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Abstract

The objective of this study was to investigate the potential of various formulation strategies to achieve 1-month continuous
(improved) release of the novel anti-cancer drug, 2-methoxyestradiol (2-ME), from injectable cylindrical poly(DL-lactide-co-glycolide)
(PLGA) implants. PLGA implants were prepared by a solvent extrusion method. PLGA 50:50 (Mw = 51 kDa, end group = lauryl ester)
(PLGA–lauryl ester) implants loaded with 3–30 wt% 2-ME exhibited a pronounced lag phase (i.e., corresponding to induction time to
polymer mass loss) and triphasic release profile. Incorporation of 5 wt% hydroxypropyl-b-cyclodextrin (HP-b-CD) (�57% release after
28 days) or Pluronic� F127 (�42% release after 28 days) in PLGA–lauryl ester implants reduced the lag-phase and improved the drug
release moderately over a period of 28 days. The formation and the incorporation of a 2-ME/polyethylene glycol (PEG) 8000 solid dis-
persion in PLGA–lauryl ester implants further increased drug release (�21% and 73% release after 1 and 28 days, respectively), attrib-
utable to improved drug solubility/dissolution, higher matrix porosity, and accelerated polymer degradation. Blending of PLGA 50:50
(Mw = 24 kDa, end group = COOH) (PLGA–COOH) with the PLGA–lauryl ester also provided moderate enhancement of 2-ME
release over a period of 28 days. PLGA–COOH (Mw = 24 kDa) implants with 3–5% w/w pore-forming MgCO3 exhibited the most desir-
able drug release among all the formulations tested, and, demonstrated 1-month slow and continuous in vitro release of �80% 2-ME
after a minimal initial burst. Hence, these formulation approaches provide several possible avenues to improve release rates of the hydro-
phobic drug, 2-ME, from PLGA for future application in regional anti-cancer therapy.
� 2008 Published by Elsevier B.V.
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1. Introduction

2-Methoxyestradiol (2-ME), a metabolite of 17-b-estra-
diol, inhibits tumor growth, neovascularization, and
growth of cancer cells (angiosarcoma, gastric, cervical,
colorectal, hepatocellular, prostate, lung, pancreatic,
breast, neuroblastoma, leukemia, multiple myeloma) [1–
6]. In addition to inhibiting the proliferation of cancer cells,
2-ME also possesses anti-angiogenic properties [7]. 2-ME
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induces changes in the levels and activities of many pro-
teins involved in regulation of the cell cycle, including stress
kinases, cell division kinases, cyclin B, and regulators of
cell cycle arrest and apoptosis [4]. 2-ME has been shown
to inhibit growth of ER+ and ER� breast cancer cell lines
and HeLa cells [5]. In prostate cancer, 2-ME acts through
the modulation of the expression of androgen-regulated
genes, mainly by reducing the levels of TSG-6 immunore-
activity [3]. Because of its efficacy in murine tumor models,
2-ME is being evaluated in Phase I and Phase II clinical tri-
als against a variety of human tumors [8,9].

2-ME has been orally administered to cancer patients
since 2000 [10]. The steroid was found to be rapidly removed
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from the plasma, e.g., <�10 ng/ml 1 h after intravenous
administration [11]. Due to its poor gastrointestinal absorp-
tion and/or rapid metabolic deactivation and rapid removal
from plasma [10,11], high oral or intraperitoneal doses of 75
and 150 mg kg�1 day�1, respectively, of 2-ME were neces-
sary to reduce the growth of melanoma or myeloma tumors
[12]. Although 2-ME is a relatively safe drug, high doses of 2-
ME or its frequent administration may cause hot flashes,
fatigue, diarrhea, and reversible liver enzyme elevations.
Regional anti-cancer drug delivery offers pharmacokinetic
as well as therapeutic advantages via localized delivery
[13]. Recently, for choroidal neovascularization, 2-ME
loaded silicone rubber (3.0 mm length, 2.0 mm diameter)
and polyvinyl alcohol (1.0 � 1.0 � 2.0 mm) implants were
developed and evaluated in rabbit and rat models [14,15].
The implants exhibited localized zero-order sustained
release of 2-ME over a period of 35 days with no ocular tox-
icities [14,15]. For diabetic retinopathy, uveitis, and other
retinovascular diseases, studies are underway to develop a
suitable controlled release system [16]. In local cancers, con-
tinuous exposure of tumor cells to 2-ME at a stable level is
also necessary to maintain the inhibitory effect [11], signify-
ing the necessity of continuous drug releasing implant for-
mulation for this novel drug.

Biodegradable PLGA injectable implants containing
chemotherapeutic agents are clinically useful for both
site-specific and systemic drug therapies in cancer [17–19].
Once injected in the body, the implant slowly releases
anti-tumor agent, providing desirable drug levels for over
one month [19]. By intratumoral administration of an
implant, it is possible to maintain drug concentration in
the tumor at cytotoxic levels and overcome the drawbacks
(toxicity, metabolic deactivation, etc.) associated with oral
administration [18]. However, hydrophobic drugs, pro-
teins, and peptides often exhibit a multi-phasic release pro-
file from PLGA-based matrices [20–23]. To achieve a
steady release, various formulation strategies have been
employed [20,24–33].

2-ME is highly lipophilic with very low water solubility
(solubility of 2-ME in water at 37 �C was determined to be
1.8 ± 0.1 lg/mL (mean ± SE, n = 3)). To the best of our
knowledge, the effect of formulation parameters on 2-ME
release profile from the most widely used biodegradable
polymers, PLGA, has not been studied thus far, signifying
the necessity of optimization of 2-ME/PLGA formulations.
In this study, cylindrical PLGA injectable implants on the
millimeter scale (0.8 mm diameter) were selected for devel-
opment as 2-ME localized sustained release dosage forms
in local cancers. The objective of this study was to explore
the potential of formulation parameters to achieve a 1-
month continuous (improved) release of 2-ME from
PLGA–lauryl ester (Mw = 51 kDa) and PLGA–COOH
(Mw = 24 kDa) implants. To achieve a continuous release
of 2-ME from PLGA–lauryl ester implants, parameters such
as drug loading, blending of 24 kDa PLGA–COOH with
51 kDa PLGA–lauryl ester, and the incorporation of water
soluble additives (HP-b-CD and Pluronic� F127) and 2-
ME PEG 8000 SD were investigated. In the current study,
HP-b-CD and Pluronic� F127 were selected as release-mod-
ulating excipients as they vary in molecular size (1380–
1480 Da (HP-b-CD) and 12,600 Da (Pluronic� F127)),
hydrophilicity (water soluble (HP-b-CD) and water and
polymer solvent (acetone) soluble (Pluronic� F127)) and
cavity-forming ability [29]. Excipients with low melting
points are suitable carriers for preparing drug/carrier solid
dispersion by the melting method [34]. Therefore, PEG
8000 (58–65 �C) was selected as a carrier for preparing 2-
ME/PEG 8000 solid dispersion (2-ME PEG 8000 SD). On
the other hand, to achieve a continuous release of 2-ME from
24 kDa PLGA–COOH implants, MgCO3, a well-known
release enhancer for proteins [35], was also examined.

2. Materials and methods

2.1. Materials

2-ME was purchased from Toronto Research Chemi-
cals, Inc. (North York, Canada). PLGA was purchased
from Medisorb, Alkermes, Inc. (Cambridge, USA), with
50:50 D,L-lactide/glycolide ratio, and varied with molecular
weight and endcapping as follows: PLGA–lauryl ester
(i.v. = 0.57 dl/g, Mw = 51 kDa, end group = lauryl ester),
13 kDa PLGA–COOH (i.v. = 0.16 dl/g, Mw = 13 kDa,
end group = COOH), and 24 kDa PLGA–COOH
(i.v. = 0.26 dl/g, Mw = 24 kDa, end group = COOH).
PLGA 50:50 (i.v. = 0.67 dl/g, end group = carboxylic acid)
was purchased from DURECT Corporation (Pelham,
USA). Pluronic� F127 (average Mw 12,600) was obtained
from BASF (Ludwigshafen, Germany). HP-b-CD was
received as a gift sample from Roquette Frères (Lestrem,
France). PEG 8000 was purchased from Fisher Scientific
(New Jersey, USA) and MgCO3 was purchased from
Sigma–Aldrich Co. (St. Louis, USA). All other reagents
and solvents were of analytical grade or purer and pur-
chased from commercial suppliers.

2.2. HPLC assay of 2-ME

All HPLC assays were performed on a Waters 2695 alli-

ance system (Milford, USA) consisting of a 2996 Photodi-
ode array detector and a personal computer with Empower
2 Software. An Econosphere C18 (4.6 � 250 mm) reverse
phase column (Alltech, USA) was used at a flow rate of
1.0 mL/min. The mobile phase was acetonitrile:water
(75:25) and detection wavelength was set to 205 nm. The
standard curve of 2-ME was established and the concentra-
tion of unknown samples was calculated from the standard
curve.

2.3. Preparation of 2-ME/PEG 8000 solid dispersion (2-ME

PEG 8000 SD)

2-ME PEG 8000 SD was prepared by the melting
method at the 2-ME:PEG 8000 mass ratio of 1:1.5. Briefly,
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weighed amounts of PEG 8000 were taken into a glass vial
and heated up to 65 �C. The relative amount of 2-ME was
then dispersed in the melted PEG 8000 for 5 min, followed
by cooling in an ice bath for 30 min. 2-ME PEG 8000 SD
was passed through a stainless steel sieve to obtain the par-
ticle size of <90 lm.
2.4. Preparation of 2-ME/PLGA cylindrical implants

2-ME loaded cylindrical implants were prepared by the
solvent extrusion method. Briefly, PLGA was dissolved in
acetone to make a final polymer concentration of 55%
(w/w) with respect to solvent weight. Sieved (<90 lm) 2-
ME (3%, 10%, and 30% (w/w)), 2-ME PEG 8000 SD
(15% (w/w)), HP-b-CD (5% (w/w)), and Pluronic� F127
(5% (w/w)), were added to polymer solution to form
drug/polymer or drug/additives/polymer mixtures. The
mixtures were loaded into a 3-ml syringe and slowly
extruded into the silicone tubing (I.D = 0.8 mm). The sol-
vent extruded product was dried at room temperature for
48 h and then in a vacuum oven at 40 �C for another
72 h before testing. The various cylindrical implant formu-
lations prepared are listed in Table 1.
2.5. Determination of drug loading and solubility

About 3 mg of 2-ME-loaded PLGA implants were
digested in acetonitrile, diluted suitably using acetonitrile
and analyzed by HPLC. The 2-ME loading was calculated
as the percentage of the amount of 2-ME versus the total
weight of the implant mixture (i.e., 2-ME, PLGA, and
Table 1
Evaluation of 2-ME loaded PLGA cylindrical implant formulations

Cylindrical implant formulation Theoretical
loading (%

Blank 51 kDa PLGA–lauryl estera –

51 kDa PLGA–lauryl estera

3.0
10.0
30.0

24 kDa PLGA–COOHb/51 kDa PLGA–lauryl ester blend
Blend ratio 1:3 10.0

1:1 10.0
3:1 10.0

51 kDa PLGA–lauryl ester + water soluble additive
4.94 wt% Pluronic F127 9.9
5 wt% HP-b-CD 9.9

51 kDa PLGA–lauryl ester + 2-ME/PEG 8000 solid dispersion 6.5
24 kDa PLGA–COOH 10.0
13 kDa PLGA–COOHc 9.9
24 kDa PLGA–COOH + 3 wt% Mg CO3 10.3
24 kDa PLGA–COOH + 5 wt% Mg CO3 10.5

a PLGA 50:50 (i.v. = 0.57 dl/g, Mw = 51 kDa, end group = lauryl ester).
b PLGA 50:50 (i.v. = 0.26 dl/g, Mw = 24 kDa, end group = COOH).
c PLGA 50:50 DL2A (i.v. = 0.16 dl/g, Mw = 13 kDa, end group = COOH).
d Mean ± SE, n = 3.
other excipients if present). To determine the 2-ME solubil-
ity in water and 5% w/v PEG 8000 solution, 1 mL of this
medium was taken into separate 2-mL scintillation vials.
Excess amount of drug was added into the vials, capped
tightly and incubated at 37 �C for 72 h (this duration was
determined to be sufficient to achieve the equilibrium).
After 72 h, drug/water or drug/PEG 8000 suspension was
passed through a 0.2-lm filter (Millipore Corporation,
Bedford, USA) and drug content (n = 3) was similarly ana-
lyzed by HPLC.
2.6. X-ray diffraction (XRD)

To obtain the XRD patterns, we prepared the PLGA, 3,
10, and 30 wt% 2-ME/PLGA, PEG 8000/PLGA, and
2-ME PEG 8000 SD/PLGA films by a solvent casting
method. Briefly, drug/polymer/acetone or 2-ME PEG
8000 SD/polymer/acetone mixtures were cast onto glass
slides followed by drying at room temperature (2 days)
and under vacuum (2 days). The physical state of 2-ME
in the polymer was examined by measuring the XRD pat-
tern using a Scintag powder X-ray diffractometer (Scintag
Inc., CA, USA). The X-ray source was copper Ka
(40 kV, 30 mA), and the scanning speed was 2 deg/min.
2.7. Determination of glass transition temperatures

Glass transition temperatures (Tg) of all implant formu-
lations were measured by a differential scanning calorime-
ter (Perkin-Elmer� DSC7, Waltham, USA). Implant
samples (�7 mg) were sealed in aluminum hermetic pans
w/w)
Actual loading
(%w/w)d

Loading efficiency
(%)d

Tg (�C)

– – 17.1

3.0 ± 0.1 100 ± 3 25.3
9.9 ± 0.2 99 ± 2 28.1

30.1 ± 0.2 102 ± 1 31.7

10.0 ± 0.3 100 ± 3 23.8
10.0 ± 0.2 100 ± 2 22.7
10.0 ± 0.3 100 ± 3 22.0

9.4 ± 0.2 95 ± 2 31.4
9.3 ± 0.3 94 ± 3 29.3

6.2 ± 0.2 95 ± 2 23.2
9.9 ± 0.2 99 ± 2 20.3
9.7 ± 0.1 98 ± 1 19.2
9.7 ± 0.3 94 ± 3 24.1

10.0 ± 0.3 95 ± 2 25.4
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and thermograms were determined by heating from �50 to
70 �C at a heating rate of 10 �C/min. The startpoint of the
second run was used for Tg calculation.

2.8. Evaluation of 2-ME release from PLGA implants

In vitro release studies were conducted in phosphate
buffered saline (PBST, pH 7.4) under perfect sink condi-
tions. About 3 mg 2-ME containing PLGA implants were
weighed, placed in previously labeled eighteen cellulose
dialysis bags (molecular weight cutoff 12–14,000), and tied
at the both ends. All the dialysis bags were immersed in a
large bottle containing 3 L PBST (pH 7.4) and placed in
an incubator maintained at 37 �C. The release medium
was stirred with a magnetic stir-bar at 100 RPM. To main-
tain the sink conditions, the release medium (3 L) was
replaced everyday up to 27 days. At predetermined time
intervals (1, 3, 7, 14, 21, and 28 days), three dialysis bags
were taken out and implants were freeze-dried immedi-
ately. Freeze-dried implants were digested in acetonitrile,
suitably diluted with acetonitrile and analyzed by HPLC.
The cumulative amount of released 2-ME was determined
by subtracting the 2-ME content remaining in the implants
from the initial drug content.

2.9. Determination of polymer/water partition coefficient of

2-ME

The polymer/water partition coefficient of 2-ME was
determined with modifications as per the method described
previously [36]. In brief, very thin films (48 ± 7 lm,
mean ± SE, n = 10) of PLGA 50:50 with lauryl ester
(i.v. = 0.57 dl/g) and carboxylic acid (i.v. = 0.67 dl/g)
end-group polymers were prepared by dipping glass tubes
into a PLGA acetone solution (400 mg/mL) followed by
subsequent quenching in 4 �C water for 1 h, drying in air
for 1 h and vacuum-drying for 48 h at room temperature.
Each polymer strip (1 � 1 cm2) was placed in one 4-mL
scintillation vial, and the entire film was immersed in
1 mL water containing excess 2-ME. Each vial was capped
tightly and incubated at 37 �C. At predetermined times (1,
3, 7, and 10 days), the film was removed, washed with
water, digested in acetonitrile and 2-ME content in the
polymer was measured similarly by HPLC (n = 3). The
aqueous medium containing excess drug was passed
through a 0.2-lm filter (Millipore Corporation, Bedford,
USA) before injection into the HPLC system.

2.10. Scanning electron microscopy

The inner/surface morphologies of 2-ME-loaded cylin-
drical implants were examined using a Hitachi S3200N
scanning electron microscope (Hitachi Ltd., Tokyo,
Japan). The implants were fixed previously on a brass stub
using double-sided adhesive tape and then were made elec-
trically conductive by coating, in a vacuum, with a thin
layer of gold (approximately 3–5 nm) for 60 s at 40 W.
The cross-sectional and surface view images of implants
were taken at an excitation voltage of 20 kV.

2.11. Measurement of water uptake in the PLGA implants

To determine the water uptake in the cylindrical PLGA
implants, implants were incubated in PBST at 37 �C in cel-
lulose dialysis bags as described for the evaluation of 2-ME
release from PLGA implants. At 1, 3, 7, and 14 days,
implants were blotted with tissue paper, weighed immedi-
ately (W1), freeze-dried and then weighed again (W2).
The water content of implants was calculated by Eq. (1).

Water uptake ð%Þ ¼ W 1 � W 2

W 2

� 100 ð1Þ
2.12. Gel permeation chromatography

Weight-averaged molecular weight (Mw) of the
degraded PLGA was measured by gel permeation chroma-
tography (GPC). The Waters 1525 GPC system (Waters,
Milford, MA) consisted of two Styragel columns (HR 1
and HR-5E columns, Waters, Milford, MA) connected in
series (7.8 � 300 mm each), a binary HPLC pump, waters
717 plus autosampler, waters 2414 refractive index detector
and BreezeTM software to compute molecular weight distri-
bution. Sample solutions in tetrahydrofuran (THF) at a
concentration of �3 mg/mL were filtered through a 0.2-
lm hydrophobic fluoropore (PTFE) filter (Millipore Cor-
poration, Bedford, USA) before injection into the GPC
system and were eluted with THF at 1 ml/min. The average
molecular weight (Mw) of each sample was calculated using
monodisperse polystyrene standards, Mw 2330–
1,860,000 Da.

3. Results and discussion

3.1. 2-ME loading in PLGA implants

Potential advantages of injectable PLGA millicylindrical
implants for localized drug release application relative to
common microspheres include: simple preparation, easy
adjustment and control of drug loading, and minimal
migration of the implant from the implant site following
administration [17–19,37]. In the current study, 2-ME
loaded PLGA cylindrical implants were prepared by the
solvent extrusion method. In all the implants formulations,
the drug loading was found to be close to the theoretical
value (greater than 94% drug encapsulation efficiency—
see Table 1), indicating a very effective loading process.

3.2. Physical state of 2-ME in PLGA implants

The effect of drug loading on 2-ME release profile from
PLGA–lauryl ester (PLGA 50:50, (i.v. = 0.57 dl/g,
Mw = 51 kDa, end-group = lauryl ester)) implants was
studied at 3, 10, and 30 wt% loading. To further increase



K.G.H. Desai et al. / European Journal of Pharmaceutics and Biopharmaceutics 70 (2008) 187–198 191
the 2-ME release, 2-ME solid dispersions with PEG 8000
(2-ME PEG 8000 SD) were prepared by the melting
method and similarly loaded in the same polymer. To
understand the physical state of 2-ME in PLGA and 2-
ME PEG 8000 SD, XRD patterns of these formulations
prepared as films (prepared by a solvent casting method)
were obtained, as shown in Fig. 1. The diffractogram of
2-ME exhibited a series of intense peaks (2h values of
11.2�, 14.6�, 15.8�, 16.6�, 17.5�, 21.4�, 22.1�, and 28.3�),
indicating the crystalline character of the drug. At 3, 10,
and 30 wt% 2-ME loading in PLGA, crystalline peaks of
2-ME at the same 2h values were observed indicating the
presence of crystalline drug at each loading studied. How-
ever, at the lower loading of 3%, the crystalline peak was
very low suggestive of either drug partitioning into the
polymer phase or the presence of some fraction of amor-
phous drug.

Examination of the implants by DSC was consistent
with these data. As shown in Table 1, the glass transition
temperature (Tg) of the blank implant was reduced relative
to that of the unprocessed polymer (Tg = 45 �C) owing to
residual acetone in the polymer. We observed the same
phenomenon when encapsulating N-acetylcysteine previ-
ously, particularly in nonporous blank specimens, because
of the difficulty of removing polar organic solvents from
this polymer prepared on this length scale (�1 mm diame-
ter) [38]. At 3, 10, and 30 wt% 2-ME loadings in PLGA, the
Tg of the polymer increased consistently with the presence
of a biphasic system (i.e., drug and polymer phases) which
in turn improved acetone removal with increased pores
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Fig. 1. Effect of drug loading (theoretical) (3, 10, and 30 wt% 2-ME) and
formation of 2-ME/PEG 8000 solid dispersion on the physical state of
2-ME in PLGA 50:50 (i.v. = 0.57 dl/g, Mw = 51 kDa, end-group = lauryl
ester) implants. X-ray diffraction patterns shown for blank, 2-ME,
3–30 wt% 2-ME/PLGA, PEG 8000/PLGA, and 15 wt% 2-ME PEG
8000 SD/PLGA implants. 2-ME loading (theoretical) in 15 wt% 2-ME
PEG 8000 SD/PLGA implants was 6.5 wt%.
formed by drug particles [38]. The effect of altering several
additional formulation parameters on the Tg of the poly-
mer is discussed in the in vitro drug release section below.
On the other hand, 2-ME PEG 8000 SD/PLGA films
exhibited crystalline peaks of 2-ME but with reduced inten-
sity. This finding can be attributed to lower drug loading
(6.5 wt%), although the drug was still present in crystalline
form in the 2-ME PEG 8000 SD-loaded PLGA implants.

3.3. Modulation of 2-ME release from 51 kDa PLGA–lauryl

ester implants

The modulation of 2-ME release from PLGA–lauryl ester
(51 kDa) implants was performed by varying the drug-load,
incorporating water soluble additives (HP-b-CD and
pluronic� F127), forming 2-ME PEG 8000 SD, and blending
24 kDa PLGA-COOH with 51 kDa PLGA–lauryl ester (see
Fig. 2). The effect of the above-mentioned variables on water
uptake and/or degradation characteristics of PLGA–lauryl
ester-based implants is shown in Fig. 3.

3.3.1. Effect of drug loading
The drug release from 3, 10, and 30 wt% 2-ME loaded

PLGA–lauryl ester implants followed the classic triphasic
pattern, as shown in Fig. 2A. An initial release phase (after
1 day, 2%, 4%, and 11% drug release from 3, 10, and
30 wt% 2-ME loaded implants, respectively) followed by
a second slow release phase lasting 3 weeks (after 28 days,
21%, 27%, and 34% drug release from 3, 10, and 30 wt% 2-
ME loaded implants, respectively) and a third rapid release
phase (after 56 days, 86%, 90%, and 95% drug release from
3, 10, and 30 wt% 2-ME loaded implants, respectively).
Such a tri-phasic drug release is often undesirable for most
drug therapies. An increase in drug loading from 3 to
30 wt% did not increase the release steadily, but instead
only slightly increased the initial release phase. Despite
the reduction in release corresponding to the second release
phase, drug release was still continuous albeit very slow, as
is commonly observed for other steroids, e.g., triamcino-
lone and triamcinolone acetonide [21]. We hypothesized
that this finite release was caused by diffusion through
the polymer phase. To test this, we sought to determine if
2-ME had an appreciable polymer/water partition coeffi-
cient (PC). To accomplish this, we used the PLGA–lauryl
ester and PLGA–COOH polymers to explore the potential
of 2-ME partitioning in the two extremes of hydrophobic-
ity and hydrophilicity at a common polymer molecular
weight (i.v. �0.57–0.67 dl/g). It was found that 2-ME
equilibrated in the PLGA–lauryl ester and PLGA–COOH
by 3 and 7 days (data not shown), respectively, to very sim-
ilar extents (PC �42–46). As expected, the high partition
coefficient and rapid equilibration indicates the capability
of the novel steroid to partition and diffuse in PLGAs.
Therefore, to diminish the lag-time and obtain an
improved continuous release of 2-ME from PLGA–lauryl
ester implants, we evaluated various formulation strategies,
as described below.
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blend implants was 10 wt%. Implants were incubated in PBST at 37 �C
and symbols represent mean ± SE, n = 3.
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3.3.2. Effect of incorporation of water soluble additives (HP-

b-CD and Pluronic� F127)

Effective modulation of drug release from biodegradable
matrices can be achieved by incorporating the small
amount of water soluble additives (attributable to the for-
mation of drug-releasing pores in the matrix) which vary in
lipophilic nature, solubility, molecular weight, location and
interaction with the polymer [27,29,31,32,39]. In the pres-
ent study, we selected commonly used water soluble addi-
tives varying in molecular size (1380–1480 Da (HP-b-CD)
and 12,600 Da (Pluronic� F127)), hydrophilicity (water
soluble (HP-b-CD) and water and polymer solvent (ace-
tone) soluble (Pluronic� F127)) and cavity-forming ability
to evaluate their ability to provide improved continuous
release of 2-ME from PLGA–lauryl ester implants. About
5 wt% HP-b-CD or Pluronic� F127/PLGA were co-incor-
porated into 10 wt% 2-ME loaded PLGA–lauryl ester
implants.

The effect of the incorporation of HP-b-CD or Plu-
ronic� F127 on 2-ME release profile from PLGA–lauryl
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ester implants is also displayed in Fig. 2B. The release of
2-ME from PLGA–lauryl ester implants without water-
soluble additives was very slow (27% drug release after
28 days). When HP-b-CD or Pluronic� F127 was co-
incorporated in the PLGA–lauryl ester implants, the
2-ME release rose steadily over 28 days. However, the
PLGA–lauryl ester implant loaded with 5 wt% HP-b-
CD exhibited higher cumulative drug release (57% drug
release after 28 days) than the 5 wt% Pluronic� F127/
PLGA–lauryl ester implant (42% drug release after
28 days). Consistent with this trend, the rate of water
uptake (Fig. 3A) and polymer degradation (Fig. 3B) were
each higher for the HP-b-CD/PLGA–lauryl ester implant
compared to the Pluronic� F127/PLGA–lauryl ester
implant. Similarly, the polymeric matrix of 5 wt% HP-
b-CD/PLGA–lauryl ester implant (Fig. 4B) was more
porous than the 5 wt% Pluronic� F127/PLGA–lauryl
ester implant (Fig. 4C).

3.3.3. Effect of the formation of 2-ME/PEG 8000 solid

dispersion (2-ME PEG 8000 SD)

Formulation of solid dispersions of poorly soluble
drugs with water soluble excipients (polyethylene glycols,
polyvinylpyrrolidone, hydroxypropylmethylcellulose,
urea, and mannitol, for example) for enhanced oral drug
delivery has been extensively demonstrated [34]. The
water soluble excipients used to form solid dispersion
improve drug’s solubility/dissolution [34]. In the present
study, we investigated the potential of this approach to
enhance the release of 2-ME from PLGA–lauryl ester
cylindrical implants. 2-ME PEG 8000 SD was prepared
by the melting method at a 2-ME:PEG mass ratio of
1:1.5 and 15 wt% 2-ME PEG. The SD was loaded in
PLGA–lauryl ester cylindrical implants. The melting
point of PEG 8000 is low, between 58 and 65 �C [34],
and advantageous to form the solid dispersion by the
melting method [34].

The effect of the formation of 2-ME PEG SD on 2-ME
release from PLGA–lauryl ester implant is depicted in
Fig. 2B. The cumulative drug release from 2-ME PEG
SD/PLGA–lauryl ester implants was higher (21% and
73% drug release after 1 and 28 days, respectively) than
those loaded with water-soluble additives (5 wt% HP-b-
CD or Pluronic� F127) or without additive. PEG 8000
increased the water solubility of 2-ME considerably (solu-
bility of 2-ME in water and 5% w/v PEG 8000 solution
at 37 �C was determined to be 1.8 ± 0.1 and 9.9 ± 0.6 lg/
mL (mean ± SE, n = 3), respectively). Upon the loading
of 2-ME PEG 8000 SD in PLGA–lauryl ester implants,
the Tg of the polymer was reduced considerably (Table 1)
and water uptake (Fig. 3A) in the polymer increased, giving
rise to higher degradation of 2-ME PEG 8000 SD/PLGA–
lauryl ester implants when compared to HP-b-CD or Plu-
ronic� F127/PLGA–lauryl ester implants (see Fig. 3B).
Consistent with these findings, the formation of nearly
inter-connected pores in the 2-ME PEG 8000 SD/PLGA–
lauryl ester matrix can be clearly observed in SEM images
of the implants during the release (Fig. 4D). More contin-
uous release of 2-ME from 2-ME PEG 8000 SD/PLGA–
lauryl ester implants can be attributed to the improvement
in drug’s solubility/dissolution and hydrophilicity of
PLGA–lauryl ester by PEG 8000. These results are in
agreement with the study reported by Dorati et al [40]. In
their study, co-encapsulation PEG 4000 made the polymer
more hydrophilic and improved the release of ovalbumin
from PLGA microspheres [40].

3.3.4. Effect of blending of 24 kDa PLGA–COOH with

51 kDa PLGA–lauryl ester

To investigate the potential of blending 24 kDa
PLGA–COOH with the 51 kDa PLGA–lauryl ester to
provide continuous release of 2-ME, implants with differ-
ent weight ratios of 24 kDa PLGA–COOH to 51 kDa
PLGA–lauryl ester (1:3, 1:1, and 3:1 ratios) were pre-
pared. As the weight fraction of 24 kDa PLGA–COOH
increased in the blend, the 2-ME release rose steadily
over a period of one month and the lag-time proportion-
ally diminished (Fig. 2C). PLGA–lauryl ester implant
loaded with 10 wt% 2-ME exhibited 27% drug-release
after 28 days. By contrast, implants prepared with
24 kDa PLGA–COOH: 51 kDa PLGA–lauryl ester blend
at 1:3, 1:1, and 3:1 ratios exhibited 31%, 37%, and 47%
drug release, respectively. The Tg of the 51 kDa PLGA–
lauryl ester implant was determined to be 28.1 �C (Table
1). Upon blending of 24 kDa PLGA–COOH with
51 kDa PLGA–lauryl ester polymer, the Tg of the blend
implants decreased considerably, indicating the good mis-
cibility and plasticizing effect of 24 kDa PLGA–COOH.
For example, the Tg of the PLGA–COOH:PLGA–lauryl
ester blend implants at 1:3, 1:1, and 3:1 ratios was deter-
mined to be 23.8, 22.7, and 22 �C, respectively (Table 1).
Consistent with this result, blending of 24 kDa PLGA–
COOH with 51 kDa PLGA–lauryl ester resulted in
increased water uptake in the implants (Fig. 3C). Fur-
ther, as the weight fraction of 24 kDa PLGA–COOH
increased in the blend, the cylindrical shape of the
implants and matrix integrity was lost (Fig. 5B–D).
Therefore, increased 2-ME release from 24 kDa PLGA–
COOH: 51 kDa PLGA–lauryl ester blend implants can
be attributed to lower glass transition temperatures and
increased matrix porosity, providing respective increases
in solid-state and pore-diffusion of 2-ME [26].

3.4. Modulation of 2-ME release from PLGA–COOH

implants

Modulation of 2-ME release profile from PLGA–
COOH was performed by varying the polymer molecular
weight (13 and 24 kDa) (see Fig. 6A) and incorporating
3–5 wt% MgCO3 (see Fig. 6B). The effect of these vari-
ables on implants degradation (water uptake and poly-
mer molecular weight decline) and inner/surface
morphologies of implants are shown in Figs. 7 and 8,
respectively.



Fig. 4. Effect of incorporation of 5 wt% water soluble additives (HP-b-CD or Pluronic� F127) or 15 wt% 2-ME PEG 8000 SD on inner morphology of
2-ME/PLGA–lauryl ester (Mw = 51 kDa) based cylindrical implants after 1, 7, and 14 days of immersion in PBST at 37 �C. SEM images are displayed for
0 wt% additive (A), 5 wt% HP-b-CD (B), 5 wt% Pluronic� F127 (C), and 15 wt% 2-ME PEG 8000 SD (D) loaded implants. 2-ME loadings (theoretical)
were 10 (A, B, and C) and 6.5 (D) wt%.
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3.4.1. 2-ME release profile from low molecular weight (13

and 24 kDa) PLGA–COOH implants

We first obtained the release profile of 2-ME from low
molecular weight (13 and 24 kDa) PLGA–COOH implants
(Fig. 6A). After 1 and 28 days, 10 wt% 2-ME/24 kDa
PLGA–COOH implants exhibited �6% and 51% drug-
release, respectively, whereas, 10 wt% 2-ME/13 kDa
PLGA–COOH implants exhibited �8% and 63% drug
release. The slight difference in 2-ME release profile can
be attributed to the difference in degradation profiles of
13 and 24 kDa PLGA–COOH implants (data not shown).
Consistent with the drug release behavior, the polymeric
matrix of 13 kDa PLGA–COOH implants (Fig. 8A) was
more porous than 24 kDa PLGA–COOH implants
(Fig. 8B).
3.4.2. Effect of the incorporation of metal salt (MgCO3)

In an attempt to study the effect of known release
enhancers of proteins [35] on 2-ME release from PLGA,
3 and 5 wt% MgCO3 was co-encapsulated in 10 wt%
2-ME/24 kDa PLGA–COOH implants. As shown in
Fig. 6B, 24 kDa PLGA–COOH implants without MgCO3
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Fig. 5. Effect of blending of 24 kDa PLGA–COOH with 51 kDa PLGA–lauryl ester on the inner morphology of the 2-ME loaded cylindrical implants
after 1, 7, and 14 days of immersion in PBST at 37 �C. SEM images are displayed for the implants prepared using 0 (A), 0.25 (B), 0.5 (C), and 0.75 (D)
weight fraction of 24 kDa PLGA–COOH. 2-ME loading (theoretical) in all the implant formulations was 10 wt%.
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exhibited �5.5% and 52% drug release after 1 and 28 days,
respectively. By contrast, 24 kDa PLGA–COOH implants
loaded with 3 and 5 wt% MgCO3 exhibited an acceptable
initial burst (after 1-day, 11% and 18% drug release, respec-
tively), and nearly complete drug release after 28-days (76%
and 79% drug release, respectively). Consistent with the
increased release behavior, polymeric matrices with 3 and
5 wt% MgCO3 (Fig. 8C and D) were more porous than
the control implant (Fig. 8B).

Generally, the polymer degradation rate increases as
the water uptake in the polymer increases [22,41,42].
However, the effects of co-encapsulated salts and bases
range from simple changes in the water uptake profile
accompanied by no appreciable change in degradation
rate (e.g., for water-soluble sodium chloride, magnesium
sulfate, and zinc sulfate) to considerable increases in
the water uptake profile together with substantial
decreases in degradation rate (e.g., for poorly soluble
MgCO3 and Mg(OH)2) [43]. To test whether the presence
of 2-ME affected the MgCO3-altered water uptake
(Fig. 7A) and degradation (Fig. 7B) profiles of PLGA,
these polymer properties were similarly evaluated. As
shown in Fig. 7, 24 kDa PLGA–COOH implants loaded
with 3 and 5 wt% MgCO3 exhibited higher water uptake
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in the polymer and degraded more slowly than the con-
trol implant without base. It is very clear that the encap-
sulation of 2-ME did not appear to influence the
MgCO3-induced distinct PLGA water uptake and degra-
dation profiles.

The distinct polymer degradation (higher water uptake
and slower degradation pattern) exhibited by the
MgCO3/PLGA matrices have been attributed to the
involvement of one or more forces and processes, includ-
ing: the reaction of the base with the water-soluble acids
to form Mg-carboxylate salts (which in turn disrupts
autocatalysis by removal of the water-soluble acids from
the polymer phase), the osmotic pressure created by the
newly formed salts in the polymer pores (which creates
new pores in the polymer matrix), and potentially, inter-
actions between Mg ions and polymer functionalities
such as carboxylic acid or ester groups (which decreases
the reactivity of ester linkage towards hydrolysis)
[36,38,43–46]. Co-encapsulation of MgCO3 appears to
be a suitable option to achieve continuous release of 2-
ME from cylindrical low molecular weight PLGA–
COOH implants.
4. Conclusions

The goal of this research was to explore the potential of
various formulation strategies to achieve 1-month continu-
ous release of 2-ME from cylindrical PLGA–lauryl ester
and PLGA–COOH implants. Incorporation of HP-b-CD
or 2-ME PEG 8000 SD in PLGA–lauryl ester implants
inhibited the lag-phase time and increased the 2-ME release
steadily. By blending varying amount of 24 kDa PLGA–
COOH with 51 kDa PLGA–lauryl ester, lag-phase time
could be diminished proportionally and moderate enhance-
ment in 2-ME release could be obtained over a period of
28 days. Release of 2-ME was further accelerated by the
use of low molecular weight (13 and 24 kDa) PLGA–
COOH implants. Implants (24 kDa PLGA–COOH) loaded
with 3–5 wt% MgCO3 exhibited more continuous drug
release among all formulations tested. The cylindrical
PLGA–lauryl ester and PLGA–COOH implants studied
in this paper by varying the formulation parameters pro-
vide a wide range of strategies to facilitate continuous
release, which may be useful for the modulated localized
controlled release applications of 2-ME or similar hydro-
phobic drug molecules. In vivo evaluation of 2-ME release
from PLGA implants in a head and neck tumor model is
underway and will be reported in a subsequent manuscript.
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Fig. 8. Effect of polymer molecular weight and incorporation of MgCO3 on inner/surface morphologies of 2-ME/PLGA–COOH cylindrical implants after
1, 7, and 14 days of immersion in PBST at 37 �C. SEM images are shown for 13 kDa PLGA–COOH (A), 24 kDa PLGA–COOH (B), 3 wt% MgCO3/
24 kDa PLGA–COOH (C), and 5 wt% MgCO3/24 kDa PLGA–COOH (D) implants. 2-ME loading (theoretical) in all the implant formulations was
10 wt%.
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