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Research Article

Redispersible Spray-Dried Powder Containing Nanoencapsulated Curcumin:
the Drying Process Does Not Affect Neuroprotection In vitro
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Abstract. A redispersible spray-dried formulation containing curcumin-loaded, lipid-core
nanocapsules (LNC-C) was developed for oral administration. The neuroprotective activity
of curcumin after the spray-drying process was evaluated in vitro. The spray-dried powder
(SD-LNC-C) was produced using a drying adjuvant composed of a blend of maltodextrin and
L-leucine (90:10 w/w). Acceptable process yield (~ 70%) and drug content (6.5 ± 0.2 mg g−1)
were obtained. SD-LNC-C was formed by smooth, spherical-shaped particles, and confocal
Raman analysis indicated the distribution of the LNC-C on the surface of the leucine/
maltodextrin agglomerates. The surface of the agglomerates was formed by a combination of
LNC-C and adjuvants, and laser diffraction showed that SD-LNC-C had adequate aqueous
redispersion, with no loss of controlled drug release behaviour of LNC-C. The in vitro
curcumin activity against the lipopolysaccharide (LPS)-induced proinflammatory response in
organotypic hippocampal slice cultures was evaluated. Both formulations (LNC-C and SD-
LNC-C) reduced TNF-α to similar levels. Therefore, neuroprotection of curcumin in vitro
may be improved by nanoencapsulation followed by spray-drying, with no loss of this
superior performance. Hence, the redispersible spray-dried powder proposed here represents
a suitable approach for the development of innovative nanomedicines containing curcumin
for the prevention/treatment of neurodegenerative diseases.
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INTRODUCTION

Curcumin has been commercialized as a flavouring
agent, preservative, colouring agent, and food supplement in
several countries. It is a polyphenol derived from the root of
the rhizome Curcuma longa (turmeric) (1). Because of the
wide array of beneficial properties of curcumin, scientific and
medical communities are interested in clarifying the pharma-
cological properties of this polyphenol. Besides its well-
described antioxidant and anti-inflammatory properties,
curcumin is also able to modulate the expression of various
molecular targets, such as cytokines, enzymes and receptors,
making it a promising molecule for the prevention and
treatment of neurodegenerative diseases related to oxidative
processes (2,3).

However, the bioavailability of curcumin after oral
administration is low, which in turn negatively affects its
therapeutic potential (4). Our recent studies suggested the
encapsulation of this molecule in lipid-core nanocapsules
(LNC) could overcome this drawback (4–7). Briefly, LNC are
vesicular structures containing an organogel composed of
liquid and solid lipids as the core, which is surrounded by a
polymeric wall (8,9). Using this system to encapsulate a drug-
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like curcumin can improve drug stability, modulate the tissue
distribution and control the drug release over time, contrib-
uting to the results achieved in the studies cited above (10–
12).

Our recent findings have shown the superior in vitro and
in vivo neuroprotective performance of curcumin encapsu-
lated in LNC. In this sense, the high bioavailability of
curcumin in the central nervous system (CNS) is an important
advantage of its nanoencapsulation. The superior activity of
curcumin-loaded LNC was explained by Jacques et al. and
Hoppe et al. in models of cognitive impairment induced by
cigarette and the peptide Aβ(1-42), respectively (6,7). In fact,
the high curcumin bioavailability in the CNS afforded by
encapsulation in LNC was reported by Zanotto-Filho et al. in
a pre-clinical model of glioma (5).

LNC work as drug shuttles, administered intravenously
or orally, which explains their superior performance in the
CNS compared with the non-encapsulated drug (13). Consid-
ering that the oral route is usually the most convenient, safe
and accepted administration pathway, it becomes a promising
alternative in the administration of drug-loaded LNC for
brain delivery (14).

LNC are produced as promising pharmaceutic liquid
formulations; nevertheless, their production as intermediate
dry powders could broaden their applications, extending
shelf-life, minimizing microbiological contaminations and
improving/increasing portability and dosing. Hence, spray-
drying has been proposed as a technology to obtain dry
powders containing LNC (15–18). Our research group
recently showed the recovery of the physicochemical proper-
ties of LNC after the redispersion of their spray-dried
powders in water, using a blend of hydrophilic adjuvants in
the drying process (19).

Therefore, the approach to convert curcumin-loaded
LNC aqueous suspensions into a redispersible powder, by
spray-drying, as a suitable pharmaceutical dosage form for
its oral administration was evaluated in this study. The
main objective was to evaluate the impact of the drying
process and the subsequent aqueous redispersion on the
biological response of curcumin using an in vitro model of
neuroinflammation. This novel experimental design repre-
sents an original contribution to the field of pharmaceu-
tical research as a prior investigative effort for further
in vivo studies, since no previous reports have evaluated
the influence of the spray-drying process on the in vitro
biological response of powders containing drug-loaded
nanocapsules.

MATERIAL AND METHODS

Materials

Poly(ε-caprolactone) (Mw 80 kg mol−1), sorbitan
monostearate and curcumin were purchased from Sigma-
Aldrich (São Paulo, Brazil). Grape seed oil and Polysorbate
80 were provided by Delaware (Porto Alegre, Brazil) and
Henrifarma (São Paulo, Brazil), respectively. Maltodextrin
was obtained from Roquette (Lestrem, France). L-Leucine
was purchased from Fagron (São Paulo, Brazil).

Preparation of Curcumin-Loaded Lipid-Core Nanocapsule
Suspensions

Curcumin-loaded lipid-core nanocapsule (LNC-C) sus-
pensions were prepared by nanoprecipitation of a preformed
polymer (8). An acetone solution (135 mL), composed of
0.05 g of curcumin, 825 μL of grape seed oil, 0.5 g of poly(ε-
caprolactone) and 0.19 g of sorbitan monostearate, was
prepared at 40°C. The acetone solution was then injected
under stirring into a polysorbate 80 (0.14%, w/v) aqueous
solution (270 mL). After this step, evaporation under reduced
pressure at 40°C was carried out to remove the organic
solvent and to concentrate the dispersion to a final volume of
50 mL. Blank lipid-core nanocapsule (LNC-B) suspensions
were prepared following the same protocol, except curcumin
was omitted from the formulation. Three LNC-C and LNC-B
batches were prepared and protected from light at room
temperature.

Physicochemical Characterization of LNC-C Suspensions

Particle Size and Zeta Potential Analyses

The mean size and polydispersity index (PDI) of LNC
suspensions were assessed by dynamic light scattering (DLS)
(Zetasizer Nano ZS®, Malvern Instruments, Malvern, UK) at
25°C after diluting an aliquot of the LNC-C formulation in
ultrapure water (1:500, v/v). Furthermore, LNC-C particle
size distribution was evaluated by laser diffraction (LD)
(Mastersizer® 2000, Malvern Instruments, Malvern, UK).
The zeta potential was measured based on electrophoretic
mobility (Zetasizer Nano ZS®, Malvern Instruments, UK),
after diluting of an aliquot of the LNC-C suspension in
10 mM NaCl aqueous solution (1:500, v/v) (8). All the
analyses were carried out for 4 independent batches (n = 4).

Drug Content Analyses

The curcumin content was assayed by reversed phase
high-performance liquid chromatography (RP-HPLC), as
previously described (5). The method was linear between
10.0 and 30.0 μg mL−1 (y = 128780.24x + 123333.13, r =
0.9999), precise (RSD lower than 3.2%) and specific. The
drug content of each LNC-C batch was assayed after
dissolving LNC-C (1 mL) in acetonitrile (10 mL). These
samples were centrifuged at 4120×g for 10 min. Next, 2 mL of
the supernatants was collected and diluted in 10 mL of the
mobile phase. Finally, the samples were filtered (0.45-μm
PVDF membrane) and immediately analysed by the RP-
HPLC.

Determination of Encapsulation Efficiency

To determine the encapsulation efficiency (EE), the
ultrafiltration/centrifugation technique was carried out using
the Microcon® centrifugal filter (10,000 Da, Merck Millipore,
Darmstadt, Germany) at 2150×g for 10 min. After dilution in
acetonitrile, the level of non-encapsulated curcumin in the
ultrafiltrate was analysed by the RP-HPLC, according to the
method described above. EE (%) was estimated based on the
difference between the total amount of curcumin as measured
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in the LNC-C suspension and the non-encapsulated curcumin
concentration assayed in the ultrafiltrate. The percentage of
encapsulated curcumin was calculated considering the exper-
imental drug content of curcumin assayed by the RP-HPLC.

Preparation of Spray-Dried Curcumin-Loaded Lipid-Core
Nanocapsule Powders

Employing the process parameters previously described
by de Andrade et al. (19), spray-dried curcumin-loaded lipid-
core nanocapsule (SD-LNC-C) powders were prepared using
a Buchi Mini Spray Dryer B-290 (Buchi, Switzerland), which
contained a nozzle with a cap orifice diameter of 0.7 mm. The
drying adjuvant, composed of a blend of maltodextrin and L-
leucine (90:10 w/w), was added to the LNC-C suspension at a
final concentration of 5% (w/v) (19). Twenty minutes before
the drying process, the blend of adjuvants was dissolved,
under magnetic stirring, in 25 mL of ultrapure water, followed
by a mixture with 25 mL of the LNC-C suspension. Blank
spray-dried lipid-core nanocapsule (SD-LNC-B) powders
were prepared according to the same protocol, except
curcumin was omitted from the original nanocapsule suspen-
sion. Three independent batches of SD-LNC-C and SD-LNC-
B were prepared, stored at room temperature and protected
from light.

Physicochemical Characterization of SD-LNC-C

Process Yield

The process yield was determined as the ratio between
the weight of the experimentally obtained solid mass and the
sum of the weights of all other components, discounting the
water content of the suspensions and added before the spray-
drying step.

Drug Content

SD-LNC-C samples (0.695 g) were diluted in water
(5 mL) and vortexed for 2 min. A 1-mL aliquot of this
redispersion was diluted in acetonitrile (10 mL). These
samples were centrifuged at 4120×g for 10 min. Lastly, the
supernatant was collected and diluted in mobile phase (1:5,
v/v). The samples were filtered (0.45-μm PVDF membrane)
and immediately analysed by the RP-HPLC method de-
scribed in “Drug Content Analysis.”

Morphological Characterization of SD-LNC-C

Scanning Electron Microscopy

The SD-LNC-C surface morphology was evaluated by
scanning electron microscopy (SEM) (Jeol Scanning
Microscope, JSM-6060, Tokyo, Japan) at 10 kV. The samples
were observed at different magnifications (between × 1000
and × 20,000). These analyses were carried out at the Centro
de Microscopia e Microanalises of the Federal University of
Rio Grande do Sul (UFRGS, Brazil). The samples were
coated with gold before analysis (Jeol Jee 4B SVG-IN,
Tokyo, Japan).

Confocal Raman Microscopy

To investigate the spatial component distribution in the
SD-LNC-C structure, confocal Raman microscopy (CRM)
measurements using a WITec alpha 300R+ (WITec GmbH,
Ulm, Germany) were performed. The excitation wavelength
of the applied monochromatic laser was 532 nm, adjusted to a
power of 20 mW. A confocal pinhole of 50-μm rejected
signals from out-of-focus regions, and the × 50 magnification
objective (Epiplan Neofluar, Zeiss, Germany) with a N.A. 0.8
was applied (19). Image pixels assigned to LNC-C were
depicted in yellow, whereas drying adjuvant (maltodextrin
and L-leucine) spectra were depicted in blue.

Performance of the Aqueous SD-LNC-C Redispersion

Aiming to evaluate the efficiency of the SD-LNC-C
redispersion in contact with water, dispersion of the SD-LNC-
C samples (0.695 g) in water (5 mL) were carried out, using
vortex mixture for 2 min at room temperature. This amount
of powder (0.695 g) in 5 mL of water allowed the recovery of
the initial curcumin concentration in the LNC suspension
(1 mg mL−1). Moreover, standardization of the vortex time
was used to simulate an aqueous redispersion and agitation of
the SD-LNC-C formulation prior to oral administration to the
patient. Particle size analyses were carried out by LD and
DLS using the same parameters and experimental conditions
described in “Particle Size and Zeta Potential Analyses.”

In vitro Drug Release Studies

The in vitro drug diffusion profiles of non-encapsulated
curcumin (ethanolic solution) and the release profiles of
LNC-C and SD-LNC-C were evaluated using the dialysis sac
method. SD-LNC-C samples (0.695 g) were diluted in water
(5 mL) and vortexed for 2 min. The dialysis bag (12 kDa),
containing 2 mL of curcumin solution (non-encapsulated
drug), LNC suspension (1 mg mL−1) or SD-LN-C after
aqueous redispersion (1 mg mL−1), was immersed in the
release medium (water/ethanol/polysorbate 80 (80:20:1 v/v)
(200 mL) at 37°C) (5). At predetermined time intervals,
aliquots (1 mL) of the release medium were collected and
replaced with fresh medium to guarantee the sink condition.
The samples were diluted with mobile phase (1:1 v/v) and
filtered through a 0.45-μm PVDF membrane (Millipore®,
Darmstadt, Germany), and curcumin was assayed by the RP-
HPLC according to the method previously defined in “Drug
Content Analyses,” with slight modifications. The injection
volume was adjusted to 50 μL to increase the method
sensitivity. This RP-HPLC method was linear (y = 338091x −
9583, r = 0.9999) between 0.1 and 5 μg mL−1, precise (RSD
lower than 3.3%) and specific. The diffusion and release
profiles were analysed by mathematical models using the
KinetDS 3.0 software (20). Moreover, the dissolution effi-
ciency (DE) (%), a model-independent description of the
dissolution curve, was calculated using the same software.
Curcumin diffusion and release profiles were modelled by a
semi-empirical zero-order equation (Eq. 1) and a first-order
equation (Eq. 2). The best correlation coefficient and the best
Akaike information criterion (AIC) provided by the
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software, as well as the best graphical adjustment, were
considered to select the fitted model.

Q ¼ kt þQ0 ð1Þ

C ¼ 1
Q

¼ kt þ 1
Q0

ð2Þ

where:

Q amount (%) of curcumin released at the time t
Q0 start value of Q
k constant

In vitro Biological Evaluation

Curcumin has known neuroprotective properties, and its
anti-inflammatory activity has been associated with this effect
in neurodegenerative diseases. Curcumin may exert its anti-
inflammatory activity by interacting with different molecular
targets, including proinflammatory cytokines, protein kinases
and other enzymes (21). Based on that, the anti-inflammatory
activity of LNC-C was assessed by measuring the levels of
proinflammatory cytokines released in lipopolysaccharide
(LPS)-stimulated organotypic hippocampal slice cultures.

Organotypic Hippocampal Slice Cultures

Hippocampal slice cultures were prepared from male
Wistar rats (6- to 8-days old). All procedures were approved
by the local Ethics Committee on the Use of Animals (CEP-
UFRGS, protocol number 20005). The protocol described by
Stoppini and colleagues (22) was followed to prepare slice
cultures as interface cultures, with some modifications (22–
24). Organotypic cultures were maintained at 5% CO2/95%
O2 atmosphere and 37°C for 14 days. The culture medium
was replaced every other day.

Culture Treatments

LPS (Sigma-Aldrich, São Paulo, Brazil) was solubilized
at 1 mg mL−1 in sterile bi-distilled water. A stock concentra-
tion of 100 mM of non-encapsulated curcumin in dimethyl
sulfoxide (DMSO) was freshly prepared for each experiment.
LNC-C were prepared as previously described. 0.695 g of SD-
LNC-C samples were redispersed in 5 mL of water, followed
by vortexing for 2 min. Non-encapsulated curcumin, LNC-C
and SD-LNC-C, after aqueous redispersion, were directly
diluted in culture medium to the desired concentration. The
increase in neuroprotection following pretreatment with
curcumin, before LPS exposure, was evaluated. Thus, on the
12th day, non-encapsulated curcumin (5 μM), LNC-C (5 μM)
or SD-LNC-C (5 μM) were added to the culture medium 1 h
prior to the exposure of hippocampal slices to LPS
(100 μg mL−1) for 48 h. The control cells were treated with
an identical amount of each vehicle: DMSO 0.05%, LNC-B

(blank lipid-core nanocapsules suspension: without any
encapsulated drug) or SD-LNC-B (redispersed spray-dried
formulation containing LNC-B). After 48 h, the culture
medium was withdrawn, frozen and stored at − 20°C for the
analysis of cytokine levels.

Determination of Cytokine Levels

The levels of tumour necrosis factor-alpha (TNF-α) and
interleukin 1-β (IL-1β) released into the culture medium
were analysed using ELISA assay kits (R&D Systems,
Minneapolis, MN, USA) following the manufacturer’s proto-
col. Cytokines levels were expressed as picograms of each
cytokine per millilitre of culture medium (± SEM).

Statistical Analysis

Formulations were prepared and analysed in triplicate.
Characterization and release study data are expressed as the
mean ± standard deviation. Cytokine levels are expressed as
mean ± standard error of the mean (SEM). Statistical
analyses at a significance level of p≤ 0.05 were performed
using one-way analysis of variance (ANOVA) and Tukey test
as a post hoc (GraphPad Prism, version 5.0.1, USA).

RESULTS

Curcumin-Loaded Lipid-Core Nanocapsules

LNC-C suspensions had a bright yellow aspect. LD
analysis revealed a unimodal nanometric population with
D[3, 4] of 215 ± 4 nm and a span value of 1.40 ± 0.08. The
DLS analysis confirmed the mean nanometric particle size
(206 ± 6 nm) and low PDI (0.1 ± 0.1). The zeta potential was
negative for all batches, with a mean value of − 5.7 ± 1 mV.
The EE was 99 ± 0.1%. The total drug content was 0.95 ±
0.03 mg mL−1, corresponding to 95% of the expected
concentration of 1.00 mg mL−1.

Spray-Dried Curcumin-Loaded Lipid-Core Nanocapsule
Powders

The SD-LNC-C resulted in a bright yellow, homoge-
neous and fine powder. The process yield was 68 ± 3%. The
curcumin content in the powder was 6.5 ± 0.2 mg g−1,
corresponding to 96 ± 5% of the expected value. SD-LNC-C
was formed by smooth, spherical-shaped particles with
occasional invaginations, as observed by the SEM (Fig. 1a).

Confocal Raman Microscopy Analysis

As previously reported, blank LNC and the mixture of
leucine/maltodextrin can be differentiated based on their unique
Raman spectra (19). In the present study, the spatial component
distribution within the SD-LNC-C was visualized. False-colour
images based on the Raman spectra showed agglomerates in
which the nanocapsules (depicted in yellow) attached to the
leucine/maltodextrinmixture (depicted in blue, Fig. 2a). Besides
the agglomerates, smaller spray-dried assemblies were detected
for which false colour images with a higher magnification
indicated nanocapsules on the surface (Fig. 2b).
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Performance of the Aqueous SD-LNC-C Redispersion

Particle size distribution profiles of LNC-C and the
redispersed SD-LNC-C formulation obtained by LD analysis
are shown in Fig. 3. Immediately after the redispersion, four
major particle populations were observed (Fig. 3a). The
profile of the particles whose size distribution was on the
nanometre range was close to the profile of the original LNC-
C formulation. The particle size, expressed as a number-
based particle distribution (Fig. 3b), presented unimodal
distribution, with a profile that was analogous to that of the
original LNC-C suspension. Particle size distribution profiles
of LNC-C and the redispersed SD-LNC-C formulation
obtained by DLS analysis are shown as in the Supplementary
Material (S1).

Moreover, Table I shows the mean size, PDI and D-
values (D10, D50 and D90) of LNC-C and its respective

redispersed SD-LNC-C formulations, obtained by DLS and
LD analysis.

In vitro Drug Release Studies

Figure 4 shows the in vitro release/diffusion profiles of
curcumin from LNC-C, the redispersed SD-LNC-C and an
ethanolic curcumin solution (non-encapsulated curcumin).

Curcumin diffusion from the ethanolic solution reached
around 70% after 72 h. In contrast, the percentage of
curcumin released from LNC-C and the redispersed SD-
LNC-C reached around 25% and 34% after 72 h, respec-
tively. Table II shows the kinetic parameters regarding the
zero-order kinetic model, which best described the drug
release profiles for both formulations (LNC-C and SD-LNC-
C). In addition, the dissolution efficiencies (DE) were
calculated, reaching 56.15 ± 5.59%, 21.11 ± 2.33% and 13.18
± 0.64% for non-encapsulated curcumin, SD-LNC-C and
LNC-C, respectively (p < 0.05).

Effect of Curcumin on In vitro Neuroprotective Model

Figure 5 shows the TNF-α and IL-1β levels of
organotypic hippocampal cultures, with and without pretreat-
ment with curcumin samples before exposure to LPS
(100 μg mL−1) for 48 h. TNF-α and IL-1β levels were higher
in the medium after exposure to LPS in comparison with the

Fig. 1. SEM images of SD-LNC-C formulations a at × 1000 magni-
fication and b at × 20,000 magnification

Fig. 2. False colour Raman images of spray-dried curcumin-loaded
lipid-core nanocapsules (SD-LNC-C). a Agglomerates and b single
spray-dried particle assembly. Maltodextrin and leucine are depicted
in blue and LNC-C in yellow, respectively

Fig. 3. Particle size distribution profile obtained by laser diffraction
of LNC-C suspension and SD-LNC-C after aqueous redispersion
(0.695 g in 5 mL of ultrapure water). a Particle size expressed as
volume-based distributions and b particle size expressed as number-
based distributions (n = 3)
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following control groups that were not exposed to LPS:
DMSO 0.05%, non-encapsulated curcumin, LNC-B, LNC-C,
SD-LNC-B and SD-LNC-C. The mean proinflammatory
cytokine levels of the control groups that were not exposed
to LPS are not shown in Fig. 5, since they were below the
detection limit of 0.125 pg mL−1. As observed in Fig. 5a,
pretreatments with LNC-C and SD-LNC-C were able to
attenuate the increase in TNF-α levels following LPS
exposure for 48 h compared with the treatment with curcumin
in its non-encapsulated form. Conversely, pretreatments with
non-encapsulated curcumin, LNC-C or SD-LNC-C did not
reduce IL-1β levels following LPS exposure (Fig. 5b).

DISCUSSION

LNC-C suspensions presented average diameters on the
nanometre scale, a low PDI and negative zeta potential
values, as expected due to their composition (polymer, oil and
surfactants) and the preparation method used (5–7). The
curcumin content and its encapsulation efficiency were close
to 100%. These results are consistent with previous data for
this formulation (5).

Over the past few years, promising results have been
reported for LNC-C, such as their ability to improve the
protection of the CNS, after oral administration in rats,
against a cognitive impairment and redox imbalance induced
by cigarette smoke (7) and in a model of cognitive impair-
ment induced by the peptide Aβ(1-42) (6), as well as its

increased bioavailability in the CNS in an in vivo glioma
model (5).

However, despite these potentialities, the industrial
application of LNC suspensions is limited due to problems
associated with their long-term physicochemical and

Table I. Mean Size, Polydispersity Index (PDI) and D-Values (D10,
D50 and D90) of LNC-C and Redispersed SD-LNC-C Formulations

(n = 4 Independent Batches)

LNC-C SD-LNC-C

Z-average (nm) 206 ± 03 233 ± 09
PDI 0.10 ± 0.01 0.47 ± 0.10
D10 (nm) 131 ± 02 97 ± 02
D50 (nm) 218 ± 04 249 ± 02
D90 (nm) 378 ± 20 663 ± 80

Fig. 4. In vitro curcumin release/diffusion profiles from curcumin-
loaded lipid-core nanocapsules (LNC-C), redispersed spray-dried
curcumin-loaded lipid-core nanocapsules (SD-LNC-C) and ethanolic
solution (non-encapsulated curcumin) after 72 h

Table II. Curcumin Release Constants, Correlation Coefficients and
AIC Obtained by Fitting the Release Profiles According to the Zero-

Order Equations

LNC-C SD-LNC-C

k (% h−1) 0.35 ± 0.02 0.49 ± 0.06
r 0.99 ± 0.01 0.97 ± 0.01
AIC 15.77 ± 5.13 41.47 ± 5.88

Observed apparent kinetic constant k, correlation coefficient (r) and
Akaike information criterion (AIC) obtained by fitting curcumin
release profiles to the zero-order equation. Results are expressed by
mean ± SD, n = 3

Fig. 5. LPS-induced increase in TNF-α and IL-1β levels in
organotypic hippocampal cultures can be attenuated by LNC-C. a
LNC-C and SD-LNC-C prevented the LPS-induced increase in TNF-
α in the culture medium after exposure of hippocampal slices to LPS.
b Non-encapsulated curcumin, LNC-C and SD-LNC-C did not
prevent the LPS-induced increase in IL-1β levels by LNC-C in the
culture medium after exposure of hippocampal slices to LPS.
Pretreatment with vehicle (DMSO 0.05%), non-encapsulated
curcumin 5 μM, LNC-C 5 μM, SD-LNC-C 5 μM, LNC-B or SD-
LNC-B 1 h before exposure to LPS for 48 h. The measured TNF-α
and IL-1β medium levels of control groups (without exposure to
LPS) were below the method detection limit of 0.125 pg mL−1.
Results are expressed by mean ± SEM, n = 5. Statistically significant
differences were denoted with asterisk when p≤ 0.05 (one-way
ANOVA followed by Tukey’s test post hoc)
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microbiological stability. To overcome this drawback, some
technological strategies like freeze-drying, spray-drying and
wet granulation have been proposed to convert polymeric
nanocapsules into powders (16–18,25,26). More recently, the
formulation of redispersible spray-dried LNC was reported
by our research group (19). However, in that previous study,
there was no drug loaded in the LNC. Consequently, to
highlight the potential use of this approach as a viable
alternative for the development of novel oral dosage forms,
it was fundamental to assess the effect of the spray-drying
process on both physicochemical and biological properties of
LNC loaded with an active substance. Hence, in the present
study, LNC-C were produced to evaluate whether their
neuroprotective properties would be affected by the drying
process. Therefore, redispersible SD-LNC-C powders were
produced and their physicochemical and biological behav-
iours were assessed. SD-LNC-C powders (3 batches) were
produced with a mean yield of 68%, which is in agreement
with previous reports on the spray-drying of polymeric
nanocapsules (16,17). This powder formulation had a drug
content close to 100% of the expected value, confirming that
curcumin was not affected by heat or any other parameter of
the process. This result agrees with the suitability of spray-
drying to obtain microparticles containing curcumin, using a
drying temperature of 150°C to produce microcapsules
containing curcumin (27). Similarly, Machado et al. described
that the spray-drying processes did not lead to great
degradation of antioxidants present in the anthocyanin-rich
extract from blackberry residues (28). In addition, SD-LNC-C
was formed by smooth, spherical particles with occasional
invaginations, in agreement with the particles described by
Andrade et al. for powders prepared by spray-drying using
LNC without drug loading (19). Their spherical shape has an
important significance, considering that most unit operations
to produce final solid dosage forms are based on the
manipulation of particle sizes and transport of powders
(milling, granulation, coating, sieving) (29). Therefore, the
spherical shape of SD-LNC-C particles may improve the flow
properties of the bulk powder, simplifying the transport
operations during the manufacturing processes (30,31).

According to Kho and colleagues, the aqueous
redispersibility is highly dependent on the type and concen-
tration ratios of the formulation constituents (32). Moreover,
our previous report (19) showed that the complete coating of
the drying adjuvants (maltodextrin and L-leucine) by the
hydrophobic LNC could impair their aqueous redispersion.
Thus, a chemically selective investigation using confocal
Raman microscopy was carried out to analyse the component
distribution of SD-LNC-C. Ideally, the maltodextrin/leucine
mixture and the nanocapsules would form loose agglomerates
in which water can easily intrude for homogeneous
redispersion of the capsules after oral administration. Such
agglomerates were successfully visualized in the present
study. The blend of drying adjuvants (maltodextrin and L-
leucine) form spacers between nanocapsules. In addition, the
size of single spray-dried particle assemblies (~ 2 μm) agreed
with the SEM investigations.

However, the suitable aqueous redispersion of the SD-
LNC-C has to be investigated as well as its drug release
profile in comparison with LNC, since many biological
advantages of nanocarriers are assigned to their physical

and surface properties (particle size and surface area), in
addition to their ability to control drug release. Dimer et al.
(33) attributed a decrease in clearance and a long-lasting and
pronounced effect of olanzapine-loaded LNC on the CNS,
when compared with non-encapsulated drug, due to the
polysorbate 80 coating of LNC. Moreover, Coradini et al.
(34) described the improved antiedematogenic effect, in rats,
of LNC containing co-encapsulated curcumin and resveratrol,
when compared with the non-encapsulated polyphenols.
These findings were explained based on the physicochemical
characteristics of LNC, such as size, morphology and surface
charge, which may influence the circulation and
biodistribution of nanoparticles. For this reason, a rapid and
easy aqueous redispersion of spray-dried nanocapsules, along
with the protection of their integrity and drug release control
properties, is fundamental for the success of these powder
formulations.

SD-LNC-C had an adequate aqueous redispersion pro-
file, recovering the particles in the nanometric range, with the
nanoparticle size close to its size in the original suspension.
Despite the higher PDI value, the D90 value showed that the
cumulative mass of 90% of the nanoparticles are below 1 μm
(Table I). These results are in agreement with a previous
report (19) and showed that drug loading did not interfere in
this redispersion behaviour. Moreover, it is important to note
that, according to Andrade et al., the SEM analysis showed
no changes in the morphological characteristics of the original
nanoparticles after the spray-drying and redispersion steps.
Regarding the in vitro drug release study, a controlled release
profile was observed for both formulations (LNC-C and SD-
LNC-C), compared with the non-encapsulated curcumin,
showing no influence of the spray-drying process on this
property. This controlled drug release property is desirable to
improve in vitro and in vivo curcumin effects, as previously
reported (5,35–37). One of the goals of controlled drug
release systems is to prolong the plasma concentration of a
drug within its therapeutic window (38,39). Additionally, the
controlled release profiles showed by LNC-C and SD-LNC-C
followed the zero-order kinetics, showing that both are able
to provide a constant and sustained drug release, which is
highly desirable. These systems spark great interest in the
development of pharmaceutical forms, because they would
release a drug at a predetermined rate for a specified period
of time (40–42). However, a slight increase in the apparent
release constant was calculated for SD-LNC-C, compared
with the value obtained for LNC-C, showing that a slight
rearrangement in the drug distribution in the particle may
occur during the process used to convert the liquid suspension
to the powder. A possible shift of the curcumin, strongly
internalized, from the core of the nanocapsules to the
polymeric wall during the dilution of LNC-C suspensions
with water (1:1 v/v), just before the drying step, may explain
this finding. This shift would favour the release of curcumin in
the medium, as previously reported for other drugs by
Oliveira et al. (43). To estimate the amount of curcumin loss
to the medium during this dilution step, the same protocol
used to evaluate the encapsulation efficiency of the LNC-C
suspension was performed with a sample containing the LNC-
C formulation diluted in ultrapure water at a ratio of 1:1 (v/v).
Traces of curcumin could be observed in the chromatogram
of the ultrafiltrate (data not shown), demonstrating a slight
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loss of curcumin to the medium in the dilution step. However,
this concentration in the ultrafiltrate was below the limit of
quantification of the analytical method (5.0 μg mL−1). In
contrast, this detection can be used to support our hypothesis,
confirming that a slight shift of curcumin from the lipid core
to the polymeric wall occurs during the dilution step before
spray-drying, explaining the slight increase in the apparent
release kinetic for SD-LNC-C.

To confirm these differences in the drug release data, the
DE was calculated. This tool has important advantages to
compare two or more pharmaceutical dosage forms. It
represents the area under the dissolution curve up to a
certain time, t, expressed as a percentage of a rectangle area
representing the dissolution curve obtained by a hypothetic
complete dissolution (100%) up to the same time t. It enables
the prompt comparison between formulations, and it can be
theoretically associated with in vivo data (44,45). DE values
were different for the formulations evaluated, following the
order: non-encapsulated curcumin > SD-LNC-C > LNC-C.
The lowest DE values presented by SD-LNC-C and LNC-C
compared with the curcumin ethanolic solution may be
explained by the control of curcumin release promoted by
its nanoencapsulation, as discussed above.

Overall, SD-LNC-C, and its redispersion in water,
showed acceptable powder properties, nanoparticle recovery
and a controlled drug release profile compared with the LNC-
C suspension. However, despite the adequate physicochem-
ical properties of the LNC-C in the redispersed medium, it
was fundamental to evaluate the effects of the drying and the
aqueous redispersion processes on the biological activity of
this formulation. This study was carried out using an in vitro
neuroinflammation model as an in vitro screening test prior to
in vivo studies.

Curcumin is known for its neuroprotective properties,
and its anti-inflammatory activity has been linked to this
effect in neurodegenerative diseases. Curcumin may exert its
anti-inflammatory activity by interacting with different mo-
lecular targets, including proinflammatory cytokines, protein
kinases and other enzymes (21). Neuroinflammatory re-
sponses include activation of microglia and astrocytes, playing
an important role in modulating neurodegenerative pro-
cesses. This inflammatory response results in the release of
inflammatory mediators such as cytokines, chemokines,
neurotransmitters and reactive oxygen species (46).

Based on that, the anti-inflammatory activities of non-
encapsulated curcumin, LNC-C and redispersed SD-LNC-C
were assessed based on the levels of proinflammatory
cytokines released in LPS-stimulated organotypic hippocam-
pal slice cultures. In addition, this protocol allows for
identifying possible changes in the biological response
promoted by curcumin nanoencapsulation, by the spray-
drying technique and by the aqueous redispersion of the
spray-dried powders.

Firstly, to evaluate whether LNC-C could improve the
effectiveness of curcumin in protecting against neuroinflam-
mation, the effect of the LNC-C suspension and redispersed
SD-LNC-C, along with the non-encapsulated curcumin, in
organotypic hippocampal cultures exposed to LPS was
evaluated. These cultures have advantages over isolated cell
cultures, such as the preservation of cellular interactions,
making it possible to study the responses of neurons and glial

cells (47,48). According to Johansson and co-workers (49),
LPS is widely accepted to induce inflammatory characteristics
in hippocampal slices, which represents a useful in vitro
model system for neuroinflammation and its link with studies
on neurodegeneration processes. It is important to consider
that this study evaluates the neuroprotective ability of LNC-
C, considering the pretreatment of hippocampus slices against
a neuroinflammatory stimulus, as a formulation to prevent
the damage induced by LPS.

Both cytokines evaluated in this study, TNF-α and IL-1β,
exhibited higher release levels in the cells that persisted for at
least 48 h after exposure to LPS compared with the controls
not exposed to LPS. Higher concentrations of TNF-α
released (on the order of 10 times) in relation to IL-1β were
observed, which agreed with a previous report by Higashi
et al. (50). The pretreatments with the LNC-C and SD-LNC-
C formulations were able to consistently block TNF-α
release. However, no statistical differences in IL-1β release
were observed considering the different pretreatments (LNC-
C and SD-LNC-C). As the IL-1β levels released in the
samples were much lower in comparison with TNF-α levels,
the IL-1β assay was performed close to the quantification
limit of the ELISA (0.125 pg/mL), leading to high data
dispersion, as shown by the SEM values in Fig. 4. These high
SEM values may explain the non-statistical difference of the
IL-1β levels between pretreatments with the different
formulations.

Concerning TNF-α release levels, LNC-C improved the
effects of curcumin against LPS compared with the non-
encapsulated curcumin, reducing TNF-α levels. The sustained
curcumin release from LNC could explain this difference.
Consequently, lipid-core nanocapsules may promote the
curcumin delivery to the cell in a controlled way, which
allows a decrease in the level of cytokines released compared
with the group treated only with LPS, even after 48 h. In
addition, the treatment with redispersed SD-LNC-C also
reduced TNF-α levels in the cells compared with the
treatment with non-encapsulated curcumin. No statistical
differences in the TNF-α levels between the treatments with
LNC-C and SD-LNC-C were found, showing that the drying
step during the production of SD-LNC-C and the subsequent
aqueous redispersion of the powder do not alter the in vitro
biological activity of nanoencapsulated curcumin.

Taken together, the data obtained in the present study,
using hippocampal slice cultures along with recent research
about the versatility of the LNC and its ability to act on the
CNS after oral administration in mice (13), encourage further
studies on this subject in the effort to produce oral medicines
composed of easily redispersible solid dosage forms contain-
ing SD-LNC-C. In the future, studies should be designed to
evaluate the oral bioavailability of curcumin after oral
administration of SD-LNC-C powders.

CONCLUSIONS

Curcumin-loaded lipid-core nanocapsules were formu-
lated as redispersible spray-dried powders with no loss of
their controlled drug release behaviour and their nanometric
particle size distribution. Moreover, the spray-drying process
did not affect the in vitro neuroprotective properties of
nanoencapsulated curcumin against LPS-induced
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neuroinflammation in hippocampal slice cultures. This ap-
proach represents a significant contribution for the develop-
ment of nanomedicines containing curcumin-loaded
nanocarriers in the prevention and/or treatment of neurode-
generative diseases.
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