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A B S T R A C T   

The pharmacokinetic of curcumin has posed a challenge to its therapeutic efficacy. Drug encapsulation systems, 
particularly microparticles, are promising due to their ability to protect compounds against both physical and 
chemical degradation and to improve their bioactivity. The aim of the present study was to prepare curcumin 
loaded solid lipid microparticles from carnauba wax and evaluate its antiinflammatory efficacy. Microparticles 
were obtained by hot homogenization technique and characterized by scanning electron microscopy, differential 
scanning calorimetry, infrared spectroscopy and X-ray diffraction demonstrating the effective encapsulation of 
curcumin. Antiinflammatory efficacy was evaluated comparing free curcumin and curcumin encapsulated by 
carrageenan-induced paw edema in rats. Additionally, myeloperoxidase (MPO) activity and concentration of 
nitric oxide (NO) were evaluated in plantar tissue of rats. Microparticles showed regular and spherical 
morphology with 20 μm diameter. Thermal, spectroscopic, X-ray and images analysis demonstrated the encap
sulation of curcumin in the lipid matrix. The evaluation of antiinflammatory activity showed that encapsulated 
curcumin at doses of 25 and 50 mg kg� 1 were more effective than free curcumin at lower doses of 25 and 50 mg. 
kg� 1 and had similar efficacy to free curcumin at dose a 400 mg.kg� 1, inhibiting the development of edema, 
myeloperoxidase (MPO) activity, and the increase in nitric oxide (NO) levels. Overall, curcumin microparticles 
were obtained with high encapsulation efficiency and antiinflammatory efficacy 16-fold better than free 
curcumin.   

1. Introduction 

Curcumin is a polyphenolic compound obtained from Curcuma longa 
L. rhizomes [1] with demonstrated biological activity on various pa
thologies like rheumatoid arthritis, Alzheimer’s disease, cancer [2–6] 
and as well as its natural antioxidant activity [7]. Curcumin is also a 
promising drug for the treatment of inflammatory diseases because of its 
ability to inhibit the expression of the enzyme cyclooxygenase 2 (COX2), 
to down regulate protein kinases, to inhibit the activation of nuclear 
factor κB (NF-κB), and to reduce the release of some proinflammatory 
cytokines and mediators, among other actions [4,5,8,9]. The suppres
sion of prostaglandin synthesis [8] and reduction of metalloproteinase-3 

from chondrocytes [4] are also known to be involved. 
The unfavorable pharmacokinetics of curcumin need to be overcome 

to permit its therapeutic use. Encapsulation processes have been shown 
to be effective [10–13] and microparticles are promising candidates for 
the encapsulation of curcumin because of their low production cost and 
the ease to scale up. Curcumin has been encapsulated in PLLA [14], 
microemulsions [15] and solid lipid nano [16,17], and microparticles 
[18,19]. Lipid-based drug encapsulation systems comprise particles with 
a hydrophobic core that is stabilized by a superficial layer of surfactant, 
with the active compound immersed in the lipid matrix [20,21]. These 
systems present great bioavailability, the possibility of achieving 
modified release, the absence of organic solvents, a low production cost, 
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physicochemical stability, and protection of the active drug against 
degradation [22–24]. Low melting points lipids have been studied in 
encapsulation [25], but the use of high melting points materials as 
encapsulant such as carnauba wax is interesting because of the possible 
gains in stability when compared with to low melting point lipids. In this 
case, high temperatures are necessary in the particles production and a 
possible influence in curcumin activity is worth investigating. Carnauba 
wax, obtained from the carnauba palm tree, is a solid material having 
high melting temperatures [26,27]. It is composed of a complex blend of 
fatty esters, hydroxyacids and a small percentage of resins and offers a 
wide variety of applications in the industry and, particularly in the 
pharmaceutical industry, carnauba wax has gained interest due to its 
biocompatibility, low cost and sustained release of the drugs due to its 
high hydrophobicity [26,28,29]. 

Although the bioactivity of curcumin is well described in the litera
ture, studies on the action of encapsulated curcumin are still a work in 
progress. The objective of the work was to obtain curcumin-loaded 
microparticles using carnauba wax as encapsulating material and to 
evaluate their antiinflammatory activity using a carrageenan-induced 
paw edema model. First, the characterization of the curcumin-loaded 
solid lipid microparticles was evaluated using different methodologies. 
Second, the activity of curcumin in its non-encapsulated form was 
compared to encapsulated curcumin in in vivo experiments. 

2. Methodology 

2.1. Materials 

Carnauba wax, curcumin, medium-chain triglycerides (Miglyol® 
MCT; capric and caprylic acid triglycerides), and sodium caseinate were 
used to prepare the microparticles (all reagents were purchased from 
Sigma-Aldrich). Distilled water was used as the continuous medium for 
the preparation of the microparticles. Chloroform and methanol were 
acquired from common suppliers and used to characterize the micro
particles. λ-Carrageenan was used as the phlogistic agent. Hydrogen 
peroxide, o-dianisidine and sodium acetate were used as reagents to 
determine myeloperoxidase (MPO) activity. Sulfanilamide and N-1- 
naphthylethylenediamine dihydrochloride were used to determine ni
tric oxide (NO) levels. All reagents were purchased from Sigma-Aldrich 
unless stated otherwise. Ortho-phosphoric acid (Nuclear, 85% purity) 
was used to determine NO. 

2.2. Curcumin-loaded solid lipid microparticles 

The curcumin-loaded solid lipid microparticles were obtained ac
cording to the method of Gonzalez-Mira et al. [30] with minor modifi
cations. The aqueous phase was prepared by dissolving sodium caseinate 
(0.055 g) in water (50 g) and heating to 95 �C under gentle stirring. A 
jacketed borosilicate vessel was then connected to a thermostatic bath at 
95 �C. MCT (2.000 g) and carnauba wax (3.000 g) were then added and 
allowed to melt. Then curcumin (0.1000 g) was added to the borosilicate 
vessel under gentle stirring and mixed for 5 min. The aqueous phase was 
then added under stirring using a high-efficiency stirrer (Ultra-Turrax 
IKA, T25) which was maintained for 15 min at 8000 rpm. At the end of 
this step, the dispersion was quickly cooled to solidify the particles and 
lyophilized. Finally, characterization and the evaluation of the acute 
antiinflammatory activity were carried out. Blank microparticles were 
obtained with the same materials and procedure but without curcumin. 

2.3. Microparticles characterization 

Encapsulation efficiency was evaluated in triplicate as follows. 
Approximately 5 ml of the dispersion of microparticles in water was 
washed with ethanol in a vacuum filter (3 μm porosity) to remove the 
surface, non-encapsulated curcumin. Particles were then oven dried at 
60 �C for 2 h. The dried sample was placed in a test tube with 10 ml of 

dichloromethane and sealed. Samples were then stirred at room tem
perature for 24 h to extract the encapsulated curcumin. After this period, 
samples were filtered through an Amicon filter (Millipore, 100 kDa), and 
the concentration of encapsulated curcumin ([cur]encapsulated) was 
determined by UV–Vis spectroscopy at 427 nm [21]. The same pro
cedure was performed for the unwashed microparticles to determine the 
total amount of curcumin present (both encapsulated and 
non-encapsulated, [cur]total). Encapsulation efficiency (EE%) was 
determined by Equation (1). 

EE%¼ 100 x
�
½cur�encapsulated

½cur�total

�

(1) 

Curcumin load in the microparticles (mgcur.gparticles
� 1 ), representing 

the concentration of curcumin inside the microparticles, was deter
mined by Equation (2). The mass of the microparticles (mparticles) and 
curcumin that was effectively encapsulated (mcur) were determined 
spectrophotometrically as described above. 

Curcumin load ¼ 100 x EE x
mcur

mparticles
(2) 

Scanning electron microscopy (Shimadzu, SS550) images were used 
to measure the microparticles diameter and to evaluate the morphology 
of curcumin and microparticles. The average particles diameter (Dz) was 
determined as an arithmetic average. Coefficient of variation of the di
ameters (CV; dimensionless) was determined by Equation (3) using the 
standard deviation of the diameters (SD). At least 250 microparticles 
were measured. 

CVð � Þ ¼
SD
Dz

(3) 

Differential scanning calorimetry (Perkin Elmer model 4000) was 
used to evaluate the physical state of curcumin after the encapsulation 
procedure. Approximately 10 mg of each sample was placed in an 
aluminum holder and heated from 0 to 390 �C at 20 �C.min� 1, with a 
nitrogen flow rate of 50 ml min� 1. X-ray diffractograms of carnauba 
wax, curcumin, physical mixture (carnauba wax and curcumin manually 
mixed in the same proportions found in the microparticles), blank mi
croparticles (no curcumin added) and the curcumin-loaded microparti
cles were obtained using an X-ray diffractometer (LabX model XRD- 
6000, Shimadzu, Japan) from 2� to 60� at 6� min� 1. Fourier transform 
infrared spectroscopy (Frontier PerkinElmer) was performed with 
Attenuated Total Reflectance (ATR) at a resolution of 2 cm� 1 from 4000 
to 600 cm� 1 in triplicate. All spectra were normalized to allow proper 
comparison. The morphology of the microparticles was evaluated by 
scanning electron microscopy (Shimadzu, SS550) using secondary 
electrons for detection. Samples were gold coated before analyses. When 
necessary, a physical mixture of curcumin and carnauba wax were ob
tained by manually mixed them in a crucible then in the same propor
tion of the microparticles. 

2.4. Animals and treatments 

Male Wistar rats weighing 200–220 g and housed at 22 �C under a 12 
h/12 h light/dark cycle with food and water available ad libitum were 
used. Curcumin (Cur) and curcumin-loaded microparticles (SLMCur) 
were dispersed in water and orally administered in a single daily dose 1 
h prior to the induction of the inflammatory response. Cur was admin
istered at doses of 25, 50, and 400 mg.kg� 1 while SLMCur was admin
istered at doses of 25 and 50 mg.kg� 1 as previously described [13]. The 
experimental protocol was approved by the Committee on Ethics in the 
Use of Animals under the number CEUA no. 6811200515. 

2.5. Carrageenan-induced paw edema 

Rats (n ¼ 6 per group) received an intraplantar injection of 100 μl of 
carrageenan (Cg) solution in the left hind paw (200 μg/paw). The right 
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contralateral paw was injected with the same volume of vehicle (0.9% 
saline solution). The volume of both paws was determined 1, 2, and 4 h 
after the carrageenan injection using a digital plethysmograph. The in
crease in paw volume (edema) was calculated by subtracting the volume 
of the contralateral paw that received saline solution from the volume of 
the left paw that received Cg solution. 

2.6. Myeloperoxidase activity and nitrite concentration 

Rats were anesthetized and euthanized 4 h after the paw edema in
duction. The plantar tissue was removed, placed in an eppendorf tube 
that already contained phosphate-buffered saline, homogenized, and 
centrifuged [13]. Myeloperoxidase activity was determined in the su
pernatant of the homogenate in duplicate. Samples (10 μl) were placed 
in a 96-well microplate and a solution of o-dianisidine was added. After 
5 min, the reaction was stopped using sodium acetate solution, and MPO 
activity was determined by the endpoint technique using absorbance 
analysis at 450 nm. Data are expressed as optical density (OD). 

The concentration of nitrite oxide (NO) was determined by the Griess 
technique, which indirectly determines the concentration of nitrite in 
the tissue samples. The supernatant (50 μl) of plantar tissue was placed 
in a 96-well microplate in triplicate, and Griess solution was added at 
room temperature. After 10 min, the microplate was read at 550 nm 
using an enzyme-linked immunosorbent assay reader as described pre
viously [31]. Nitrite oxide concentration was calculated as the mean of a 
sodium nitrite standard curve and results are expressed in μM. 

2.7. Statistical analysis 

For the biological response data, results were expressed as mean �
standard error of the mean (SEM) and were evaluated using analysis of 
variance (ANOVA) followed by the Tukey test. Values of p < 0.05 were 
considered statistically significant. 

3. Results and discussion 

3.1. Characterization of the curcumin-loaded solid lipid microparticles 

Table 1 shows encapsulation efficiency, curcumin load in the mi
croparticles, average diameter, and coefficient of variation of diameters. 
Fig. 1 presents the scanning electron microscopy images of pure cur
cumin, physical mixture (carnauba wax and curcumin manually mixed 
in a crucible in the same proportion of the microparticles), curcumin- 
loaded microparticles and blank microparticles (no curcumin added). 

Curcumin appeared as regular particles which is characteristic of its 
highly crystalline microstructure and with sizes of less than 20 μm. In 
the physical mixture images, one may see that carnauba wax is 
composed of irregular particles with sizes ranging from 100 μm to less 
than 10 μm. Curcumin crystals are also visible in these images. Micro
particles (both blank and curcumin-loaded) presented regular, spherical 
morphology with diameters around 20 μm with no fissures or surface 
irregularities. Images show no free curcumin crystals in the micropar
ticles images, which is indicative that curcumin is not located outside 
the particles as free crystals. Silva-Buzanello et al. [32] performed 
scanning electron microscopy of curcumin-loaded PLLA nanoparticles 
and observed free curcumin crystals in the cases where low encapsula
tion efficiencies were detected. 

Microparticles presented high encapsulation efficiency which may 
be explained by the hydrophobic character of the lipids used as 

encapsulants and curcumin. Efficiency is mostly dependent on the in
teractions between encapsulant and encapsulated compounds and also 
on the encapsulation technique used. High efficiencies were found for 
gelatin-curcumin complexes (97%) [33], whey protein isolate (95–97%) 
[34], while efficiencies from 90 to 30% were found in supercritical 
processes [19]. Incorporation of curcumin in solid lipid nanoparticles 
were also investigated and efficiencies ranged from 47 to 90% 
depending on the experimental conditions and encapsulant used [16]. 

Figs. 2–4 present the X-ray diffractograms, the FTIR spectra, and the 
DSC thermograms, respectively. Table 2 presents the melting tempera
ture and melting enthalpy of the lipid encapsulants. 

X-ray diffraction analyses revealed peaks at 21.5� and 23.8� for blank 
microparticles, which are representative of short spacing and indicate 
the side-by-side orientation of hydrocarbon chains of the partially 
crystalline structure [35]. For pure curcumin, peaks were detected at 
8.9�, 9.7�, 12.2�, 13�, 14.6�, 17.3�, and 19.5�, corresponding to its 
crystalline structure [36–38]. Such peaks were not visualized in 
curcumin-loaded microparticles, but they were found in the physical 
mixture. This indicates that curcumin in the microparticles was located 
inside the lipid matrix forming a solid solution in an amorphous state. 
The decrease in the curcumin crystalline behavior after encapsulation 
strongly suggests its efficient encapsulation. 

A decrease in the lipid crystallinity is observed in the region of 2θ 
between 15� and 20� in the blank and curcumin-loaded microparticles. 
It was not observed in the physical mixture sample which may be 
attributed to the presence of MCT in the formulation of the micropar
ticles [27,39]. Lipid crystallinity is a determining factor in the process of 
drug encapsulation, since a highly crystalline state may lead to 
non-entrapment of the drug while disorder in the crystalline structure 
favors encapsulation. This shoulder between 15� and 20� is even more 
pronounced in the curcumin-loaded microparticles indicating that the 
presence of curcumin led to a higher disorder in the lipid structure. 

FTIR analyses of curcumin revealed axial stretching absorption 
bands of the OH group at 3510 cm� 1, which is often used to evaluate 
interactions between curcumin and encapsulants [40,41]. This absorp
tion band was evident in samples that contained curcumin and the 
physical mixture of curcumin and carnauba wax. However, the same 
was not observed in samples of curcumin-loaded microparticles and 
blank microparticles. 

Thermal analysis showed that the melting point of curcumin was 
173.6 �C, which is consistent with previous studies [41–43]. In the 
curcumin-loaded microparticles the melting peak of curcumin was not 
detected indicating that it is in amorphous state. The physical mixture, 
the melting peak of curcumin was not detected which was likely due to 
its low concentration in the samples. The melting point of carnauba wax 
in the microparticles was slightly lower than the melting point in the 
physical mixture, which may be attributable to the absence of MCT, 
which is a liquid and causes the decrease in the crystallinity of the 
carnauba wax [44]. The presence of curcumin in the microparticles also 
led to a decrease in the melting temperature, suggesting that curcumin 
hindered the formation of crystalline domains of the carnauba wax 
during particles solidification. The influence of MCT and curcumin was 
more evident in the melting enthalpy of the lipid phase since an 
accentuated decrease was detected caused by the presence of curcumin. 
This is also a strong indicative of curcumin encapsulation in the lipid 
matrix. 

Characterization analyses agreed that curcumin was efficiently 
encapsulated inside the lipid matrix meaning that the microencapsula
tion system composed by solid and liquid lipid matrix together with the 
hot homogenization technique is suitable to obtain curcumin-loaded 
microparticles. The high encapsulation efficiency and the narrow size 
distribution make then excellent candidates for in vivo studies. 

3.2. Antiinflammatory activity 

Fig. 5 shows the antiinflammatory activity of free curcumin (Cur) 

Table 1 
Encapsulation efficiency (EE), curcumin load in the microparticles, average 
diameter (Dz) and coefficient of variation of the diameters (CV).  

EE (%) Load (mgcur/gpart) Dz (μm) CV(� ) 

81.7 � 1.6 15.9 ± 0.1 20.0 ± 2.0 0.41  
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and the curcumin-loaded microparticles (SLMCur), presenting the 
development of paw edema in rats, myeloperoxidase (MPO) activity and 
nitrite concentration in the supernatant of the plantar tissue of each 
group. 

The experimental model of induced paw edema by carrageenan (Cg) 
presented an inflammatory process with maximum intensity 4 h after 
the carrageenan injection, characterized by erythema, hyperalgesia, and 
edema resulting from the release of numerous proinflammatory medi
ators, such as histamine, bradykinin, prostaglandins, reactive oxygen 
species, reactive nitrogen species, and cytokines [45–47]. 

In this experimental model, free curcumin treatment at a dose of 400 
mg.kg� 1 significantly reduced (by 24.2%) the formation of edema 4 h 
after the carrageenan injection. Lower doses of free curcumin (25 and 
50 mg.kg� 1) did not inhibit the formation of edema (Fig. 5A). Treatment 
with the curcumin-loaded solid lipid microparticles (SLMCur) at 25 and 
50 mg.kg� 1 significantly inhibited (by 18.2% and 32.5%, respectively) 
the development of edema 4 h after the carrageenan injection (Fig. 5B). 
Treatment with SLMCur at a dose of 50 mg.kg� 1 was more effective than 
treatment with 400 mg.kg� 1 and significantly better than free curcumin 

treatment at doses of 25 and 50 mg.kg� 1. 
The antiinflammatory effect may be at least partially explained by 

inhibitory effects on the synthesis or release of inflammatory mediators 
[45–47]. Four hours after induction of the inflammatory response, ni
trite concentration increased. Treatment with SLMCur at 25 and 50 mg. 
kg� 1 significantly inhibited nitrite levels by 39.9% and 42.1%, respec
tively, compared with the carrageenan group (Fig. 5D). However, no 
dose of free curcumin inhibited the increase in nitrite concentration. 

During the development of the inflammatory process induced by 
carrageenan, intense cellular recruitment occurs, which may be indi
rectly observed as an increase in myeloperoxidase (MPO) activity. 
Treatment with free curcumin at the highest tested dose (400 mg.kg� 1) 
and SLMCur at 25 and 50 mg.kg� 1 significantly inhibited MPO activity 
by 42.2%, 33.7%, and 36.2%, respectively, when compared with the 
carrageenan group (Fig. 5C). 

The antiinflammatory activity of curcumin involves the inhibition of 
the enzyme cyclooxygenase 2 and NF-κB and the reduction of the syn
thesis/release of proinflammatory mediators, such as cytokines and free 
radicals that are derived from oxygen and nitrogen [8,9,48]. However, 
the pharmacological effects of curcumin may only be achieved if phar
macologically active plasma and tissue concentrations are attained. In 
this context, results suggest that the bioavailability of curcumin may be 
improved when it is orally administered as loaded microparticles, since 
lower doses of encapsulated curcumin had better efficacy than free 
curcumin. The increase in the bioavailability of curcumin and plasma 
levels in curcumin-loaded microemulsions was already confirmed [15]. 

This hypothesis is supported by previous studies. Microencapsula
tion of ketoprofen in carnauba wax showed that sustained release of the 
active substance lasted more than 24 h in vitro [26]. Additionally, it was 
demonstrated that the way in which the concentration of carnauba wax 
is increased the release of the active agent becomes prolonged and 
sustained [49]. The sustained release of curcumin when encapsulated in 
carnauba wax may be explained by the fact that carnauba wax is very 
lipophilic and usually contains natural resins, which prevents the entry 
of water into the lipid structure. It also presents low concentration of 
free fatty acids and hydroxyl groups, which delay its degradation and so 
the release of the encapsulated drug [29,49]. 

Recently, it was demonstrated that curcumin-loaded PLLA (poly-L- 
lactic acid) nanoparticles showed an antiinflammatory efficacy with 
doses eight times lower than free curcumin [13]. Cai et al. [50] showed 

Fig. 1. Micrographs of curcumin (A and B); physical mixture of carnauba wax and curcumin (C and D); blank solid lipid microparticles (no curcumin added, E and F) 
and curcumin-loaded solid lipid microparticles (G and H). 

Fig. 2. X-ray diffraction patterns of blank solid lipid microparticles (no cur
cumin added), curcumin-loaded solid lipid microparticles, curcumin and 
physical mixture (carnauba wax and curcumin manually mixed). 
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that a curcumin nanoformulation improved curcumin uptake threefold 
when compared to curcumin suspension and still showed antiin
flammatory efficacy in the adjuvant-induced arthritis model. 

4. Conclusion 

Microparticles were obtained by the hot homogenization technique, 
presenting average diameter of 20 μm with no visible free curcumin 
crystals. High encapsulation efficiency was found and thermal, spec
troscopic and X-ray analyses confirmed that curcumin existed as an 
amorphous material inside the microparticles. The encapsulated cur
cumin demonstrated better antiinflammatory efficacy than free curcu
min since concentrations of 16-fold lower doses. 
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Melting temperature and melting enthalpy of the lipid encapsulant in the 
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mixed).  
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