released via diffu-
sion through the polymer matrix as well as
through the porous voids of the polymer struc-
ture, but biodegradation of PLGA continuously
changes the drug release pattern. The second pro-
cess involves bulk erosion: the polymer matrix
uptakes water and the polymer chains are de-
graded small enough to be soluble, and drug is
released during the dissolution of the PLGA ma-
trix. The initial burst is caused by release of drug

that is loosely bound to the surface or embedded
in a superficial region of the microspheres (Ar-
shady, 1990; Lewis, 1990).

In this study, we demonstrated the possibility of
the fentanyl-loaded microspheres (FMS) for local
anesthesia with the precise and effective control of
fentanyl administration, and developed a rapid
and sensitive analytic method for fentanyl in the
concentration range of 0.5–50 ng/ml by using gas
chromatography (GC) with a nitrogen–phospho-
rous detector (NPD). Also the effects of the
preparation conditions on morphology and re-
lease profiles were investigated. The patterns of
the drug release depend on various factors: initial
drug/polymer loading ratio, polymer concentra-
tion, and solvent volume.

2. Materials and methods

2.1. Materials

Fentanyl base (Fig. 1) was purchased from
McFarland Smith (Edinburgh, UK) and papaver-
ine hydrochloride (Fig. 1), internal standard (IS),
from Sigma Chem. Co., Ltd. (Steinheim, Ger-
many). PLGA (Resomer® RG 752, PLGA 75:25
mol ratio by lactide to glycolide, MW 20 000
g/mol) was obtained from Boelinger Ingelheim
(GmbH, Germany). Poly(vinyl alcohol) (PVA,
MW 30 000–70 000 g/mole), ethyl acetate (EA),
n-butyl chloride, toluene, and methanol were pur-

Fig. 1. Chemical structures of fentanyl base and papaverine
(IS).
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Table 1
The preparation conditions and characteristics of FMS (10 wt/vol% polymer, 3 wt/vol% emulsifier, and 10 ml EA): effect of initial
drug loading ratio

Batch Initial drug ratio (wt%) FMS mean size�SD (�m) Encapsulation efficiency (%) Yield (%)

15.2�6.8A1 89.75 82.1
16.4�8.6A2a 83.510 81.8
17.2�7.8 76.220 77.5A3

A4 16.9�7.630 61.5 75.1

a Control.

chased from Sigma Chem. Co., Ltd. (St. Louis,
MO, USA). 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. Fabrication method of FMS

The conventional oil-in-water (O/W) emulsion
method was applied to fabricate FMS since fen-
tanyl is a slightly water-soluble drug. EA was
used as an O phase because of its lower toxicity,
ease of removal, and excellent ability to dissolve
the polymer (Jalil and Nixon, 1990a). We encap-
sulated fentanyl in PLGA microspheres using an
O/W method that was followed by solvent evapo-
ration. PLGA and fentanyl were dissolved in EA
and then emulsified by drop in W phase contain-
ing 3% PVA as an emulsifier. EA was removed at
35 °C by evaporation, and monolithic micro-
spheres containing fentanyl were obtained. As the
solvent was being removed, the emulsifier contin-
ued to maintain the oil droplets in their spherical
configuration and prevented from aggregating un-
til the solvent was completely removed, and the
microspheres were hardened as discrete particles.
Finally, the hardened FMS were washed, cen-
trifuged, and freeze-dried at −70 °C using freeze
drier (FDU-540, EYELA®, Japan). The prepara-
tion conditions of FMS are listed in Tables 1–3.

2.3. Morphology obser�ation

Scanning electron microscopy (SEM, S-2250N,
Hitachi, Japan) was used to study FMS size and
size distribution as well as to reveal the surface
quality and porosity of microspheres. 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.
Cross-sectional morphology of microspheres was
obtained by embedding the microspheres in an
aqueous solution containing 30% gelatin and 5%
glycerin. The size distributions of microspheres
were determined according to a reference scale.
The observations were studied before and after in
vitro release test.

2.4. X-ray analysis

Powder X-ray diffraction (XRD, D/MAXIII,
Rigaku, Japan) patterns were obtained to study
physical state of drug, polymer, physical mixture
of drug/polymer (10/90), and drug-loaded micro-
spheres (batch A2). The test was carried out at 40
kV and over a 2� range of 0–40°. Physical mix-
ture was made of grinding drug and polymer
materials.

2.5. In �itro release test

The fentanyl release from the microspheres was
established by suspending 20 mg of FMS (n=3)
in 50 ml of phosphate-buffered saline (PBS, pH
7.4). The sample tubes were incubated at 37 °C
under continuous shaking. The tubes were cen-
trifuged, and the supernatant was withdrawn at a
scheduled time. To extract fentanyl from the
buffer solution, 10 �l of IS (1 �g/ml) was added to
200 �l of sample in a centrifuge tube. The
aqueous phase was extracted with 600 �l of 5%
isopropylalcohol in n-butyl chloride. The tube
was vortex-mixed and the upper organic phase
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was transferred to a second centrifuge tube. The
sample was evaporated in a vacuum concentration
system (Spinvac, Hanil, Korea) at 40 °C. Extrac-
tion residue was reconstituted in 50 �l toluene,
sonicated, and centrifuged at 12 000 rpm. The
solution was injected into the GC system via
splitless mode.

2.6. Quantitati�e analysis of fentanyl

The amount of fentanyl released from the FMS
was determined by GC analysis as follows (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×0.32 mm I.D.
and 0.25 �m 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
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. Determination of drug content

The encapsulation efficiency of microspheres
was measured by dissolving 5 mg of FMS in 10
ml of methylene chloride and reprecipitating the
polymer with a known volume of methyl alcohol.
After filtration, the solution was injected in GC
system operated according to above described
method. Fentanyl content in FMS was calculated
as the ratio of actual-to-theoretical drug content
in the microspheres.

3. Results and discussion

3.1. Morphology of FMS

The morphology of microspheres depends on
the rate of polymer precipitation and solvent re-
moval at the interface (Khang et al., 2000). The
surface is generally smooth when the polymer
precipitates slowly due to slow removal of the
organic solvent. Moreover, the presence of PVA
in W phase enhances the stability of the emulsion
for the O/W system. In this study, morphologies
of FMS with different PLGA concentrations were
observed (Fig. 2). All FMS from various prepara-
tion conditions had a spherical shape and smooth
surface with few pores. From the cross-sectional
images of the microspheres, it is clear that internal
phase of the microspheres are all highly porous
and the hollow core are increased with increasing
FMS size. In our case, although solvent removal
is slow, the internal porosity is generally high
since the fabrication temperature is relatively high
(35 °C). Subsequently, FMS mean size increases
and the particle size distribution widens with in-

Table 2
The preparation conditions and characteristics of FMS (10% drug loading, 3 wt/vol% emulsifier, and 10 ml EA): effect of polymer
concentration

Encapsulation efficiency (%)Polymer concentration (wt/vol%) Yield (%)FMS mean size�SD (�m)Batch

3B1 9.2�6.2 62.7 87.6
5 11.6�6.3B2 77.1 78.4

A2a 81.883.516.4�8.610
20B3 31.6�14.2 58.999.8

a Control.
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Table 3
The preparation conditions and characteristics of FMS (10% drug loading, 10 wt/vol% polymer, and 3 wt/vol% emulsifier): effect
of solvent volume

Batch Solvent volume (ml) FMS mean size �SD (�m) Encapsulation efficiency (%) Yield (%)

18.5�11.2C1 87.2EA (5) 78.6
16.4�8.6A2a 83.5EA (10) 81.8
14.2�4.2 79.5EA (20) 69.3C2

C3 9.51�5.6EA (40) 62.1 52.8

a Control.

crease in the O phase concentration. Although, all
the FMS have a hollow internal structure, FMS
fabricated at low concentration of O phase have a
uniform size distribution and a very dense layer,
while microspheres fabricated at higher concen-
tration of O phase have a thicker but porous
cross-section and bigger pores in the middle of the
microspheres. As shown in Fig. 3, fentanyl
showed several peaks corresponding to the crys-
talline form while PLGA is mainly amorphous
with a poor crystalline part. On the other hand,
samples of microspheres (A2) and fentanyl/PLGA
mixture after dissolution in EA and evaporation
(containing the same quantities of fentanyl and
PLGA) showed a halo pattern in which diffrac-
tion peaks of drug have decreased indicating that
fentanyl in both preparations was in the amor-
phous state. These results proved that fentanyl
and PLGA, after dissolution in EA, produced
after solvent evaporation of the solvent a solid
dispersion in which the drug was dispersed in a
molecular state. Similar results have been re-
ported from high molecular weight PLGA micro-
spheres containing AZT and fentanyl (Lee et al.,
1999; Khang et al., 2000).

3.2. Quantitati�e analysis of fentanyl

There have been lots of efforts for minimizing
the complex and time-consuming steps to extract
fentanyl (Choi et al., 2001). We obtained an opti-
mal condition of extraction solvents and instru-
mentals for fentanyl. From this condition,
fentanyl was well separated on the GC chro-
matogram with a run time of 12.4 min (Fig. 4).
Fentanyl stock solution (100 �g/ml) was prepared
by dissolving fentanyl base in methanol solution.

For the preparations of aqueous samples, quality
controls, and calibration standards were extracted
using silanized centrifuge tubes. The standard
curve of fentanyl was linear over the concentra-
tion range from 0.5 to 50 ng/ml. The average
slope of the standard curves and the average
correlation coefficient were 1.6608 and 0.9997,
respectively. The limit of detection and limit of
quantitation were 0.1 and 0.5 ng/ml, respectively.

3.3. Effect of initial drug loading

To determine an optimal drug loading, various
ratios of initial drug loading to the polymer ma-
trix, 5, 10, 20 and 30%, were investigated (Table
1). A decrease in encapsulation efficiency at-
tributed to the increase in the ratio of initial drug
loading to the polymer, but did not influence
significantly either the mean diameter or size dis-
tribution of FMS. The influence of drug loading
on the release profiles of fentanyl is shown in Fig.
5. The release rate of A1 (5% drug loading) was
slower than that of A4 (30% drug loading) be-
cause the crystals of fentanyl in low initial drug
loading were finely dispersed in the PLGA matrix
and the release pattern of fentanyl was not af-
fected by the biodegradation of PLGA. In con-
trast, higher initial drug loading entrapped drugs
in the polymer matrix like network and drugs
were released by simple dissolution and diffusion
(Sturesson et al., 1993; Guyot and Fawaz, 1998).

3.4. Effect of polymer concentration

As shown in Table 2, the PLGA concentrations
in O phase (10 ml EA, fixed) were 3, 5, 10, and 20
wt/vol%, respectively. The larger size of micro-
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Fig. 2. SEM morphology of FMS with different preparation conditions.

spheres was obtained from a higher PLGA con-
centration than a lower, also lower solvent vol-
ume came to the same results: batch B3 (20%
PLGA) exhibited the highest average diameter,
31.6 �m. It is explained that increasing of PLGA
concentration resulted in high solution viscosity
and increasing microspheres size (Guyot and
Fawaz, 1998; Khang et al., 1999, 2000; Lee et al.,
1999, 2000). The cumulative drug release profiles
of FMS from different PLGA concentrations are
shown in Fig. 6. Whatever the types of FMS, no
burst effect has been observed and all FMS exhib-
ited a S-shaped release pattern. The slowest re-
lease rate was observed in B1 (3% PLGA). From
results of the SEM graphs and Table 2, we ob-
serve that microspheres of a larger mean size have
a lower density. The density relationship with
formation of hollow structure microspheres in
general translates into a faster drug release. Thus,
microspheres fabricated at high concentration of
PLGA are characterized by a lower density, fully
porous internal structure (Fig. 2), larger mean size
and broader size distribution (Table 2).

3.5. Effect of sol�ent �olume

The influence of solvent volume at a constant
W phase volume (100 ml) on the FMS character-
istics was studied in Table 3. The O phase volume
had a significant effect on the size of FMS: the

Fig. 3. X-ray diffraction patterns of: (a) fentanyl base; (b)
physical mixture of fentanyl/PLGA (10/90); (c) 10% drug-
loaded microspheres; and (d) PLGA.
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Fig. 4. Chromatograms of: (a) blank plasma sample; and (b) extracted standard sample containing 10 ng/ml fentanyl.

FMS fabricated at 5 ml of EA were bigger (C1,
18.5�11.2 �m) than those fabricated at 40 ml of
EA (C3, 9.51�5.6 �m). The viscosity of the O
phase was increased with decreasing solvent vol-
ume, as the polymer weight and the volume of
water were fixed. Consequently, high solvent vol-
ume yielded a matrix characterized by more nu-
merous and smaller size (Spenlehauer et al., 1986;
Schlicher et al., 1997; Yang et al., 2001). More-
over, it could be observed that the FMS from a
high solvent volume showed further long release
profiles than those from a low volume, which was
the same result of low polymer concentration
(Fig. 7).

4. Conclusion

Biodegradable microspheres for controlled
analgesics release were manufactured and their
release patterns were investigated successfully. To
obtain the sustained fentanyl delivery with effec-
tive and precise control, FMS were fabricated
using the conventional O/W emulsion solvent-
evaporation method. From X-ray and SEM re-

sults, it appeared that experimental conditions
used in this work allowed the formation of micro-
spheres having a matrix structure in which fen-
tanyl was uniformly dispersed in molecular state.
From the results of preparation conditions, the
encapsulation efficiencies of drug were between

Fig. 5. Effect of initial drug loading ratio on the fentanyl
release pattern (n=3, 10 wt/vol% polymer, 3 wt/vol%
emulsifier, and 10 ml EA).
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Fig. 6. Effect of polymer concentration on the fentanyl release
pattern (n=3, 10% drug loading, 3 wt/vol% emulsifier, and 10
ml EA).

tanyl must be due to transport of droplets of the
O phase to the W phase. The increased viscosity
in the O phase caused by the increased PLGA
concentration or the decreased solvent volume
will decrease the loss transport of fentanyl and
contribute to the enhanced entrapment efficiencies
(Raouf et al., 1996). Moreover, the O droplets
containing fentanyl formed from the W phase
were very small and the diffusion amount of
fentanyl to the external phase during the solvent
evaporation was relatively small, explaining the
high encapsulation efficiency obtained. The pat-
tern of drug release depends on various factors,
such as initial drug loading ratio, polymer concen-
tration, and solvent volume in W phase. Gener-
ally, small size and fast drug release are attributed
to more water uptake, swelling ratio, and polymer
degradation (Jalil and Nixon, 1990a,b,c; Wada et
al., 1991). In contrast, in our case, fentanyl release
rate from all batches decreased with decreasing
microsphere size (Figs. 5–7). It might be sug-
gested that the drug release profiles would be
affected by the morphology of the microspheres;
increased concentration of O phase made porous
stable microspheres and resulted in denser micro-
spheres. From the results, this sustained, besides,
constant localized release system can potentially
provide anesthesia for a longer period than injec-
tion or topical administration. Studies on the
animal experiments are in progress.
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