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Background: Curcumin, a bioactive component with multiple characteristics, has been
shown to have many therapeutic effects. However, there are several limitations regarding
the use of curcumin such as instability, low solubility, poor bioavailability, and rapid
elimination. Different approaches have been used to solve these problems.

Materials and methods: In this study, surface-modified nanosuspension (NS) is investi-
gated as a novel brain delivery system. Two different methods were used for the preparation
of nanosuspensions with two different stabilizers. The surface of the nanosuspensions was
coated with D-a-tocopheryl polyethylene glycol 1,000 succinate (TPGS) and Tween 80 using
physical adsorption. Curcumin NSs were prepared using two different top-down techniques
by high-pressure homogenizer and probe sonicator. A validated sensitive and selective high-
performance liquid chromatography method using fluorescence detection was used for the
determination and quantification of curcumin. Pharmacokinetics and biodistribution of cur-
cumin NSs and solutions after intravenous administration in rats were studied.

Results: Higher levels of curcumin in the brain were detected when Tween 80-coated NS
was used compared with the curcumin solution and TPGS coated NS (TPGS-NS)
(P-value<0.05). Absorption of ApoE and/or B by Tween 80-coated nanoparticles (NPs)
from the blood were caused transferring of these NPs into the brain using receptor-mediated
endocytosis. Distribution of TPGS-NS in the brain compared with the curcumin solution was
higher (P-value<0.05). Higher levels of curcumin concentration in the liver, spleen, and lung
were also observed with TPGS-NS.

Conclusion: The results of this study indicate that the surface-coating of NSs by Tween 80
may be used to improve the biodistribution of curcumin in the brain.

Keywords: curcumin, nanosuspensions, pharmacokinetics, biodistribution, Tween 80, TPGS

Introduction

Curcumin is an active substance of Curcuma longa with extensive biological and
pharmacological applications.' A high partition coefficient (log P) of between 2.3
and 2.6 has been calculated for curcumin. It is a hydrophobic agent despite the
polarity feature of the functional groups and the central dicarbonyl moiety; thus, it
has poor solubility in aqueous but good in organic solvents.” Previous studies have

35 anti-

shown a wide spectrum of activities for curcumin (including anti-tumor,
inﬂammation,2 anti-protozoa, antimicrobial,4 anti—osteoporotic,(’ anti-oxidant activ-
ities, and wound healing effects’) with the ability to trigger varied cell apoptosis.**

Some researchers have reported that the progression of Alzheimer’s disease can be
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slowed by consuming curcumin because it lowers the

amyloid B level;>' other studies have shown that using
curcumin can hinder seizure activity induced by kainic
acid,'" prevent brain tumor formation,'? and play an active
role in cerebral ischemia.'® Other positive aspects of this
substance include and cost-

safety, tolerability,

effectiveness.'®  Nevertheless, curcumin consumption
faces poor bioavailability due to various shortcomings,
including poor water solubility, low absorption, rapid
metabolism, and excretion.!"!*

One of the perennial challenges of pharmaceutical
research is dealing with poorly water-soluble molecules,
which account for 40% or more of novel chemical
mediations."® In this regard, there are some new promising
approaches, including nano-sized drug delivery in the
forms of liposomes,'® polymeric micelles,'”” and
nanoemulsions;18 which is useful for various reasons,
such as high bioavailability, less patient variability, pro-
longed circulation time, and targeted delivery."'*'® The
concerns with these strategies include poor drug loading
capacity, low physical stability, and complications related
to solubilizing or encapsulating excipients. Among the
nano-sized drug delivery strategies, nanosuspension (NS)
(also known as nanocrystals) is a method that has been
used for poorly water-soluble medications."”

The NSs have sub-micron unique liquid colloidal dis-
persions of pure drug as nanosized particles, which are
stabilized by proper polymers and/or surfactants.?’** The
bottom-up and the top-down approaches can be employed
to synthesize these nano-crystalline entities.” Side effects
of these nanomaterials caused by excipients attenuate as
less excipients used without any organic solvent. The fate
of NSs in the body is influenced by some properties, such as
size and size distribution, dissolution rate, saturation solu-
bility, and surface hydrophilicity/hydrophobicity.** These
nanoparticles (NPs) can improve drug bioavailability due to
their large specific surface areas, which enhance drug
saturation solubility and dissolution rate.*> In the other
hand, their thermodynamically unstable formulation, with
a tendency toward agglomeration or crystal growth,
requires the use of common stabilizers with steric or elec-
trostatic impacts, such as polyvinylpyrrolidone (PVP),
hydroxypropyl methylcellulose, D-a-tocopheryl polyethy-
lene glycol 1,000 succinate (TPGS), and Tweens.'”

NSs reportedly allow for the targeting of various sites,
such as the mononuclear phagocytic system (MPS) and
blood-brain barrier (BBB).?**® Neurotherapeutic drugs

are applied to treat the brain or central nervous system

(CNS) disorders.?” The penetration of many drugs into the
brain can be blocked by the BBB;**2® the structure of the
BBB consists of brain capillary endothelial cells with tight
junctions that expresses efflux transport proteins, prevent-
ing the transportation of substances into the brain and
maintaining CNS homeostasis.***' NPs are recently devel-
oped drug delivery systems for the brain.*

One of the significant factors affecting the fate of NSs is
particle size. Solution like behavior because of very fast
dissolution expected with a small particle size (<100 nm)
and higher cellular uptake due to uptake by the reticuloen-
dothelial system (RES) observed with larger crystals after
intravenous administration.>® If their dissolution in plasma
is not rapid so the plasma protein would be adsorbed on the
surface of NSs.?” For a long time, the surfactant-coated NPs
supported drug delivery to the brain. The controlled surface
modification could improve the effectiveness of the NSs
during in vivo conditions. Therefore, the surface composi-
tion of the NSs is a key factor for organ distribution.**>¢

A substance facilitating drug delivery into the brain is
polyethylene glycol sorbitan monooleate (Tween 80),
which is the gold standard coating surfactant and is useful
for various NPs, such as poly (alkyl cyanoacrylate),'>?"+*"
poly (lactide-co-glycolide),>® and solid lipid NPs.>* This
occurs after serum apolipoprotein E adsorption on Tween
80-coated NP surfaces, which can lead to act like low-
density lipoprotein (LDL) and subsequent interactions
with LDL receptors on the BBB; this results in a highly
cellular uptake through a receptor-mediated transcytosis
mechanism.”> Another tool contributing to the study of a
stabilizer’s effectiveness when preparing the NS in target
delivery is TPGS, a water-miscible form of vitamin E that
contains a hydrophobic vitamin E part and a hydrophilic
PEG chain. This special amphiphilic structure makes it an
excellent candidate for drug delivery. It is a common and
safe pharmaceutical adjuvant and surfactant that has been
approved by the FDA. It also plays an important role in drug
delivery systems as a solubilizer, stabilizer, and P-gp inhi-
bitor for enhancing bioavailability and reversing multiple
drug resistance (MDR).***! Some of the current applica-
tions include being a stabilizer for nanodrugs and being a
stabilizer for many poorly water-soluble or permeable med-
ications — especially for biopharmaceutics classification
system class IT and IV drugs.*’

In addition to the importance of drug activity, the
desired targeted delivery of a drug is also important to the
same degree. Accordingly, the present study aimed to inves-
tigate the effects of curcumin as the model drug as well as
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Tween 80 and TPGS as the coating surfactants on the
derived variations in biodistribution of NS drug delivery.

Materials and methods

Materials

Curcumin was obtained from India (Sabinsa Corporation).
The sample comprised a blend of three curcuminoids, curcu-
min (95%), demethoxycurcumin, and bisdemethoxycurcumin
(the latter two consisting of the remaining 5%). Tween 80 was
received from Merck (Darmstadt, Germany). TPGS was from
Sigma-Aldrich Co. (St Louis, MO, USA). The rest of the
chemicals and solvents were of analytical reagent grade.

Formulation of curcumin NSs with

various stabilizers

The TPGS-NS and Tween-NS were formulated by two
methods differently, in which various process parameters
were optimized to obtain the least possible size and dis-
tribution of particles.’®** Tween 80 and TPGS were com-
posed individually as a 1% aqueous solution. Using an
Ultra Turrax T25 homogenizer equipped with an 18 G
rotor (IKA, model T25 ULTRA-TURRAX, Germany),
the curcumin powder (1%) was dispersed in each aqueous
phase at 20,000 rpm in an ice bath for 5 mins.

The Tween 80 pre-mix was homogenized using an
IKA® high-pressure homogenizer (Werke GmbH & Co.,
Germany) to make NS. The optimized parameters included
homogenization pressure and homogenization cycles.
Homogenization of the presuspension was performed at
the pressures of 200 and 500 bar for 5 mins, followed by
running 20 cycles at 900 bar in order to obtain the NS.

A probe sonicator (Cole Parmer, Germany) was
applied to prepare TPGS-NS. The power, frequency, and
exposure time were the critical parameters of probe soni-
cation. Afterward, the TPGS-NS was well created using
probe sonicator via 90% vibration amplitude in an ice bath
during 15 mins to preserve a continuous temperature.

In order to remove both impurities and large particles,
the formulated TPGS-NS and Tween-NS were centrifuged
at 3,000 rpm for 3 mins.

Curcumin solution was made with dimethyl acetamide
(15%), PEG 400 (45%), and 5% isotonic dextrose solution
(40%).%°

Physical characterization of curcumin NSs
Particle size and zeta potential measurements

The measurements including mean particle size, poly dis-
persity index (PDI), and zeta potential of curcumin NSs

were performed by a Malvern Zetasizer (Nano ZS3000;
Malvern, UK) following proper dilution. The polystyrene
latex cells were filled by NSs at 25°C. Mean values+stan-
dard deviation were used after making three measurements
per sample.

X-ray powder diffractometry (XRD)

XRD was used to find out the crystallographic structure of the
nanoparticulate curcumin preparation. Using a Dmax-MSAL
12 kW high power powder diffractometer (Dmax-MSAL,
Rigaku, Japan), the X-ray powder diffraction patterns of pow-
dered curcumin, physical mixture of TPGS solution and cur-
cumin, physical mixture of Tween 80 solution and curcumin,
TPGS-NS, Tween-NS, and curcumin-NS with no stabilizers
were determined. The operation of X-ray diffractometer was
run at a scan rate of 4°C/min for 20 between 5°C and 40°C.

Scanning electron microscopy (SEM)

The characteristic morphology was examined by SEM
(Philips XL 30, Philips, The Netherlands). Gold-coating
was initially conducted on NPs in a DC-magnetron sput-
tering at an argon pressure of 6 kV with 6 MA current.

Short-term stability study

The curcumin-NSs were tightly sealed in glass containers
to evaluate their stability by incubating at 4°C within 7
days (on days 0, 3, 5, and 7). The mean particle size and
PDI were taken as indicators of formulation stability.

Dissolution evaluation

Dissolution profiles of both NSs and pure curcumin pow-
der were evaluated by apparatus II (at 75 rpm) at prede-
termined time intervals (5, 10, 15, 30, 60, 120, and 180
mins). The NSs (equivalent of 5 mg curcumin) were
released into 900 mL dissolution medium (phosphate buf-
fer saline [0.01 M, pH 7.4] containing 2% of sodium
dodecyl sulfate). After mentioned intervals, 1 mL medium
was withdrawn and then centrifugation (14,000 rpm for 15
mins), the supernatant was analyzed by HPLC.

Chromatographic assay

For chromatographic separation, a Krnauer HPLC system
(Berlin, Germany) was employed equipped with a low-
pressure gradient HPLC pump, a variable fluorescence
detector, and an online degasser, all from Knauer (Berlin,
Germany). A reversed phase C;g analytical column
(4.6%250 mm, particle size 5 um) was used with mobile
phase containing two components of acetonitrile:1%
citrate buffer adjusted to a pH value of 4 (50:50, v/v)
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delivered in an isocratic mode. The flow rate was sustained
at 1.2 mL/min. Optimized measurements for excitation
and emission wavelength of eluate’s fluorescence were
obtained at 420 and 530 nm, respectively. The recording
and calculation of data was completed by Chrom Gate™
chromatography software.

Curcumin stock solution (1 mg/mL ) was prepared in
acetone. The working standard solutions (diluted with
water:anetonitrile 50:50) were diluted with blank plasma
to prepare plasma samples for calibration at different con-
centrations. Extraction processes were according to those
described for sample preparation (“Tissue distribution and
sample preparation”). Recovery of experiments was con-
ducted to validate curcumin extraction and quantification
methods from rat plasma and organs. The within-day and
between-day accuracy and precision determinations and
the recovery study were fulfilled by three different QC
samples with three replicates.

Pharmacokinetics study
The ethics committee of Tehran University of Medical
Sciences approved the study protocol. The animal wel-
fare care was considered based on the followed guide-
lines “Handbook of laboratory animal science, An
overview of global legislation, regulations and policies
on the use of animals for scientific research, testing, or
education, and Animal rights according to Quran
viewpoints”.***> The pharmacokinetics were examined
in male wistar rats (250+20 g), which were bred at
central animal house of the university, to be used in
this research. The rats were kept under standard (25
+2°C, 60-70% humidity) laboratory settings at 12 hrs
dark and light cycle.

The experimental rats (n=18) were randomly grouped
in triples and anesthetized generally by injection of a
ketamine—xylazine mixture (ketamine 100 mg/kg and
xylazine 10 mg/kg) intraperitoneally (IP), followed by
insertion of a polyethylenesilicone rubber catheter in
their right jugular veins according to the standard surgical
operation.46 Curcumin solution, Tween-NS, and TPGS-
NS were administered as a 10 mg/kg of curcumin single
bolus dose on the next day. The right jugular vein was
catheterized to facilitate blood sampling. For pharmaco-
kinetic analysis, blood samples (400 pL) were taken at
intervals of 0, 0.25, 0.5, 0.75, 1, 2, 3, 4, 5, and 6 hrs
following administration and stored in collection tubes
impregnated with lithium heparin. In order to isolate the
plasma, the blood samples were centrifuged immediately

at 5,000 rpm for 10 mins and stored at —70°C for further
analysis.

Tissue distribution and sample

preparation

The wistar male rats weighing 100+20 g were investigated
for organ biodistribution studies designed as three ran-
domly assigned groups of rats with six animals at each
time points. General anesthesia was induced by the IP
injection similar to the anesthetic cocktail described
above (“Pharmacokinetics study”). Three formulations,
TPGS-NS, Tween-NS,
injected at a dose of 10 mg/kg and blood samples were
withdrawn at 0.25, 0.5, 0.75, 1, 2, and 3 hrs after injection.
Both injections and blood sampling were done via cardiac

and curcumin solution were

puncture.

The rats were then promptly decapitated and the organs
(liver, heart, spleen, lung, kidney, and brain) were removed
and preserved frozen until the time of drug analysis.

After weighing of organs and addition of saline (1:2 w/
v), the organs were homogenized by a high-speed homo-
genizer (IKA, model T25 ULTRA-TURRAX, Germany)
and the supernatant was obtained for analysis.

Each biological sample (100 uL) was mixed with acet-
onitrile (200 pL), shaken for 10 mins, and centrifuged at
12,000 rpm for 10 mins. The supernatant (100 pl) was
collected and analyzed by a validated HPLC method.

Pharmacokinetic application and statistics
Using the plasma curcumin concentration-time data, the
pharmacokinetic parameters of formulations were deter-
through PK
Solver,*’ the results are reported as mean+standard deviation.

mined by non-compartmental methods
To evaluate the impact of the formulation on the in vivo
results (n=6), data were analyzed by one-way ANOVA and
Holm-Sidak tests at a significance level of P-value<0.05
using SigmaPlot software (Version 11, USA).

Results and discussion
NS preparation

Particle size and distribution are key parameters in NS
preparation, as the stabilization of pure drug particles can
theoretically occur using a stabilizer.*® For achieving the
minimum size, different methods were tested (not shown).
Each surfactant has specific critical micelle concentrations
(CMC) and hydrophile-lipophile balance. So, the size and
stability of NSs may be influenced by the used stabilizers.*'
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The influence of five stabilizers on the particle size of stabilizer, the smallest size was obtained. The size
curcumin NSs prepared by HPH was evaluated by decreased in order to: Na-CMC> PVA>PVP>SDS>TPGS.
Rachmawati and coworkers.*” When TPGS was used as a  Finally, two separate techniques were applied to synthesize
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Figure | Size distribution by intensity for TPGS-NS and Tween-NS.
Abbreviations: TPGS, D-o-tocopheryl polyethylene glycol 1,000 succinate; NS, nanosuspension.
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TPGS and Tween 80 NSs while optimizing the factors that
minimize particle size and its distribution. Annealing pro-
cesses, including homogenization and sonication, are
required to gain nanosized particles using precipitative pro-
cedures, as produced NPs commonly have a potent affinity
to bind together in order to form a microscale structure.?%>°
The particle size initially decreased at a homogeniza-
tion pressure between 500 and 900 bar but slightly
increased after 20 homogenization cycles. It should be
noted that stabilizer damage and agglomeration might
occur following higher homogenization pressures and
more cycles,”' both of which increase the particle’s size
and distribution. As a result, a homogenization pressure of
900 bar and 20 cycles were chosen as optimal values.
Probe sonicator was employed to construct TPGS-NS with
the optimized probe sonicator power, time and frequency.
Elevating the ultrasonic power resulted in a reduced NS size,
probably due to the impact of increased erosion on the surfaces
of the large particles and agglomerates. The particle size is also
affected by the duration of ultrasonication. In total, 15 mins
were spent synthesizing NPs with dimensions of <200 nm and
with a narrow size distribution using ultrasonic power.

Therefore, the optimal conditions for successfully achieving
the desired TPGS-NS were 15 mins and a vibration amplitude
of 90% with the frequency of one in an ice bath to maintain the
production temperature.

Physicochemical characteristics of

curcumin NS

Reducing of embolism risk and sterilization via filtration
(0.22 pum) can be obtained using a narrow size distribu-
tion and mean particle diameter of 200 nm.>*> Unimodal
distribution was observed for both NSs (Figure 1). The
Z-average means were 199+2.5 and 19348 nm and the
PDI values were 0.2+0.01 and 0.2+0.03 for the TPGS
and Tween80 NSs, respectively. To avoid particle growth
due to various saturation solubility in particles of differ-
ent sizes, such as that caused by Ostwald ripening, it is
essential to achieve a narrow size distribution confirmed
by a small PDI value.”® The zeta potentials were —15.2
+3.3 and —12.9£1.7 mV for the TPGS and Tween80-NSs,
respectively. A physically stable NS was reportedly pro-
duced with a zeta potential of at least —30 mV for

Figure 2 SEM photographs of curcumin nanosuspensions: TPGS-NS (A—C) and Tween-NS (D-F).
Abbreviations: TPGS, D-a-tocopheryl polyethylene glycol 1,000 succinate; NS, nanosuspension; TPGS-NS, curcumin and TPGS; Tween-NS, curcumin and Tween 80.
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electrostatically stabilized systems and —20 mV for steri-
cally stabilized systems,>* highlighting the necessity of a
relatively stable formulation.

The morphologies of NSs were studied using a scan-
ning electron microscope. The images of the curcumin
NSs are shown in Figure 2, images A-F. NSs were
approximately spherical with smooth surfaces and sizes
of about 150 nm as can be observed using SEM. No
evidence of drug crystals or fragments was also observed.
Since preparing the samples for the SEM resulted in
shrinking the NSs, the measured size was smaller
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compared to that of the DLS. In fact, the images taken
with the SEM were taken without using a solvent, while
DLS displays the hydrodynamic diameter or the equivalent
sphere diameter in a solution.”’

No XRD analyses were performed on Tween 80
because it is liquid at room temperature. A significant
crystallinity was seen for pure curcumin based on diffrac-
tion peaks between 20 values of 5°C and 30°C (Figure 3),
but less intense crystallinity was seen for curcumin NSs
without a stabilizer based on diffraction peaks between 20
values of 5°C and 30°C. Very low intensities resulted in
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Figure 3 X-ray powder diffractometry (A) of curcumin, (B) physical mixture of TPGS solution and curcumin, (C) physical mixture of Tween solution and curcumin, (D) NS

without surfactant, (E) Tween-NS, and (F) TPGS-NS.

Abbreviations: TPGS, D-a-tocopheryl polyethylene glycol 1,000 succinate; NS, nanosuspension.
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TPGS-stabilized formulation peaks at 17.3 and 20.8, indi-
cating the amorphous nature of TPGS-NS and suggesting
that curcumin molecularly dispersed in TPGS. Diffraction
peaks between 20 values of 5°C and 30°C were reported
for Tween 80-stabilized formulations; however, less inten-
sity was gained compared to the pure curcumin. This
shows the non-molecular dispersion of curcumin in
Tween 80.
crystallinity,” with an order of crystallinity reduction as

Nanonization caused a reduction in

follows: native curcumin>a physical mixture of Tween 80

and curcumin>a physical mixture of TPGS and
curcumin>Tween-NS>NS without surfactant>TPGS-NS.

Based on ANOVA test, both NSs did not show the
significant size and PDI increases during stability study
at 4°C on predetermined days (P-value<0.05).

Dissolution profiles of curcumin NSs and pure curcumin
are shown in Figure 4. Although TPGS-NS according to its
amorphous state was dissolved faster, both nanosuspensions
were dissolved completely during 30 mins. Less than 30% of
pure curcumin was dissolved during this tilme.
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Figure 4 Dissolution curve of the TPGS-NS, Tween-NS and pure curcumin. All values reported are meansSE (n=3).
Abbreviations: TPGS, D-a-tocopheryl polyethylene glycol 1,000 succinate; NS, nanosuspension; TPGS-NS, curcumin and TPGS; Tween-NS, curcumin and Tween 80.
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Figure 5 Plasma concentration of solution and NSs in rat. All values reported are means+SE (n=6). (4 TPGS-NS, == Tween-NS, < solution).
Abbreviations: TPGS, D-a-tocopheryl polyethylene glycol 1,000 succinate; NS, nanosuspension; TPGS-NS, curcumin and TPGS; Tween-NS, curcumin and Tween

80; Solution, DMA, PEG 400, and isotonic dextrose solution.
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Chromatographic assay

A stable baseline and proper resolution between curcumin
and endogenous compounds were observed in plasma and
various tissues. Curcumin had a retention time of 13 mins.
Curcumin measurements for quantification in plasma and
organs were in the limits of 5 ng/mL. A good linearity
(R?=0.9996) was obtained for the plasma calibration curve
ranging 5-500 ng/mL. For all studied organs, the standard
curves with curcumin concentrations (5-500 ng/mL)
revealed good linearity and correlation coefficients of
0.9972-0.9997 within this concentration range. Curcumin
at high, intermediate, and low concentration showed
recovery rates of 80-95% and 84-94% for tissues and
plasma, respectively. All of the accuracy and precision
values for both intra- and inter-assays were within 15%
for curcumin in organs and plasma.

In vivo pharmacokinetic study

A noncompartment model was used to describe the pharma-
cokinetics of curcumin-NSs and curcumin solution following
i.v. administration in rats. Figure 5 depicts the average plasma
concentration of curcumin in rat administered intravenously
with both curcumin solution and NS formulations at a single
dose of 10 mg/kg. Table 1 summarizes the pharmacokinetic
parameters. The plasma concentration-time profiles indicate
that drug NSs could effectively increase curcumin plasma
levels in comparison with curcumin solution. The pharmaco-
kinetic profile in the rats showed a sharp reduction in the
plasma concentration of curcumin within 1 hr of the intrave-
nous administration of curcumin-NS, which may be due to the
rapid uptake of the slowly dissolving curcumin-NS by the
RES. Studies have reported that slowly dissolving NSs are

ingested by the phagocytes of the MPS, mainly the Kupffer
cells found in the liver, spleen, and lungs.”*” The dissolved
NSs are able to pass through the phagolysosomal membrane
because of their lipophilic character; they leave the cellular
vesicle, penetrate the cytoplasm, and then exit the cell by
diffusing down the drug
Accordingly, the half-life of curcumin-NSs is increased,

concentration  gradient.>’
which leads to prolonged curcumin-NSs presence after their
administration. Maximum concentrations (C,,.c) of Tween-
NS (1311.6£172.3 ng/mL) and TPGS-NS (1121.3446.3 ng/
mL) in plasma were almost 2 and 1.7 fold, respectively, that of
curcumin solution (661.7+48.6 ng/ml) (P-value<0.05). The
values of AUC,r obtained for Tween-NS and TPGS-NS
(1874.74333.6 and 964.6+75.8 ng.h/mL, respectively) were
roughly 2.6 and 1.3 times the curcumin solution (711.6+74.2
ng.h/mL). After 6 and 5 hrs of injecting Tween-NS and TPGS-
NS, respectively, it was still possible to detect curcumin
plasma concentration, while this time was up to 3 hrs for
curcumin solution. Curcumin-NSs, therefore, preserved a
longer retention time in blood than curcumin solution. As a
result, significantly higher systemic exposure with higher
AUCs was obtained by both NS preparations. Decreases in
the AUC ;¢ values followed a downward order of ~ Tween-
NS > ~ TPGS-NS > ~ curcumin solution whereas the CL
values showed no changes between different formulations.

Biodistribution study

Figure 6 shows the concentrations of curcumin in the
tissues after intravenous administration of the curcumin
NSs. At the studied time points, the concentrations of
curcumin in the tissues from the curcumin-NSs were sig-
nificantly higher compared with the curcumin solution,
which is in agreement with the results observed in plasma.

Table | Pharmacokinetic parameters of curcumin after i.v. administration of curcumin solution and NSs at a dose of 10 mg/kg in rat

(meanzSE, n=6)

Parameter TPGS-NS Tween-NS Curcumin solution
Ko (1/h) 0.48+0.100 0.39+0.048 0.68+0.106

tiz (h) 1.45+0.180%* 1.94+0.292%* 1.11£0.168

Cinax (ng/mL) 1121.28+46.259* 1311.62+172.294** 661.66+48.604
AUC,_. (ng.h/mL) 891.97+73.132 1792.84+324.169** 682.42+75.871
AUC ;¢ (ng.h/mL) 964.65+75.843* 1874.70+333.588** 711.60+74.157
AUMC,.i (ng.h*/mL) 515.96+352.64 1299.93+335.5 | ** 352.64453.34

MRT (h) 0.61+0.050* 0.76+0.194 0.53+0.107

Cl (mg/kg)/(ng/mL)/h 0.011+0.001 0.006%0.001 0.015+0.002

Vs (mglkg)/(ng/mL) 0.006+0.001 0.005+0.002 0.008+0.002

Notes: *Significant difference compared at P-value < 0.05 compared with curcumin solution. **Significant difference compared at P-value < 0.05 compared with curcumin solution.
Abbreviations: C,,,,, maximum concentrations; T .., time of maximum concentrations, AUC, area under the curve, t|), half-Life, AUMC, area under the first moment
curve; Cl, clearance; MRT, mean residence time; Vg, steady-state volume of distribution; TPGS, D-o-tocopheryl polyethylene glycol 1,000 succinate; NS, nanosuspension.
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Figure 6 The tissue curcumin concentrations versus time after intravenous administration of solution and NSs. All values reported are means+SE (n=6).
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Table 2 summarizes the pharmacokinetic parameters.
In this study, the intravenous injection of curcumin solu-
tion produced a high concentration of curcumin in the
lungs (50.0 ng/mL), which was consistent with the results
of a similar reported study by Gao et al.’ 8 The AUCq 55 3
for the curcumin concentration in heart, liver, spleen,
kidney, and brain ranged from 5 to 45 ng.h/g. The rela-
tively high concentration of curcumin solution or curcu-
min-NSs in the lungs was related to the high blood
perfusion rate and large surface area of lung.>”*°

The spleen, lung, and liver showed higher levels of TPGS-
NS (P-value<0.05) compared with curcumin solution; this
agrees with the results of previous research on tissue biodis-
tribution of curcumin-NS using TPGS as a stabilizer.>® On the

other hand, the lung showed higher levels of Tween-NS (P-
value<0.05). The pegylation and block copolymers on the NPs
surface may delay, but not prevent, the clearance from the
blood. However, the RES (liver, spleen, and lung) may have
been unable to capture the NPs coated with TPGS or Tween 80
due to the lower affinity of the MPS toward the hydrophilic
surface and steric repulsion effect, respectively, of the mod-
ified NPs, which resulted in the opsonization or rapid clear-
ance of the particles from the body.®' So in non-RES organs,
such as heart and brain, curcumin levels enhanced signifi-
cantly. As shown in the figures (Figure 7), Tween-NS signifi-
cantly increased the curcumin concentration in the brain
(P-value<0.05) compared with the curcumin solution and
TPGS-NS. Additionally, the AUCg,53 in the brain was

Table 2 Pharmacokinetic parameters of curcumin after i.v. administration of curcumin solution and NSs in different organs at a dose

of 10 mg/kg (mean, n=6)

Formulation/parameters Brain Liver Lung Heart Kidney Spleen
Curcumin solution

AUC, 55 3 (ng.h/g) 5.1 338 62.5 45.0 21.1 325
Crax (nglg) 6.6 50.0 51.6 24.1 25.7 24.0
Tnax (h) 0.25 0.25 0.50 0.25 0.25 1.00
TPGS-NS

AUC, 55 3 (ng.h/g) 243 245.2 3829 19.5 90.6 440.9
Crax (nglg) 17.7 169.8 2534 387 70.1 333.0
Trnax (h) 0.50 0.25 2.00 0.25 0. 50 1.00
Tween-NS

AUC, 55_3 (ng.h/g) 57.0 775 152.8 137.3 107.0 171.8
Cinax (ng/g) 66.7 94.5 282.1 2755 86.5 794
Tmax (h) 0.75 0.50 0.50 0.25 0.50 3.00

Abbreviations: C,,,,, maximum concentrations; T, time of maximum concentrations; AUC, area under the curve; TPGS, D-a-tocopheryl polyethylene glycol 1,000

succinate; NS, nanosuspension.
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Figure 7 Brain curcumin concentrations versus time after intravenous administration of solution and NSs. All values reported are means*SE (n=6).
Abbreviations: TPGS, D-a-tocopheryl polyethylene glycol 1,000 succinate; NS, nanosuspension; TPGS-NS, curcumin and TPGS; Tween-NS, curcumin and Tween 80;

Solution, DMA, PEG 400, and isotonic dextrose solution.
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57.0, 24.3, and 5.1 ng/g.h for the Tween 80-NS, TPGS-NS,
and curcumin solution, respectively (P-value<0.05). The inter-
action of the injected external particles with the plasma pro-
teins and the cells could strongly determine the fate of
particles.f’1 Polysorbates 20, 40, 60, and 80, poloxamer, polox-
amine, and Cremophor EZ, and RH-40 are some surfactants
that have been examined as surface-coating candidates for the
brain targeting of NPs. However, the most effective surface-
coating material for accelerating the delivery of NPs to the
brain was reported to be polysorbate 80.%% Studies found that,
following intravenous injection, ApoE and/or B are absorbed
by Tween 80-coated NPs from the blood, which indicated that
NPs functioned as LDLs and were capable of interacting with
the brain capillary endothelial cells and transferring into the
brain using receptor-mediated endocytosis.”*®* The results of
the present study showed a higher distribution of TPGS-NS to
the brain compared with the curcumin solution
(P-value<0.05); however, this distribution was lower than
that of Tween-NS (P-value<0.05). According to the reports,
the nonspecific absorption through the adsorptive-mediated
endocytic pathway could effectively increase the cellular

uptake of the TPGS micelles to the brain.*!

Conclusion

Curcumin is a multipurpose compound with multiple charac-
teristics. Its efficacy is associated with its bioavailability at the
targeted site. According to in vivo studies, the surface-coating
is one of the leading factors that significantly affect the biodis-
tribution of NSs following intravenous administration. Certain
organs can be targeted by relatively high drug loading NS that
have been stabilized with surfactants or polymeric steric stabi-
lizers. We examined the effects of a stabilizer on the biodis-
tribution of a NS drug delivery system after IV administration.
The surface of the NPs was coated with TPGS and Tween 80
using physical adsorption. This simple approach gave stability
to the suspension and sustained the bioactivity. A significant in
vivo enhancement was observed in the distribution of Tween-
NS in the brain tissues. The spleen, lung, and liver showed
higher levels of TPGS-NS. According to the results obtained
from the present study, it can be concluded that the surface-
coating can change the uptake pattern of the particles and
Tween-NS significantly increased the curcumin concentration
in the brain compared with the curcumin solution and
TPGS-NS.

Abbreviation list

Tween-NS, Tween 80-coated nanosuspension; Apo E, apo-
lipoprotein E; LDL, low-density lipoprotein; TPGS-NS,

TPGS coated nanosuspension; Log P, partition coefficient;
NSs, nanosuspensions; MPS, mononuclear phagocytic sys-
tem; BBB, blood-brain barrier; NPs, nanoparticles; TPGS,
D-a-tocopheryl polyethylene glycol 1,000 succinate; PVP,
polyvinylpyrrolidone; HPMC, hydroxypropyl methylcellu-
lose; DMA, dimethyl acetamide; PDI, poly dispersity
index; XRD, X-ray powder diffractometry; SEM, scanning
electron microscopy; RES, reticuloendothelial system;
Crax» maximum concentrations; Ty, time of maximum
concentrations; AUC, area under the curve; t;,,, half-life;
AUMC, area under the first moment curve; Cl, clearance;
MRT, mean residence time; Vg, steady-state volume of
distribution.
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