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Abstract: Uncaria tomentosa (UT) extracts have been shown to have promising anti-
tumor activity. We hypothesized that its incorporation into nanostructured systems could
improve the anticancer properties. Here, poly-e-caprolactone (PCL) and poly-d,|-lactide-
co-glycolide (PLGA) were employed to generate nanoparticles loaded with UT extract in
a single emulsion solvent evaporation method. The nanoparticles were characterized by
particle size, zeta potential, morphology and entrapment efficiency along with stability
and release profiles. The nanoparticles presented entrapment efficiencies above 60%
and a mean diameter below 300nm. UT-PCL nanoparticles presented higher entrapment
efficiency and mean particle size as well as a slow release rate. The UT-PLGA nanoparticles
showed higher drug loading. Two prostate cancer cell-lines, LNCaP and DU145 that were
derived from metastatic sites, served as model systems to assess cytotoxicity and anti-
cancer activity. In vitro, both formulations reduced the viability of DU145 and LNCaP cells.
Yet, the UT-PLGA nanoparticles showed higher cytotoxicity towards DU145 cells while
the UTPCL against LNCaP cells. The results confirm that the incorporation of UT into
nanoparticles could enhance its anti-cancer activities that can offer a viable alternative
for the treatment of prostrate canner and highlights the potential of nanostructured
systems to provide a promising methodology to enhance the activity of natural extracts.
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indicated that plant extracts display promising
anti-cancer activities (Pilarski et al. 2010, Dreifuss

Uncaria tomentosa (UT) is a vine plant found in
the Peruvian Amazon, commonly known as “cat’s
claw”, whose bark has been known to be used
in a variety of popular therapeutic preparations
(Heitzman et al. 2005). A review of the literature
reveals several pharmacological activities of UT,
which includes an anti-tumor activity. Different
UT extracts have been reported to have in vitro
effects on a wide range of cancer cell lines (Fazio
et al. 2008, Pilarski et al. 2010). Using animal
models, a number of studies have further

et al. 2010, Miranda & Freitas 2008). The results
from a clinical trial conducted by Aradjo et al.
(2012) suggested that a dried hydroalcoholic
extract of UT could be considered an effective
adjuvant treatment to breast cancer based
on a reduction in the neutropenia caused by
chemotherapy and a protective effect for DNA.
The anti-tumor activity of UT extract has
been mainly attributed to the presence of
pentacyclic oxindole alkaloids (POAs; Figure 1),
principally as mitraphylline (Giménez et al. 2010,

An Acad Bras Cienc (2020) 92(1)



ANA F. RIBEIRO et al.

Prado et al. 2007). In addition, some POAs appear
to be less toxic to nonmalignant cells, which
confers a higher tumor selectivity (Kaiser et al.
2016). Importantly, a synergic action from the
presence of different plant-derived compounds
appears to be responsible for the anti-tumor
action of UT rather than any single compound
(Pilarski et al. 2010, Dreifuss et al. 2013).

Currently, the American Cancer Society
estimates that nearly 2 million new cancer cases
are reported yearly with greater than 600,000
deaths attributable to cancer in the United
States. Among American men, prostate cancer
(PC) is the most frequent, non-skin cancer that
represents the third most common cause of
death in men (Siegel et al. 2017). A number of
human PC cell lines have been derived from
different metastatic sites that have successfully
served as in vitro PC models by researchers
worldwide for understanding mechanisms
underlying various aspects of PC (Russell &
Kingsley 2003). Two cell lines that represent
different spectrums of PC progression are
LNCaP and DU145. The progenitor cells of LNCaP
were derived from a lymph node metastasis
that express a mutated androgen receptor and
the prostate-specific antigen (Veldscholte et
al. 1990). They are androgen-dependent and
display a relatively indolent biologic behavior.
In contrast, the DU145 cell line is derived from
a brain metastasis in a case of human PC and
are androgen-independent cells that show a
more aggressive behavior compared to LNCaP
cells (Stone et al. 1978). These two human PC
cell lines have also been used to investigate the
anti-tumor properties of natural compounds
and extracts (Medjakovic et al. 2016, Park et
al. 2016, Rao et al. 2004, Zhang et al. 2008). In
some cases, compounds have shown distinct
inhibition potency that depends on which cell
line is under study (Park et al. 2016, Rao et al.
2004).

NANOPARTICLES LOADED WITH Uncaria tomentosa

For plants from the genus Uncaria, the anti-
tumor activity of extracts from some species
have been studied in PC cell lines. The aqueous
extract of Uncaria rhychophylla, for example,
was able to inhibit the growth of PC-3 cells,
but not LNCaP cells (Shoemaker et al. 2005).
An antitumor effect of Uncaria guianensis has
already been demonstrated in DU145 cells. In
this case, the POA were considered the main
components responsible for the anti-tumor
activity (Lee et al. 1999). Another study provided
evidence that Uncaria guianensis has some
cytostatic effect on PC-3 cells (Urdanibia et al.
2013). Moreover, the POA of Uncaria tomentosa,
with the exception of mitraphylline, inhibited
the growth of PC-3 cells, with isopteropodine
and pteropodine proving to be the most potent
alkaloids (Fujita et al. 2009).

The loading of natural products into
nanostructured systems have been widely
studied since nanoparticles can optimize
beneficial properties that improve the activity
of natural compounds and extracts (Bonifacio
et al. 2014). Polymeric nanoparticles are
nanostructured systems extensively used
for the nanoencapsulation of various active
compounds. Biodegradable polymers, such as
poly-e-caprolactone (PCL) and poly-d,l-lactide-
co-glycolide (PLGA), are the most common
polymers used to obtain nanoparticles, due
mainly to their biocompatibility and sustained
release properties (Kumari et al. 2010). Yet, for
the same encapsulated drug, each of these
polymers can generate nanoparticles with
different physicochemical properties and
distinct in vitro release profiles that require
empirical evaluations (Ubrich et al. 2004).

When applied to natural agents with anti-
tumor properties, considerable advantages
can be realized by nanoparticles for cancer
treatment (Bharali et al. 2011, Kumari et al.
2016). A major advantage is passive targeting,
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which allows nanoparticles to permeate and
accumulate in tumors since their tissues have
blood vessels with larger fenestrations due
to angiogenesis and an ineffective lymphatic
drainage. This process enables a reduction
in side effects and an improvement in the
therapeutic effects (Kumari et al. 2016, Singh
& Lillard Jr. 2009, Sultana et al. 2013). Previous
studies with nanoparticles loaded with natural
compounds, such as epigallocatechin-3-gallate
(EGCG), resveratrol and curcumim, demonstrated
a promising potential through their activity
against PC cell lines (Sanna et al. 2013). A more
recent study with PCL-based nanoparticles
loaded with celastrol, a triterpenoid extracted
from the Tripterygium wilfordii, also showed
anti-proliferative activity on LNCaP, DU145 and
PC-3 cell lines (Sanna et al. 2015).

In this work, nanoparticles loaded with
UT extracts were generated with two different
polymers (PCL and PLGA). The physicochemical
properties of the nanostructured systems were
characterized along with their in vitro release
profiles. To evaluate the potential of these
formulations for the treatment of PC in humans,
their anti-tumor activity was tested against
LNCaP and DU145 cell lines.

MATERIALS AND METHODS

Materials

Uncaria tomentosa dried extract (4.5% of total
pentacyclic oxindole alkaloids) was kindly
donated by Herbarium Laboratorio Botanico
(PR, Brazil). Poly-e-caprolactone (PCL; Mw
70,000-90,0000 g/mol), polyvinyl alcohol (PVA;
Mw 31,000-50,000 g/mol, 87-89% hydrolyzed)
and cellulose dialysis membranes (flexible tube
type, 33 mm, 14 kDa MWCO) were obtained from
Sigma-Aldrich (MO, USA). Poly-d,l-lactide-co-
glycolide (PLGA), with 50:50 D,L-lactide:glycolide
molar ratio and intrinsic viscosity of 0.45-0.60

NANOPARTICLES LOADED WITH Uncaria tomentosa

dl/g (Resomer® RG 504), was purchased from
Boehringer Ingelheim (RP, Germany) and
poloxamer 188 (Lutrol® F68, Mw 7680-9510 Da)
from BSAF (RP, Germany). Methylene chloride,
ethyl acetate, acetone and ethanol were
acquired from Tedia Brazil (RJ, Brazil).

Cell culture

The DU145 androgen-insensitive human PC cell
line and the LNCaP androgen-sensitive human
PC cell line were obtained from the Cell Bank
of Rio de Janeiro. Cultures were maintained in
RPMI 1640 (Gibco) medium supplemented with
10% fetal bovine serum (FBS), 100 units/mL
penicillin and 100 mg/mL streptomycin in a 5%
CO2 humidified environment at 37 °C.

Preparation of nanoparticles

Solutions of ethylacetate and acetone containing
the UT extract were prepared by dispersing 1 g
of dried UT extract into 50 mL of each organic
solvent. Mixtures were sonicated for 20 min
and filtered using a 0.45 mm membrane. The
alkaloid content in each was determined by
HPLC using a Perkin Elmer C18 column (150 x
46 mm, 3 mm) (SP, Brazil) coupled to a diode
array detector L-2455 (Merck Hitachi Lachrom
Elite®, Hitachi High Technologies America, CA,
USA). A previously validated gradient method
was employed for the separation process under
a 0.8 mL/min flow rate and detection at 245 nm
(Bertol et al. 2012).

Polymeric nanoparticles were prepared
by an oil-in-water single emulsion solvent
evaporation method, based on optimized
methods described previously (Ribeiro et al.
2013, 2015). An organic phase was prepared by
dissolving polymer, either PLGA or PCL, in 5 mL
of an ethyl acetate/acetone mixture at a 3:2
ratio containing UT extract with ~1.4 mg of total
alkaloid content. Next, the organic phase was
added dropwise to a buffered aqueous phase
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(pH 7.5) containing a surfactant (Poloxamer 188
or PVA) that was emulsified by constant stirring
and sonication at 100 W in an ice bath (UP100H®
ultrasonic processor, Hielscher, BB, Germany).
Organic solvents were removed by evaporation
under reduced pressure that also drove
precipitation of the nanoparticles. Unloaded
(blank) nanoparticles were prepared using the
same process in the absence of the UT extract. A
control solution of UT extract was also prepared
using the emulsion-solvent evaporation method
without polymer in the organic phase that
yielded an aqueous solution with an alkaloid
composition identical to the initial alkaloid
composition added to the nanoparticle system.
It presented an alkaloid concentration around
200 mg/mL, since the surfactant added to the
aqueous phase improved the alkaloids solubility
in water. Table I summarizes the conditions used
in the preparation of each formulation.

NANOPARTICLES LOADED WITH Uncaria tomentosa

Size distribution, zeta potential and
morphology

Size distribution and zeta potential were
determined using a Malvern ZetaSizer ZS®
(Malvern Instruments, WO, UK). Mean diameter
and polydispersity index (PI) measurements
were obtained by dynamic light scattering (DLS)
following a 1:10 dilution of the nanoparticles
in purified water. The surface potential of
nanoparticle suspensions was measured
without dilution.

For morphological analysis, suspensions
were placed onto 200 mesh carbon-coated grids
and covered with uranium acetate 5% for 10
minutes. Samples were completely dried before
the analysis by transmission electron microscopy
(Zeiss EM 900®, Carl Zeiss Microscopy GmbH, TH,
Germany).

Entrapment efficiency and drug loading
coefficient

Entrapment efficiency (EE) was determined by
an indirect method. Nanoparticle suspensions
were centrifuged (150,000 x g for 30 minutes). The

Table I. Conditions used in the preparation of polymeric nanoparticles and UT extract aqueous solution.

_§ Organic Phase Aqueous Phase’
1]
E
Polymer Surfactant
.§ Potl;/ger amount | Solvent mixture' V((’;:T)'e Surtf;;;ant concentration
(mg) (w/v)
Np PCL PCL 150 EA/AC 8.5 PVA 1.0%
Np UT-PCL PCL 150 EA-UT / AC-UT* 8.5 PVA 1.0%
Np PLGA PLGA 58 EA/AC 7.0 Poloxamer 188 0.5%
Np UT-PLGA PLGA 58 EA-UT / AC-UT* 7.0 Poloxamer 188 0.5%
UT Sol - - EA-UT / AC-UT* 7.0 Poloxamer 188 0.5%

"Proportion of solvent mixture: 3 mL of ethyl acetate (EA) and 2 mL of acetone (AC), with or without UT extract; *20 mg/mL of UT
extract for each solvent (1.4 mg of total alkaloids in the 5 mL of the solvents mixture); >Phosphate buffer pH = 7.5.
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supernatant was removed and filtered through a
0.45 mm membrane for injection into the HPLC
system as described above. The mass of total
alkaloids in the supernatant (Wsupernatant)
was determined to calculate the mass of drug
not included into the nanoparticles. Therefore,
the loaded mass of alkaloids was determined
by the difference between the initial mass of
total alkaloids added to the system (Winitial)
and the mass of total alkaloids in the
supernatant. Entrapment efficiency and drug
loading coefficient (DL) were calculated using
the equations 1 and 2, respectively. DL was
used to evaluate the relationship between
the loaded mass of alkaloids and the mass of
polymer (Wpolymer) added to the formulations
(Stecanella et al. 2013).

EE = Winitial B Wsupernatant

—— x100(%) (1)
initial

DI = Winitial B Wsupernatant

x100(%) ()
w

polymer
Nanoparticles in vitro stability

Nanoparticles suspensions were kept at 25 °C
for up to 27 days. During this period, the particles
mean diameter and polydispersity index were
measured by DLS as described above after a 1:10
dilution in purified water.

In vitro release study

A dialysis bag diffusion technique was used
to evaluate the alkaloid release profile from
nanoparticles. Cellulose dialysis membranes
(flexible tube type) were boiled in purified
water for 10 minutes prior to forming bags.
Suspensions of nanoparticles of PCL with UT
extract (Np UTPCL) or nanoparticles of PLGA with
UT extract (Np UT-PLGA) were added and the bag
closed before immersion in 30 mL of phosphate-
buffered saline solution (PBS). Ethanol was

NANOPARTICLES LOADED WITH Uncaria tomentosa

added to the PBS solution to a concentration
of 10% v/v to ensure alkaloid solubility. The
release medium was kept under constant
stirring in a water bath at 37 + 1 °C for up to
35 days. At specific time intervals, a sample (3
mL) was withdrawn and replaced with an equal
volume of fresh release medium to maintain
sink conditions. Collected samples were filtered
through a 0.45 mm membrane for injection into
the HPLC system as described above.

Cell viability assay

Suspensions of Np UT-PCL and Np UT-PLGA
were sterilized by filtration through a 0.45
mm membrane and added to DMEM medium
supplemented with 10% FBS at a volume ratio
of 1:10 for testing the in vitro anti-tumor activity
against the PC cell lines LNCaP and DU145. Blank
nanoparticles (Np PCL and Np PLGA) and the
UT control solution (UT Sol) were sterilized and
diluted in the culture medium in exactly the
same way as UT nanoparticles. In addition, UT
Sol was used at five different concentrations of
alkaloids (40 to 200 mg/mL), which were diluted
in culture medium at a ratio of 1:10 and resulted
in concentrations ranging from 4.0 to 20.0 mg/
mL. Aqueous buffers (pH 7.5) with PVA (1.0% w/v;
PVA Sol) and poloxamer 188 (0.5% w/v; Lutrol
Sol) were also prepared, sterilized and diluted in
DMEM to verify the influence of the nanoparticles
aqueous phase on the cell viability.

As an index of cell viability, we used a
commercially available 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay to determine the number of
viable cells according to the manufacturer’s
recommendations (Sigma-Aldrich). Briefly, 1x104
LNCaP cells or DU145 cells were seeded into a
24-well cell culture plate and incubated for 24h
with 500 puL RPMI+FBS. Next, cells were washed
and treated with the nanoparticles or controls
(Np UT-PCL, Np UT-PLGA, Np PCL, Np PLGA or UT
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Sol, PVA Sol, Lutrol Sol) in culture medium for up
to 72 hours. After treatments, a 0.5 mg/mL MTT
solution was added. Following a 4h incubation
at 37 °C, dimethyl sulfoxide was added, cells
lysed and the MTT product measured at 570
nm in a spectrophotometer (Bio-Rad iMARKE,
Hercules, CA, USA). The effect of each sample
(treatment) on cellular survival was expressed
as percentage of cell viability of LNCaP and
DU145 cells measured under untreated, control
condition, which was considered 100% viability.
All assays were performed in three independent
experiments and in sextuplicate.

Statistical analysis

All experiments were performed at least in
triplicate and statistical analysis was performed
using GraphPad Prism® version 5.0 (GraphPad
Software, CA, USA). Significance of the differences
between means was analyzed by the Student's
t-test when comparing two means and by
analysis of variance (ANOVA) when comparing
more than two means (a = 0.05).

RESULTS AND DISCUSSION

Nanoparticles characterization

The entrapment efficiency (EE) and in vitro
release calculations were taken using the sum
of the six alkaloids areas found in the HPLC
chromatogram of the UT extract, corresponding
to the POAs speciophylline, uncarine F,
mitraphylline, isomitraphylline, pteropodine
and isopteropodine (Figure 1). For both
formulations, Np UT-PCL and Np UT-PLGA, the
entrapment efficiencies for the total alkaloids
presented above 60% (Table Il). Np UT-PLGA
showed a lower EE along with a significantly
higher drug loading (DL) compared to Np UT-
PCL. This suggested that a lower polymer mass
was needed for entrapment of the alkaloids into

NANOPARTICLES LOADED WITH Uncaria tomentosa

PLGA nanoparticles. PLGA Resomer® RG 504 has
acidic groups that can interact with any basic
amino groups present in alkaloids structure
(Ubrich et al. 2004), which could contribute to
the higher drug loading of the UT POA in Np
UT-PLGA.

The pKa values of UT POA may have directly
influenced the entrapment of each alkaloid into
nanoparticles. Different EE values were found
for each UT POA in both PCL and PLGA matrixes
(Table 1l1). Isopteropodine has the lowest pKa
value among the UT POA (Stuppner et al. 1992)
and is maintained mostly in its non-ionized
form in nanoparticles in the aqueous phase pH
of 7.5, which should favor its interaction with the
hydrophobic polymer matrixes. Moreover, the
POA ionization degree seems to exert greater
influence on the interaction with PLGA than

CH30,C

(2) Uncarine F

(6) Isopteropodine

(5) Pteropodine

Figure 1. Structures of pentacyclic oxindole alkaloids
present in the UT extract.
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with PCL, since the isopteropodine EE in the
nanoparticle UT-PLGA was almost four times
higher than the speciophylline EE.

Fromthesizedistributionanalysis,Np UT-PCL
presented a significantly higher mean diameter
than Np UT-PLGA (Table I1). This can be attributed
to the higher polymer concentration in the Np
UT-PCL suspension (150 mg/8.5 mL) than Np UT-
PLGA (58 mg/7 mL). In addition, the PCL organic
solution displayed a higher viscosity, which
often generates larger nanoparticles than the
less viscous PLGA organic solutions, even at the
same polymer concentration (Ubrich et al. 2004).
When compared to unloaded nanoparticles, the
mean diameters were not significantly different,
which further suggests that the size was mainly
influenced by polymer concentration and the
resulting viscosity of the organic phase viscosity,
rather than the entrapment process. The low
initial mass of alkaloids added to the system
probably minimized its contribution to the size
of the nanoparticles. No significant differences
were observed in the polydispersity index and
both presented as spherical shapes in the
morphological analysis (Figure 2), with mean
diameters measured by TEM consistent with the
DLS measurements.

NANOPARTICLES LOADED WITH Uncaria tomentosa

The nanoparticles generated with PCL (Np
PCL and Np UT-PCL) had a nearly neutral zeta
potential (ZP), which was expected since the PCL
polymeric structure has no charged groups. In
contrast, PLGA nanoparticles were negatively
charged and presented reduced absolute values
of zeta potential. PLGA nanoparticles often
shows ZP values near -25 mV (Bohrey et al. 2016,
Chourasiya et al. 2015, Martin-Banderas et al.
2012), even considering the use of Resomer®
RG504, which is an end-caped PLGA with fewer
free carboxylic acid end-groups. This suggests
that the zeta potential of Np PLGA may have
been affected by other components, such as the
phosphate buffer in the aqueous phase, leading
to the slightly negative ZP value. This effect was
previously reported for PLGA nanoparticles that
also involved the use of a phosphate buffer in
the aqueous phase (Song et al. 2008). The ZP
of Np UT-PLGA was significantly higher than the
unloaded Np PLGA, which suggests that one or
more components of the UT extract affected
the surface charge of PLGA nanoparticles.
Interestingly, the ZP of nanoparticles formed
from PCL was not affected by UT extract.

Table Il. Mean diameter, polydispersity index (Pl), zeta potential, entrapment efficiency (EE) and drug loading (DL)
of polymeric nanoparticles with and without UT extract.

Nanoparticle characteristic Np UT-PCL Np UT-PLGA Np PCL Np PLGA
Mean diameter (nm)* 2473 + 993 107.4 + 30b 239.3 = 10'6a 115.2 + 104b
PI* 0.062 + 0.0°5a 0164 + 0.0°6a 0.072 + 0.0°0a 0132 + 0.0%a
Zeta potential (mV)* -0.86 + 0.77a -4.07 + 0.8°b -0.84 + 0.°9a -1.31+1.8a
'EE (%)** 81.6 + 07a 64.6 + 20b n/a n/a
DL (%)** 0.76 + 0.006° 1.56 + 0.048" n/a n/a

Results are expressed as mean * standard deviation (n = 3); Means with different letters presented significant differences
(*ANOVA Tukey's test or **Student’s t test, a = 0.05); n/a: not applied; 'Entrapment efficiency of total alkaloids, calculated using
the sum of the six UT POA.
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NANOPARTICLES LOADED WITH Uncaria tomentosa

Table IIl. Entrapment efficiency found for each UT alkaloid loaded into the polymeric nanoparticles.

Alkaloid . 'Entrapment Efficiency (%)
(POA) Initial mass (mg) Np UT-PCL Np UT-PLGA

Speciophylline 0.015 67.0 + 0.6 213 +55
Uncarine F 0.065 77.3+0.2 469 £ 3.0
Mitraphylline 0.29 710 £ 04 53.8 2.0
Isomitraphylline 0.329 825+ 10 576 +1.8
Pteropodine 0.362 84.7+09 66.6 + 1.6
Isopteropodine 0.338 90.0 + 0.7 81.2+23

Results are expressed as mean + standard deviation (n = 3); 'Calculated using the loaded mass and the initial mass of each POA

Figure 2. Electron micrographs of UT extract loaded polymeric nanoparticles. Transmission electron microscopy
images from 5% uranium acetate-stained suspensions of (a) Np UT-PCL and (b) Np UT-PLGA. Scale bar in panel a is
2 um and 0.5 pm in panel b.

Nanoparticles in vitro stability

Despite the low ZP values, both Np UT-PLGA and
Np UT-PCL were able to maintain a constant
size distribution for a minimum of one week,
indicating that the stability of the nanoparticles
was not singularly dependent on a raised zeta
potential value. Nanoparticles UT-PCL were
stable for up to 25 days at 25 °C, as they showed
no significant variations in the particles mean
diameter during this period (Figure 3), while
the blank nanoparticles Np-PCL maintained the

mean diameter for even longer time periods,
suggesting that the UT extract components
influenced the stability of the size of the
nanoparticles. On the other hand, the Np UT-
PLGA showed a reduced size stability compared
to Np UT-PCL and presented a significant rise
in the mean diameter on the seventh day of
analysis.
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400 - —e— Np UT-PCL
—o— Np PCL
—v— Np UT-PLGA
—2— Np PLGA
300 -

Size (nm)
N
o
o

0 5 10

15 20 25 30

Time (days)

Figure 3. Alterations in nanoparticle size over time. Particle size measurements of polymeric nanoparticles
unloaded (Np PCL and Np PLGA) and loaded with UT extract (Np UT-PCL and Np UT-PLGA) maintained at 25 °C as

function of time. Data represents mean * SD (n=4).

In vitro release study

Sustained release is one of the main advantages
provided by biodegradable polymers like PCLand
PLGA, since nanoparticles formulated with these
polymers are able to release the encapsulated
drug within days, weeks or even months (Kumari
et al. 2010, Woodruff & Hutmacher 2010). Both
formulations presented an initial burst release.
During the first 18 hours, Np UT-PCL released
about 33% of the alkaloids, while Np UT-PLGA
released about 46% (Figure &). This burst effect
could be due to the absorption of alkaloids
onto the outer surface of the nanoparticles. It
could also be a result of the procedure used
for the release study. Considering that the
whole nanoparticle formulation was added to
the dialysis bag, including any non-entrapped

alkaloids dissolved in the aqueous phase, the
burst release could be partially attributed to the
rapid diffusion of the non-entrapped alkaloids
through the dialysis membrane to the release
medium. Indeed, the burst release was higher
for Np UT-PLGA, which presented a lower EE and,
therefore, had a higher concentration of non-
entrapped alkaloids dispersed in the aqueous
phase. The initial burst release, as the observed
for Np UT-PCL and Np UT-PLGA, is a frequent
eventin drug release studies from nanoparticles
loaded with natural compounds and some works
have reported an initial burst release around
30% (Stecanella et al. 2013, Yin et al. 2012) or
even 50% in the first 12 hours of the study (Yusuf
et al. 2012, Li et al. 2010, Shao et al. 2009).
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Figure 4. In vitro
release profile of
UT alkaloids from
the polymeric
nanoparticles.
Np UT-PCL and
Np UT-PLGA were
contained in a
dialysis bag and
UT components
in the aqueous
sink medium
were quantified
by HPLC. Data
are expressed as
mean # standard
deviation (n = 4).
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Np UT-PCL presented a much slower delivery
rate, releasing about 60% of the alkaloids in
20 days, while Np UT-PLGA released the same
amountin five days (Figure 4). The release of small
drugs from biodegradable matrix is controlled
by polymer degradation and matrix diffusion
(Li et al. 2008). PCL has a slower degradation
rate and a higher glass transition temperature
(Tg) compared to PLGA. Higher Tg values are
correlated to a decrease in the polymer chain
mobility, which impairs drug diffusion (Ubrich et
al. 2004, Woodruff & Hutmacher 2010).

Np UT-PCL presented a three-modal release
pattern (Figure 4), with an initial burst release
in the first 18 hours, following a lag period
of 15 days, where low or no release occurred,
and then a third release period that resulted
in 70% of the alkaloids being released in 35
days. This profile could be explained by the
bulk degradation mechanism of a PCL matrix
(Woodruff & Hutmacher 2010, Li et al. 2008). In

An Acad Bras Cienc (2020) 92(1)

the lag period, water molecules penetrate the
polymer matrix and hydrolyze the chains, which
generates acid by-products and results in a low
pH environment that stimulates an autocatalytic
process. As the oligomers produced during this
degradation process are sufficiently small,
they diffuse through the polymer matrix into
the external medium, as well as the alkaloids,
resulting in the third release period.

Np UT-PLGA did not show any additional
release after the fifth day of analysis, maintaining
the alkaloids release at 60% over more than 20
days. Agglomeration was observed for these
nanoparticles, with a raise in the mean diameter
after one week (Figure 3). This agglomeration
could reduce the matrix pathways for the
alkaloid diffusion and can impair the release of
entrapped molecules from nanoparticles (Li et
al. 2008).
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Cytotoxicity on PC cell lines

We evaluated the cellular response of two
human PC cell lines (LNCaP and DU145) following
treatment with UT samples diluted in culture
medium (Np UT-PCL, Np UT-PLGA, Np PCL, Np
PLGA or UT Sol, PVA Sol, Lutrol Sol). Initially, we
analyzed the cell viability by the MTT colorimetric
assay by treating the cells at 80% confluence
with concentrations ranging from 4.0 to 20.0 mg/
mL of alkaloids over 72 h. We observed that UT
solutions were able to reduce cell viability of
the PC cell lines LNCaP and DU145 in a time and
concentration-dependent manner (Figure 5). The
DU145 cells were more sensitive to UT solutions
at higher concentrations than LNCaP cells.
These results are consistent with those reported
for an Uncaria rhynchophylla extract, which was
not able to inhibit the growth of LNCaP cells by
more than 50% (Shoemaker et al. 2005). It is
also worth noting that the higher activity of UT
solutions against DU145 cells (IC50 = 15.7 mg/mL
of total alkaloids, at 72h) was expected, since the
major POAs in the UT solution pteropodine and
isopteropodine, had previously shown activity
against on both androgen-independent PC cells
DU145 (Lee et al. 1999) and PC3 cells (Fujita et al.
2009).

Nanostructured systems have been
extensively used to potentiate the activity of
anti-tumor agents due to their ability to target
entrapped substances to tumor tissues. It has
been documented that smaller nanoparticles
have better cellular uptake and, consequently,
often shows higher activity in cytotoxicity assays
(Nair et al. 2012, Rocha et al. 2011). Nanoparticles
loaded with UT extract (Np UT-PCL and Np UT-
PLGA) reduced the viability of both LNCaP and
DU145 cells (Figure 6). Unloaded nanoparticles
(Np PCL and Np PLGA) had no measurable
negative effect on the cellular survival of these
cells (Figure 6b). Interestingly, Np UT-PLGA
presented a significant higher activity in DU145

NANOPARTICLES LOADED WITH Uncaria tomentosa

LNCaP
[ DuU145

100 peyem

Cell viability (%
8

0 4 8 12 16 20
UT solutions (ng/mL)

(a)

LNCaP
3 DU145
1201
—~ 100 =
°\°
> 80qf
Z eod|
8
= ao]
5
201
0 4 8 12 16
UT solutions (ng/mL)
(b)
LNCaP
3 Du145
1201
100 peermm;

Cell viability (%
8

4 16 20
UT solutions (pg/mL)
(c)

Figure 5. Viability of LNCaP and DU145 cells exposed
to UT extract. Cultures of the human PC cells were
maintained for 24h (a), 48h (b) and 72h (c) with
increasing concentrations of UT extract solution and
assessed by the MTT assay. Values are the mean *

SEM (n = 18). * Significant difference from the control
without UT (p < 0.05; One-way ANOVA Dunnett’s test).
# Significant difference between LNCaP and DU145 (p <
0.05; Two-way ANOVA Bonferroni posttests).
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Figure 6. Viability of human prostate cancer cell lines treated with UT extract-loaded nanoparticles. The percent of
live LNCaP (a) and DU145 (b) cells at 72h after the treatment with Np UT-PCL and Np UT-PLGA (nanoparticles loaded
with UT extract); Np PCL and Np PLGA (nanoparticles without UT extract); UT Sol (aqueous solution of UT extract);
PVA sol and Lutrol sol (aqueous solutions of PVA (1%) and poloxamer 188 (0.5%), respectively). Values represent
mean * SEM (n = 18). *Significant difference from the untreated control (p < 0.05; One-way ANOVA Dunnett’s test). #
Significant difference between formulations (p < 0.05; Student’s t test).

cells compared to Np UT-PCL. This is consistent
with the observation with Np UT-PLGA, which
has half the diameter of Np UT-PCL (Table II).
Another notable difference was that Np UT-PLGA
had an ~20% higher total alkaloid concentration
(20.0 pg/mL) compared to Np UT-PCL (16.5 pg/
mL) as well as a higher concentration of free
alkaloids due to its lower entrapment efficiency.
The total alkaloid concentration difference
between the nanoparticle preparations was due
in part to the aqueous phase final volume used
for each nanoparticle, which was a consequence
of the different optimal conditions achieved in
the experimental designs (Ribeiro et al. 2013,
2015).

For LNCaP cells, Np UT-PCL showed a higher
activity than Np UT-PLGA (Figure 6a). LNCaP cells
also displayed sensitivity to unloaded Np PCL,
which caused some cell inhibition and could
have contributed to the higher activity of Np UT-
PCL. This was unexpected based on the results
reported by Sanna et al. (2015) where unloaded

PCL nanoparticles did not show any effect on
LNCaP cells. This difference can be explained
by their use of a lower PCL concentration (47.5
mg/20 mL), which is nearly 8-fold lower than
the Np PCL suspension in the present work
(150 mg/8.5 mL). It does suggest that polymer
concentration can participate in cytotoxicity.
PCL concentrations higher than 1 mg/mL, for
example, led to significant cytotoxicity of PCL
unloaded nanoparticles against C6 glioblastoma
cells (Xin et al. 2010). As PCL is a well-known
biocompatible polymer (Woodruff & Hutmacher
2010), it remains to be determined if our
observations of cytotoxicity of PCL are restricted
to malignant cells and have a lower effect on
normal cells. Considering the mean size of the
Np UT-PCL (2473 nm) and the expectation that
nanoparticles will accumulate in tumor tissues
by passive targeting (Gaumet et al. 2008, Singh
& Lillard Jr. 2009), the in vivo behavior could be
expected to favor anti-tumor effects rather than
toxic effects in other tissues.
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As observed in other studies evaluating
the anti-tumor activity of nanoparticle systems
loaded with natural substances (Nair et al. 2012,
Rocha et al. 2011, Wang et al. 2012), the loaded
nanoparticles UT-PCL and UT-PLGA (containing
16.5 and 20.0 pg/mL of total alkaloids,
respectively), as well as free UT extract (20.0
pg/mL of total alkaloids), were able to cause
significant reduction in cell viability. During
the in vitro cytotoxicity assay (72h), more than
40% of the alkaloids were still encapsulated in
the nanoparticles, as could be seen from the
release profile, suggesting the reduction in cell
viability was potentiated by loading UT extract
into the nanoparticle system. Considering the
sizes reached for the Np UT-PCL and Np UT-
PLGA, between 100 and 250 nm, both should
be further explored for the future application
to enhance the in vivo anti-tumor effect of
UT extract, since tumor tissues have blood
vessels with fenestrations varying between 200
and 780 nm in diameter (Gaumet et al. 2008),
thus allowing an accumulation of the active
substances present in the UT extract in these
tissues.

CONCLUSIONS

Loading of natural extracts into nanoparticle
systems can be a real challenge, since the
complex composition of extracts often hinders
the entrapment process. The EE values reached
for Np UT-PCL and Np UT-PLGA were above 60%.
This can be considered fairly high for the loading
of a plant extract and indicates that the polymers
chosen displayed a suitable entrapment of the
alkaloids despite the presence of many other
components in the UT extract. This is the first
study to report on the in vitro anti-tumor activity
of polymeric NPs loaded with UT extract against
LNCaP and DU145 prostate cancer cell lines. The

NANOPARTICLES LOADED WITH Uncaria tomentosa

results strongly suggest that these NPs have the
potential to provide a promising alternative to
enhance the anti-cancer activity of UT extract.
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