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Abstract
Curcumin, a dietary polyphenol, has preventive and therapeutic potential against several diseases.
Because of the chronic nature of many of these diseases, sustained-release dosage forms of
curcumin could be of significant clinical value. However, extreme lipophilicity and instability of
curcumin are significant challenges in its formulation development. The objectives of this study
were to fabricate an injectable microparticle formulation that can sustain curcumin release over a
1-month period and to determine its chemopreventive activity in a mouse model. Microparticles
were fabricated using poly(D, L-lactide-co-glycolide) polymer. Conventional emulsion solvent
evaporation method of preparing microparticles resulted in crystallization of curcumin outside of
microparticles and poor entrapment (~1%, w/w loading). Rapid solvent removal using vacuum
dramatically increased drug entrapment (~38%, w/w loading; 76% encapsulation efficiency).
Microparticles sustained curcumin release over 4 weeks in vitro, and drug release rate could be
modulated by varying the polymer molecular weight and/or composition. A single subcutaneous
dose of microparticles sustained curcumin liver concentration for nearly a month in mice. Hepatic
glutathione-s-transferase and cyclooxygenase-2 activities, biomarkers for chemoprevention, were
altered following treatment with curcumin microparticles. The results of these studies suggest that
sustained-release microparticles of curcumin could be a novel and effective approach for cancer
chemoprevention.
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INTRODUCTION
Curcumin, a polyphenol derived from the root of Curcuma longa, is widely used in
traditional medicine and as a food spice. Over the last two decades, numerous studies have
established the preventive and therapeutic benefits of curcumin in neurological,
cardiovascular, pulmonary, metabolic, autoimmune, and neoplastic diseases.1–4 Curcumin
mediates its anti-inflammatory effects through the downregulation of inflammatory
transcription factors (nuclear factor kappa B), enzymes (cyclooxygenase-2 and 5-
lipooxygenase), and cytokines (tumor necrosis factor alpha, interleukin-1, and
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interleukin-6).3 Despite this considerable potential, the broad usefulness of curcumin in
systemic diseases is diminished by its poor pharmacokinetic profile. Curcumin has low oral
bioavailability (<1%) because of poor gastrointestinal absorption and extensive hepatic first-
pass metabolism.5 In addition, curcumin has a short half-life and the metabolites are less
active.6

Given the chronic nature of the pathologies in which curcumin is useful, delivery systems
that can provide sustained systemic concentrations of the drug would be highly valuable.
However, curcumin is most effective in the 0.5–50 μM dose range,1 which, combined with
the short half-life, necessitates the administration of large doses (e.g., 4–8 g/day orally).7

This requires formulations with high curcumin loading. In addition, curcumin is highly
lipophilic and unstable in solution,8 making formulation development and characterization
extremely challenging.

Our group is pursuing the goal of developing an injectable sustained-release delivery system
of curcumin as a novel approach to cancer chemoprevention. Our recent study showed that a
single dose of curcumin microparticles formulated using poly (D, L-lactide-co-glycolide)
(PLGA) polymer could sustain curcumin blood levels for a period of 4 weeks, and
effectively inhibit tumor growth in a mouse model of breast cancer.9 Microparticles
represent a simple yet effective system for sustaining systemic delivery of drugs. Many
hydrophobic drugs have been encapsulated in PLGA microparticles using oil-in-water
emulsion solvent evaporation technique.10 The rate of solvent removal strongly influences
the characteristics of microparticles prepared by solvent evaporation, and depends on
temperature, pressure, solubility characteristics of the polymer, and the solvent used.11

Perhaps the greatest formulation challenge using this technique is to fabricate particles with
high drug loading. Previous studies with other hydrophobic drugs have reported loading
values of 10%–20% (w/w).12 In this paper, we report the development of highly loaded
(~40%, w/w), sustained-release microparticle formulation of curcumin. In addition to in
vitro characterization, microparticles were evaluated for their ability to sustain liver
concentrations of curcumin and to alter specific biomarkers for chemoprevention in a mouse
model.

Other groups have reported the encapsulation of curcumin in PLGA-based
nanoparticles.13–15 Previous studies have shown that nanoparticles can enhance the
availability of the encapsulated drug at the target site. Yallapu et al.13 concluded that
therapeutic efficacy of curcumin could be enhanced using PLGA nanoparticle formulations,
and tumor-targeted delivery of curcumin is feasible by coupling of anti-cancer antibody to
nanoparticles. Nanoparticles were also shown to improve oral bioavailability of curcumin.
Shaikh et al.16 demonstrated that curcumin entrapped in nanoparticles had at least a ninefold
increase in oral bioavailability compared with curcumin administered with piperine as
absorption enhancer. However, nanoparticles typically demonstrate low drug loading and
often release the drug within a few days to weeks. For example, Anand et al.14 reported a
curcumin loading of 4 μg/mg in PLGA nanoparticles (0.4%, w/w). As our goal was to
develop a highly loaded formulation (>30%, w/w) that could also release the drug over a 1-
month period, we investigated microparticles rather than nanoparticles for sustained
curcumin delivery.

MATERIALS AND METHODS
Materials

Curcumin [molecular weight (MW) 368.38; ≥94% curcuminoid content], polyvinyl alcohol
(average MW 30–70 kDa; PVA), Tween 80, N-acetyl- L-cysteine (NAC), and butylated
hydroxytoluene (BHT) were purchased from Sigma (St. Louis, Missouri). PLGA (lactide-to-
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glycolide ratios of 50:50 and 75:25, and average MW ranging from ~13 to ~120 kDa) and
poly(D, L-lactide) (~65 kDa; PLA) were purchased from Durect Corporation (Pelham,
Alabama). Six-well Transwell® inserts were from Corning (Lowell, Massachusetts).
Glutathione-s-transferase (GST) and cyclooxygenase (COX) activity assay kits were from
Cayman Chemical Company (Ann Arbor, Michigan).

Formulation of Curcumin-Loaded Microparticles
Curcumin-loaded microparticles were prepared using a modification of the emulsion solvent
evaporation method.12,17 Curcumin (10–20 mg) and polymer (20–30 mg) were solubilized
in a 10:1 mixture of chloroform (1–1.5 mL) and methanol (0.1–0.15 mL). Methanol was
used to aid solubilization of curcumin in chloroform. This solution was emulsified in 2% (w/
v) aqueous PVA solution (6 mL) by homogenization (Tissuemizer; Fisher Scientific,
Pittsburgh, Pennsylvania) at 5000 rpm for 5 min or by vortex mixing (Digital Vortex Mixer;
VWR, West Chester, Pennsylvania) at 1000 rpm for 2 min. The emulsion was stirred at 500
rpm for 18 h under ambient conditions, then in a dessicator under vacuum for 1 h to
evaporate the organic solvents. Alternatively, the emulsion was directly subjected to high
vacuum (710 mm Hg) at 4° C using a rotary evaporator (Laborta 4001 Efficient
Rotaevaporator, Heidolph, Schwabach, Germany), which resulted in rapid (<20 min) and
complete removal of the organic solvents. Microparticles were recovered by centrifugation
(5810R; Eppendorf, Westbury, New York) at 800 × g for 10 min, washed twice with
endotoxin-free water (<0.005 EU/mL, deionized, distilled, 0.1 μm sterile filtered, 50 mL) to
remove unencapsulated curcumin and excess PVA, and lyophilized (Free-zone 4.5®;
Labconco, Kansas City, Missouri). In some cases, microparticles were washed twice with
10% (w/v) Tween 80 in endotoxin-free water (50 mL), then twice with endotoxin-free water
(50 mL), and lyophilized.

Microparticle Characterization
Mean diameter of microparticles was determined using an optical microscope.
Microparticles (~1 mg/0.5 mL) were dispersed in distilled water by sonication (Model 3000;
Misonix, Farmingdale, New York) at 3 W for 60 s. A drop of this dispersion was placed on a
glass slide and examined under a microscope (Eclipse TS100; Nikon Instruments, Melville,
New York) at 400× magnification. Diameters of 500 particles in several different fields were
measured using Adobe Photoshop (Adobe Systems, San Jose, California), and the number
average particle size was calculated.

The morphology and surface of microparticles was examined using scanning electron
microscopy (SEM). Microparticles were placed on a double stick carbon tape over
aluminum stubs and carbon coated. The samples were observed under an electron
microscope (JSM 6500F; JEOL, Peabody, Massachusetts) at 1000× or 5000× magnification.

Drug loading was determined by extracting microparticles (2 mg) with 2 mL methanol for
18 h (Labquake Shaker; Barnstead Thermolyne, Dubuque, Iowa). The methanolic extract
was centrifuged at 20,000 × g for 15 min and curcumin concentration in the supernatant was
determined by high-performance liquid chromatography (HPLC; System Gold® 126 Solvent
Module and 508 Autosampler, Beckman Coulter, Fullerton, California) using a C-18 column
(Ultrasphere ODS, 250 mm × 4.6 mm i.d., 5 μm particle size; Beckman Coulter). A 60/40
(v/v) mixture of acetonitrile and ammonium acetate (10 mm, adjusted to pH 4.0 with glacial
acetic acid) was used as mobile phase at a flow rate of 1 mL/min. Curcumin was detected
using a PDA detector (System Gold® 168 Detector) at a wavelength of 430 nm. The
retention time of curcumin under these conditions was 5.8 min. The standard curve was
linear over 25–1000 ng/mL, with a correlation coefficient of r2 = 0.998. Drug loading in
microparticles (%, w/w, n = 3) was defined as the amount of curcumin in 100 mg of
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microparticles. Drug encapsulation efficiency was defined as the percent of added curcumin
that was encapsulated in microparticles.

Heating curves of curcumin and microparticles were obtained using a differential scanning
calorimeter (MDSC, Model 2920, TA Instruments, New Castle, Delaware) equipped with a
refrigerated cooling accessory. A 4–5 mg sample was packed in a non-hermetically crimped
aluminum pan, and heated under dry nitrogen purge. Samples were heated from 25°C to
225°C at a heating rate of 20°C/min, except for curcumin microparticles prepared by rapid
solvent removal, where a heating rate of 50°C/min was used to prevent recrystallization
during the DSC run. DSC heating curves were analyzed using Universal Analysis 2000
software (TA Instruments).

In Vitro Release of Curcumin
Initial studies focused on optimizing the media for determining curcumin release. The
maximum solubility of curcumin in plain aqueous buffer was reported to be 11 ng/mL.18 We
determined the solubility of curcumin in different concentrations of Tween 80 (1%–10% w/
v) in phosphate-buffered saline (0.15 M, pH 7.4; PBS). The goal was to achieve a solubility
of at least 2 μg/mL, which ensured both sink conditions and detectability by HPLC (limit of
detection ~25 ng/mL) under the release study conditions. Following this, solution stability of
curcumin was determined in the presence or absence of 0.1% (w/v) NAC or 0.01% (w/v)
BHT or both. PBS containing 10% (w/v) Tween 80 was used as control. Samples were
placed in an incubator shaker (C24 Incubator Shaker; New Brunswick Scientific, Edison,
New Jersey) set at 100 rpm and 37°C. Curcumin concentration in the buffer was monitored
using HPLC.

The release study was performed in a six-well plate containing Transwell® inserts with a
pore size of 400 nm. PBS containing 10% (w/v) Tween 80, 0.1% (w/v) NAC, and 0.01% (w/
v) BHT was used as the release buffer. Curcumin-loaded microparticles (equivalent to 2 μg
curcumin), suspended in 1 mL of the release buffer, were placed on top of the Transwell®

insert and 3 mL of the release buffer was added to the bottom of the well. The plates with
the inserts were sealed with Parafilm®, and placed in an incubator shaker set at 100 rpm and
37°C. At various time intervals over 28 days, the entire release buffer in the bottom chamber
was removed and replaced with fresh release buffer. Curcumin concentration in the release
buffer at each time point was determined by HPLC. A control experiment performed with
curcumin solution (instead of microparticles) added to the top chamber confirmed rapid (<8
h) equilibration of curcumin between the two chambers.

In Vivo Evaluation of Curcumin Microparticles
Animal experiments were carried out in compliance with protocols approved by the
Institutional Animal Care and Use Committee at the University of Minnesota. Six-week-old
BALB/c female mice (Charles River Laboratories, Wilmington, Massachusetts) were
injected with a single dose of curcumin-loaded microparticles in the subcutaneous space
near the neck. Microparticles (equivalent to 29.1 mg curcumin) were dispersed in 0.5 mL
PBS prior to injection. Untreated mice were used as controls. Animals were euthanized at
various time points (n = 6 per time point), and liver samples were harvested for analyzing
GST and COX-2 activities, and curcumin concentration. Liver samples were weighed,
homogenized in 1 mL of cold potassium phosphate buffer (100 mm, pH 7.0), and
centrifuged at 10,000 × g for 15 min at 4°C. The supernatants were again centrifuged at
10,000 × g for 60 min at 4°C. The resulting supernatants were assayed for GST and COX-2
activities using commercially available assay kits. For drug analysis, liver homogenates
were lyophilized and extracted with 3 mL of diethyl ether. The ether extracts were
evaporated in a water bath at 37°C and reconstituted with 0.3 mL mobile phase.
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Hydroxybenzophenone was used as the internal standard. Drug concentration in the extracts
was determined by LC–MS/MS (Agilent 1100; Agilent Technologies, Palo Alto, California,
coupled to Finnigan TSQ Quantum Discovery Max triple quadrupole detector; Thermo
Electron, San Jose, California). Separation was achieved on a C-18 column (Zorbax SB-18,
150 mm × 0.5 mm i.d., 5 μm particle size, Agilent) using a 60/40 (v/v) mixture of
acetonitrile and ammonium acetate (10 mm, adjusted to pH 4.0 with glacial acetic acid) as
the mobile phase (flow rate 10 μL/min). Samples were analyzed in positive ion mode.
Curcumin and hydroxybenzophenone (internal standard) were monitored using single
reaction monitoring of the 369.2 to 285.1 and 199.2 to 121.1 transitions, respectively.
Retention times of hydroxybenzophenone and curcumin under these conditions were 3.8 and
4.8 min, respectively. The standard curve was linear over 1–1000 ng/mL, with a correlation
coefficient of r2 = 0.997. The chromatographic data were acquired and analyzed using
Xcaliber software (Thermo Scientific). Curcumin concentrations were normalized to wet
liver weights.

Statistical Analysis
Liver concentrations, GST, and COX-2 activities were represented as mean ± standard error
(SE). Differences in GST and COX-2 activities between treated and untreated animals were
determined using ANOVA followed by post hoc Dunnett’s multicomparison test. A p value
of less than 0.05 was considered significant.

RESULTS
Microparticle Characterization

Microparticles loaded with curcumin were characterized for size, morphology, surface
characteristics, and drug loading. Results from optical microscopy studies indicated that
microparticles prepared using homogenization had an average diameter of 3.6 ± 1.2 μm
(Table 1, Fig. 1a) and those prepared using vortexing had an average diameter of 18.1 ± 9.2
μm (Table 1, Fig. 2a). No aggregation of microparticles was observed following
lyophilization.

Scanning electron microscopy studies indicated that microparticles had a spherical
morphology; however, a large number of crystals were observed (Figs. 1c and 2c). Nondrug-
loaded microparticles did not have such crystals (Fig. 2e) indicating that these crystals were
probably curcumin. A melting peak in the DSC heating curve (Fig. 3d) further confirmed
that those were indeed curcumin crystals. Curcumin loading in microparticles prepared by
homogenization technique was found to be approximately 13% (w/w) (Table 1). An
additional washing step with 10% Tween 80 in the formulation step eliminated the crystals
and reduced the drug loading to approximately 1% (w/w) (Table 1). Similar loss in drug
loading following Tween 80 wash was observed for microparticles prepared by vortex
method. Elimination of curcumin crystals with Tween 80 wash was established by optical
microscopy (Figs. 1b and 2b), SEM (Figs. 1d and 2d), and by the loss of melting peak in the
DSC heating curve (Fig. 3e).

When the organic solvents were removed rapidly using high vacuum during the
manufacturing process, curcumin loading in microparticles increased to approximately 34%
(w/w) (Table 1). Microparticles prepared using this technique had a smooth, spherical
morphology (Fig. 4a), and an average diameter of 20.8 ± 9.0 μm (Table 1, Fig. 4b). DSC
studies showed that curcumin was present in microparticles in crystalline form, as indicated
by a melting peak (Fig. 3f), but no crystals were found on the outside of microparticles (Fig.
4a). Microparticles appeared dark orange-brown as a result of high drug loading (Fig. 4b). It
was interesting to note that the melting peaks for curcumin shifted in the case of
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microparticles (Figs. 3d and 3f) compared with that of pure curcumin (Fig. 3a). It is possible
that the formulation conditions (emulsification, freeze drying, etc.) affect the crystal
structure of curcumin, causing a shift in the melting peak.

To maximize drug loading using the rapid solvent removal process, the effect of polymer
lactide-to-glycolide ratio (50:50 to 100:0) and molecular weight (from ~13 to ~120 kDa) and
organic to aqueous phase volume ratio on drug loading was investigated (Table 2).
Increasing the molecular weight of polymer increased the encapsulation efficiency from
53% to 67% (w/w). Increasing the glycolide content of the polymer increased the
encapsulation efficiency from 40% to 66% (w/w). Increasing the organic to aqueous phase
volume ratio increased the encapsulation efficiency from 67% to 76% (w/w).

In Vitro Release of Curcumin
In the initial optimization studies, we determined that 10% (w/v) Tween 80 was required to
achieve the target curcumin solubility of 2 μg/mL in PBS. As shown in Figure 5, curcumin
was highly unstable in this medium, with about 60% of the initial concentration degrading in
5 days. Addition of NAC or BHT decreased the degradation rate of curcumin. When a
combination of NAC and BHT was used, degradation of curcumin was significantly
decreased, with only 10% degrading in 5 days. On the basis of the results of this
optimization study, PBS containing 10% Tween 80, 0.1% NAC, and 0.01% BHT was used
as the release buffer.

Polymers of different lactide-to-glycolide ratios and molecular weights resulted in
microparticles with varying drug release rates. In general, a small burst release was observed
in the initial 24 h, followed by a relatively constant release over the remaining duration of
the study. Rate of curcumin release from these microparticles could be modulated from
about 60% to 100% over 28 days by changing the lactide-to-glycolide ratio (Fig. 6a) or
polymer molecular weight (Fig. 6b).

Microparticles Sustain Curcumin Concentration and Alter Biomarkers In Vivo
Microparticles prepared from higher molecular weight PLGA (50:50; 120 kDa) were chosen
for in vivo studies. A single subcutaneous dose of curcumin microparticles sustained the
hepatic concentration of curcumin over the 4-week study period (Fig. 7a). GST activity in
liver samples of mice treated with curcumin microparticles was found to be significantly
higher than that in untreated mice (849 ± 116 nm/min/g) at 30 min (153.4 ± 11.32% of
untreated control; p < 0.05) and 24 h (136.9 ± 8.33%; p < 0.05; Fig. 7b), and correlated with
liver concentrations of curcumin. COX-2 activity in liver samples of mice treated with
curcumin microparticles was found to be lower than that in untreated mice (133 ± 10 nm/
min/g), with the difference reaching statistical significance (p < 0.05) on day 7 (66.8 ±
5.41% of control) and day 14 (76.8 ± 6.88%; Fig. 7b). Although the differences in activities
were not statistically significant at other time points, the overall activity profiles of both
GST and COX-2 appeared to follow the changes in the liver concentration of curcumin over
the 4 weeks of the study.

DISCUSSION
Curcumin has been shown to prevent the development of cancers of skin, stomach,
duodenum, colon, liver, pancreas, lungs, prostrate, and breast in rodents.4 Curcumin exerts
its anticancer effect by interfering with multiple cellular pathways and tissue responses,
including inflammation, cell cycle, apoptosis, proliferation, survival, invasion, angiogenesis,
and metastasis.4 However, its poor oral bioavailability and short half-life necessitate
frequent systemic administration of large doses to achieve effective plasma and tissue
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concentrations. A sustained-release microparticle formulation of curcumin offers the
advantages of enhanced and sustained tissue availability, and reduced dosing frequency.
PLGA was used in the formulation of curcumin microparticles because of its safety profile,
biodegradability, and sustained-release properties. PLGA microparticles are currently
approved by the FDA for use in other indications.19

The emulsion solvent evaporation technique has been used successfully in the past for the
preparation of PLGA microparticles encapsulating hydrophobic drugs such as
chlorpromazine,20 diazepam, progesterone,12 and paclitaxel.17 Microparticles prepared
using this technique had a curcumin loading of approximately 13% (w/w), which is
consistent with loading values observed for other drugs.12,21 However, we found that drug
loading was highly variable, even within samples from the same batch and was not
reproducible. This was probably because a significant amount of curcumin had precipitated
as crystals outside of microparticles (Figs. 1a and 2a).

Previously, Bodmeier and McGinity12 washed microparticles with 75% ethanol to remove
unencapsulated progesterone crystals without extracting progesterone from microparticles.
Tsung and Burgess22 washed microparticles with 2% isopropanol to remove unencapsulated
dexamethasone. We evaluated several solvents for this purpose, including ethanol and
isopropanol (not shown); however, only 10% Tween 80 eliminated curcumin crystals
completely (Figs. 1b and 2b). Washing with 10% Tween 80 reduced the drug loading to
approximately 1% (w/w) (Table 1). This further confirmed that a significant fraction of the
drug was not encapsulated inside microparticles.

Curcumin exerts its pharmacological effects in the micromolar concentration range.1 To
sustain this concentration over an extended period of time and to minimize the amount of
microparticle dose, formulations with high drug loading are necessary. Several methods
have been reported to improve drug loading in polymeric microparticles, including
increasing the particle size and the drug–polymer ratio.23–26 Our preliminary studies
indicated that increasing the particle size from approximately 4 to 20 μm or changing the
drug–polymer ratio from 1:3 to 1:1 increased curcumin loading only marginally. In the
emulsion solvent evaporation method, slow diffusion of the organic solvent into the external
aqueous phase followed by its evaporation at the air–water interface causes the polymer to
precipitate and entrap the drug.27,28 Low drug loading is attributed to diffusion of the drug
along with the organic solvent into the aqueous phase, followed by precipitation of the drug
when the organic solvent evaporates. Rapid solvent removal allows the polymer to
precipitate quickly, entrapping most of the drug within the polymer matrix.29 Applying
reduced pressure30,31 or increasing the temperature32–34 can expedite solvent removal.
Elevated temperature, however, can result in low particle yield, larger particle size,
decreased encapsulation efficiency, and coarser morphology.33 We identified that rapid
removal (< 20 min) of organic solvents using a rotary vacuum evaporator increased
curcumin loading in microparticles from approximately 1% (w/w) to nearly 34% (w/w).
This technique resulted in microparticles that were spherical in shape, had a smooth surface,
and were in the injectable size range of 10–30 μm.

Polymers with different lactide-to-glycolide ratios (50:50 to 100:0) and molecular weights
(from~13 to ~120 kDa), and varying organic to aqueous phase volume ratios were
investigated to maximize drug loading. In general, higher molecular weight polymers tend to
precipitate more quickly due to their lower aqueous solubility, resulting in greater drug
entrapment.35 Similarly, increasing the glycolide content in the polymer reduces polymer
solubility in the organic solvent, causing the polymer to precipitate quickly and resulting in
greater encapsulation efficiency.36 Increasing organic to aqueous phase volume ratios
resulted in increased amount of methanol in the organic phase and decreased the polymer
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solubility in the organic phase.37 This probably led to faster polymer precipitation and
hardening, resulting in increased drug loading (up to 38%, w/w). Size appeared to be
unaffected by any of the formulation parameters tested. This is expected because size has a
greater dependence on the stirring rate, and the nature and concentration of emulsifier used
in the oil-in-water emulsification process.38–40

Evaluating the in vitro release of curcumin from microparticles was a challenge because of
the drug’s low solubility and poor stability. Solubility studies indicated that 10% (w/v)
Tween 80 in PBS was required to achieve the target solubility of 2 μg/mL. The high
concentration of Tween 80 used in this study could have possibly affected the particle
integrity and polymer degradation rate but was required for maintaining sink conditions. The
very low solubility of curcumin required a large volume of Tween 80-free release medium,
which reduced curcumin concentrations in the medium below the detection limits of our
analytical method. Curcumin is highly unstable in physiologic buffers because of rapid
oxidation.8,41 Stability can be improved by lowering the pH or by adding glutathione, NAC,
and ascorbic acid.8 We tested NAC at 0.1% (w/v) and BHT at 0.01% (w/v) as water-soluble
and oil-soluble antioxidants, respectively. The oil-soluble antioxidant was expected to
protect cur-cumin that was solubilized within the hydrophobic core of Tween 80 micelles,
whereas the water-soluble antioxidant was expected to protect curcumin that was dissolved
in PBS. Addition of both NAC and BHT significantly improved the stability of curcumin in
the release medium (Fig. 5).

Dialysis membranes are commonly used for evaluating drug release from microparticles in
vitro.42 Surfactants like Tween 80 can improve the aqueous solubility of hydrophobic drug
molecules by micellar solubilization.43 At concentrations above the CMC (0.013–0.016 mg/
mL), Tween 80 forms micelles that are 5–20 nm in size.44 Furthermore, these micelles
increase in size when loaded with a drug.45 Tween 80 micelles, thus, cannot pass through
the small pore diameters of dialysis membranes (~3 nm for 100,000 MW cutoff). Our
preliminary studies with curcumin solution indicated that a membrane with a pore size of
more than 50 nm was necessary to achieve rapid equilibrium between the donor and receptor
compartments (not shown). We, therefore, used Corning Transwell® inserts with an average
pore diameter of 400 nm as a novel and convenient tool for determining curcumin release
from microparticles.

Drug release from PLGA microparticles can be varied from a few days to several weeks by
varying the polymer composition (the lactide-to-glycolide ratio) and the molecular weight.46

A higher release rate from a lower molecular weight polymer is due to lower glass transition
temperatures (Tg) and greater chain mobility of the polymer. Similarly, higher glycolide
content in the polymer allows greater water permeability and faster drug release.47 The
physical state of the drug inside microparticles can also influence the release rate. At high
drug loading (>30% w/w), hydrophobic drugs exist in insoluble crystalline form, whereas at
low drug loading, they exist as molecular dispersions.20,23 In general, when the drug is
molecularly dispersed in the polymer, diffusion of the drug through the polymer controls the
release rate. When the drug exists in crystalline form, dissolution of the drug in polymer
controls the release rate. Release is often reduced at high drug loading because the drug has
to first dissolve in polymer before diffusing out of microparticles.23,35 DSC studies
established that curcumin was present in crystalline form in microparticles (Fig. 3). Thus,
the observed biphasic curcumin release from PLGA microparticles can be explained as
follows: an initial burst, attributable to the rapid release of drug molecules close to the
surface,48–50 followed by pseudo zero-order release, attributable to the presence of
precipitated drug in the polymer matrix.
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For in vivo biomarker studies, the formulation with the highest drug loading (~38%, w/w,
Table 2) was used. GST, a phase II enzyme that detoxifies carcinogens, is regarded as an
important component of endogenous defense mechanism against carcinogenesis.51 COX-2,
on the contrary, is a key mediator in the inflammation cascade, and has been implicated in
tumorigenesis.52 Induction of GST and inhibition of COX-2 induction can thus serve as
useful biomarkers of chemopreventive activity of curcumin.53,54 Our results suggest that
hepatic levels of curcumin achieved with the microparticle formulation in the initial 24 h
were adequate to induce GST activity (Fig. 7b). A similar correlation between curcumin
liver concentration and GST activity was reported by Sharma et al.54 However, inhibition of
COX-2 induction was not found to be significant until day 7 (Fig. 7b). The reason for the
delay in inhibition of COX-2 activity is not clear. Further studies are needed to address this
issue. The biomarker studies confirm that microparticles not only sustain curcumin
concentrations in vivo but also that released curcumin retains chemopreventive activity.

CONCLUSIONS
Poor aqueous solubility and instability are challenges in curcumin formulation development.
Using optimized manufacturing and in vitro release procedures, we fabricated PLGA
microparticles with high cur-cumin loading and demonstrated sustained release of curcumin
in vitro. Furthermore, a single subcutaneous dose of these microparticles resulted in
sustained systemic exposure of curcumin in mice. Hepatic GST and COX-2 activities
closely correlated with curcumin concentrations in the liver achieved with microparticles.
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Figure 1.
Optical microscopy (a and b) and SEM (c and d) images of curcumin-loaded PLGA
microparticles prepared by conventional solvent evaporation and homogenization technique.
(a and c) After washing with water. (b and d) After washing with 10% (w/v) Tween 80. For
(a and b), magnification is 400× and bar is 10 μm. For (c and d), magnification is 5000× and
bar is 10 μm.
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Figure 2.
Optical microscopy (a and b) and SEM (c and d) images of curcumin-loaded PLGA
microparticles prepared by conventional solvent evaporation and vortexing technique. (a and
c) after washing with water. (b and d) after washing with 10% (w/v) Tween 80. For (a and
b), magnification is 400× and bar is 10 μm. For (c and d), magnification is 1000× and bar is
1 μm. Panel e shows SEM image of blank PLGA microparticles prepared by conventional
solvent evaporation and vortexing after washing with water (1000× magnification; bar is 1
μm).
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Figure 3.
DSC heating curves of (a) curcumin, (b) blank PLGA microparticles, (c) physical mixture of
curcumin and blank PLGA microparticles, (d) curcumin-loaded PLGA microparticles
prepared by conventional solvent evaporation and washed with water, (e) curcumin-loaded
PLGA microparticles prepared by conventional solvent evaporation and washed with 10%
(w/v) Tween 80, and (f) curcumin-loaded PLGA microparticles prepared by rapid solvent
removal and washed with 10% (w/v) Tween 80. Inset shows the DSC heating curve of (d) at
a greater magnification for clarity.
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Figure 4.
(a) Scanning electron microscopy image of curcumin-loaded microparticles prepared by
rapid solvent removal process. 1000× magnification. (b) Optical microscopy image of
curcumin-loaded microparticles prepared by rapid solvent removal process. 400×
magnification. Bar is 10 μm.
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Figure 5.
Solution stability of curcumin in the presence of antioxidants. Control—PBS containing
10% Tween 80; NAC—PBS containing 10% Tween 80 and 0.1% NAC; BHT—PBS
containing 10% Tween 80 and 0.01% BHT; and NAC + BHT—PBS containing 10% Tween
80, 0.1% NAC and 0.01% BHT. Curcumin concentrations were quantified by HPLC. Data
shown are mean ± SD, n=3.
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Figure 6.
In vitro release of curcumin from microparticle formulations that vary in polymer lactide-to-
glycolide ratio (a), and polymer molecular weight (b). Curcumin concentrations were
quantified by HPLC. Data shown are mean ± SD, n=3.
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Figure 7.
(a) Liver concentrations of curcumin following a single dose of curcumin microparticles. (b)
Hepatic GST and COX-2 activities following a single dose of curcumin microparticles. GST
and COX-2 activities were determined using commercial assay kits, whereas curcumin
concentrations were quantified by LC–MS/MS. Data shown are mean ± SE, n=6. *p < 0.05.
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