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1. Introduction has been known to humanity for centuries as a spice, dye, and nat-

Curcumin is a polyphenol compound that originates from the rhi- ural remedy for many health problems. Considering the statistics on
zome of the herb Curcuma longa. The turmeric, family Zingiberaceae  turmeric sales in the USA published in 2015 by Statista, along with
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forecasts for the coming years, there is a growing trend of interest
in this plant. The Curcuma longa rhizome contains curcuminoids,
among them about 77% curcumin, 17% demethoxycurcumin, and
6% bisdemethoxycurcumin. Diferuloylmethane, called curcumin, is a
bis-o, f-unsaturated f-diketone, which exhibits keto-enol tautomer-
ism. Regardless of the tautomeric form, curcumin exhibits multidir-
ectional therapeutic properties, such as antioxidant, anti-
inflammatory, antimicrobial, and neuroprotective effects. These
properties were confirmed during studies on various animal models
and several clinical trials'™. Unfortunately, the medical use of curcu-
min is limited for many reasons: i) low solubility - curcumin is prac-
tically insoluble in water, ii) poor absorption, iii) high metabolism
rate, iv) rapid elimination from the body. Various approaches were
reported to overcome the limitations of using curcumin in the pre-
vention or treatment of many disorders. These studies are all the
more justified because toxicity to high doses of curcumin has not
been proven’. The best tested solutions to increase the bioavailabil-
ity of curcumin included: i) increasing its solubility by combining
with selected solubilises (e.g. cyclodextrin derivatives)®, ii) using
adjuvants (e.g. with piperine)’, iii) preparation of nanoparticles, iv)
formulation of liposomes®, micelles'® and phospholipid complexes
containing synthetic drug associated with curcumin (e.g. oxaliplatin
and curcumin complexes)'’, v) synthesis of derivates and analogues
with better bioavailability and different metabolic ways'?. Solubility
modification and/or combination with metabolism modifiers, e.g.
epicatechin or piperine, are the simplest solutions that can also be
used in the development of pharmaceutical dosage forms, dietary
supplements, as well as in the application of functional food.

In the literature of the subject, there are reports on the com-
bination of curcumin with solubilisers from the cyclodextrin group.
C. S. Mangolim et al.'®, proved that curcumin introduced into the
cavity of f-cyclodextrin by co-precipitation method had 30-fold
enhanced solubility, and was less susceptible to degradation
under the influence of sunlight, pH, temperature. Another study
conducted by V. R. Yadav et al."* showed that curcumin seems to
be the best included in hydroxypropyl-S-cyclodextrin among all-
natural cyclodextrins and the complex is a promising solution in
the treatment of inflammatory bowel disease due to its better
anti-inflammatory and anticancer properties. A recent study by A.
Celebioglu et al." reported that it was possible to obtain an orally
fast-dissolving food supplement containing curcumin and hydrox-
ypropyl-f-cyclodextrin by using the electrospinning technique.

A combination of curcumin with metabolism modifiers can
contribute to increasing its clinical activity. Curcumin has been
shown to enlarge its bioavailability in combination with piperine —
an alkaloid that occurs in black pepper, long pepper, and other
plants of the Piperaceae family. Piperine is a known inhibitor of
hepatic and intestinal glucuronidation. Both substances were
orally administered to humans and rats in order to study the
effect of piperine on curcumin bioavailability. The results of
increasing the bioavailability of curcumin by the alkaloid were
much more noticeable in humans than in the rat model. The test
also showed that the administration of such a combination has no
negative impact on either animals or humans, but has proven
that piperine increased the absorption and bioavailability of
curcuminoids’.

It should be noted that the application of piperine in free form
is also limited due to its low water solubility, low bioavailability,
and high pungency'®. Therefore, a few current studies reported
the benefits of incorporating piperine into cyclodextrins. M.
Quilaqueo et al."” proved that the inclusion of piperine in f-cyclo-
dextrin improves its permeability as the result of the modification
of an active transport mechanism, especially for the

p-cyclodextrin:piperine system (4:1). The study by T. Ezawa et al.'®
confirmed that solubility of piperine after its incorporation into
the cavity of -cyclodextrin increased about 16-folds.

In order to prove the benefits of combining curcumin and
piperine with cyclodextrins to increase their solubility, permeabil-
ity, and biological activity, the nutraceutical system of curcumin —
piperine  incorporated into  2-hydroxypropyl-f-cyclodextrin
was designed.

Our studies involved: (i) the preparation and identification of
nutraceutical system of curcumin - piperine with the 2-hydroxy-
propyl-f-cyclodextrin as carrier, (ii) studies on changes in solubility
and permeability through artificial biological membranes simulat-
ing gastrointestinal wall and blood-brain barrier, (iii) evaluation of
the biological activity of ternary nutraceutical system of curcumin
- piperine (antioxidant potential, hyaluronidase, acetylcholinester-
ase, and butyrylcholinesterase inhibition and antimicro-
bial activity).

2. Experimental part
2.1. Raw materials and reagents

The raw plant material of turmeric (assay >65% of curcuminoids),
piperine with a purity >97%, and 2-hydroxypropyl-f-cyclodextrin
(molar substitution 0.8) were purchased from Sigma-Aldrich
(Poznan, Poland). The reference standard of curcumin (purity
>99.5%) was also supplied from Sigma-Aldrich (Poznan, Poland).
Acetonitrile (HPLC grade) was provided by Merck KGaA
(Darmstadt, Germany), and other chemical reagents: acetic acid,
methanol (HPLC grade), dimethyl sulfoxide (HPLC grade), sodium
chloride and potassium dihydrogen phosphate were obtained
from Avantor Performance Materials (Poland). Prisma HT, GIT Lipid
solution, Acceptor Sink Buffer were supplied by Pion Inc (UK).

2.2. Identification of turmeric extract

In order to establish the content of the main ingredient - curcu-
min in turmeric extract, high-performance liquid chromatography
with DAD detector (HPLC-DAD) was used. As a reference standard
- curcumin was applied with the purity >99,5%. The separation of
curcumin and other curcuminoids (demethoxycurcumin and bisde-
methoxycurcumin) was achieved under the following conditions: a
stationary phase Phenomenex-C18 column (250mm x 4,6 mm;
5 um), the column temperature — 303 K, a mobile phase comprised
1% acetic acid and acetonitrile (45:55, v/v), the flow rate was
1.0 mL/min, the injection volume was 20puL. The DAD detection
wavelength was set at 421 nm.

2.3. Preparation of curcumin - piperine - 2-hydroxypropyl-
p-cyclodextrin nutraceutical system

Kneading technique was used to prepare the system of curcumin
- piperine - 2-hydroxypropyl-f-cyclodextrin. The molar ratio of
curcumin and piperine was 1:1. In the nutraceutical system the
mass ratio of curcumin:hydroxypropyl-f-cyclodextrin was 1:1, and
of piperine:hydroxypropyl-f-cyclodextrin was also 1:1. In the first
stage, curcumin and piperine were ground in the mortar. Next, all
three substances with a minor amount of alcohol and distilled
water to receive a pasty consistency were ground for 60 min. The
system was drying in 45°C for 24h, and later it was ground in
mortar again for 10 min. The physical mixture of compounds in
the same ratio was also prepared.



2.4. Identification of curcumin - piperine - 2-hydroxypropyl-
p-cyclodextrin nutraceutical system

Interactions between curcumin, piperine, and 2-hydroxypropyl-
p-cyclodextrin (HP-$-CD) in solid-state were examined using X-ray
powder diffraction (XRPD), differential scanning calorimetry (DSC),
infrared spectroscopy (FT-IR), solid state nuclear magnetic reson-
ance (NMR).

2.4.1. X-ray powder diffraction (XRPD)

Analysis of the complexation process was performed by X-ray
powder diffraction (XRPD) method. Diffraction patterns were
recorded on a PANalitycal Empyrean diffractometer with CukK,
radiation (1.54056 A) at a tube voltage of 45kV and a tube current
of 40mA. The angular range was 3° to 50° with a step size of
0.017° and counting rate of 15s/step. OriginPro 8 was used to
analyse the acquired data'®.

2.4.2. Differential scanning calorimetry

Thermal analysis was carried out using DSC 204 Phoenix differen-
tial scanning calorimeter. The powdered samples of 5mg were
placed in hermetically enclosed aluminium cells next to the refer-
ence sample (air) and heated at a scanning rate of 5K min™" from
294 to 568K in a helium atmosphere with a flow rate of 40 mL
min~'. The details of the experimental procedure and data proc-
essing were identical to those described by us for other pharma-
ceutical compounds®®~23,

2.4.3. Infrared spectroscopy and DFT calculations

Infrared spectra were performed on an FT-IR Bruker Equinox 55
spectrometer. The substances, the system and physical mixture
were turned into pellets with IR grade KBr in the hydraulic press,
and then the spectra were recorded in a frequency range of
400-4000 cm ™ '. The DFT calculations with a B3LYP functional and
6-31G(d,p) as basis set were used as supportive methods.

2.4.4. Solid state NMR analysis

NMR '3C spectra were recorded on a 400 MHz Agilent spectrom-
eter equipped with Wide Bore Triple Resonance T3 MAS XY probe.
Cross-Polarisation (CP) pulse sequence with Magic Angle Spinning
(MAS) and dipolar decoupling of protons was applied. Samples
were placed into a 4mm diameter zirconia rotor and spun
with 7 kHz.

2.5. Apparent solubility and permeability through membranes
simulating gastrointestinal walls and brain-blood barrier of the
curcumin - piperine - 2-hydroxypropyl-f-cyclodextrin
nutraceutical system

Differences in concentrations of curcumin and piperine during
solubility study were measured by high-performance liquid chro-
matography with the DAD detector (HPLC-DAD). Conditions for
the determination of curcumin by HPLC-DAD method are given in
section 2.2. The piperine determination was carried out using a
Phenomenex-C18 column (250 mm x 4.6mm; 5um) as the sta-
tionary phase and a mixture of methanol and water (80:20, v/v) as
the mobile phase. The column temperature was set at 303 K. The
flow rate of the mobile phase was 1.4 mL/min, while the detection
wavelength was set at 343 nm. The analysis was performed with
the injection volume set to 100.0 pL.
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The changes in concentrations of curcumin and piperine dur-
ing permeability studies were recorded spectrophotometrically.
The determinations of curcumin were conducted at 421 nm and
piperine at 343 nm.

The dissolution study was performed in the paddle apparatus.
Curcumin, piperine, and their system with cyclodextrin were
weighed to gelatine capsules, which were later implemented to
springs to sink and prevent flotation on the surface of the
medium. The study was carried out at a pH of 6.8. The vessels
were filled with 500 mL of phosphate buffer, the temperature was
maintained at 310K, the paddles were set at the stirring speed of
100 rotations per minute. The 5.0 mL samples were withdrawn at
predetermined time points with the replacement of equal vol-
umes of temperature-equilibrated media and filtered through a
membrane filter (0.45 um). The dissolution profiles were compared
with the use of two-factor values f; and £,** implemented by
Moore and Flanner® according to the following equations:

_ Z,"’:JR/ - T,|

1= —————x 100
Z;;Rj

1

1 n 2
f, =50 x log <1+<E>Z’R1_Tf|2> x 100

Jj=1

where n is the number of time points, R; is the percentage of the
reference dissolved substance in the medium, T; is the percentage
of the dissolved tested substance, t is the time point. Dissolution
profiles are described as similar when the f; value is close to 0, or
f, is close to 100 (between 50 and 100)%.

In vitro gastrointestinal (GIT) and blood-brain barrier (BBB) per-
meability was studied using the PAMPA model (Parallel Artificial
Membrane Permeability Assay). The sandwich consists of two 96-
well microfilter plates. The PAMPA system contains two chambers:
the donor at the bottom and the acceptor chamber at the top.
The chambers are separated by a 120-um-thick microfilter disc
coated with a 20% (w/v) dodecane solution of a lecithin mixture
(Pion, Inc.). Before adding samples to the donor compartments,
the samples were dissolved in DMSO. The donor solution was
adjusted to pH ~ 6.8 for GIT application and to pH ~ 7.4 for BBB
application using 0.5M NaOH. The plates were combined and
then incubated for 3 h for GIT model and 4h for BBB model in a
humidity-saturated atmosphere at the temperature set at 310K.
The apparent permeability coefficient (P,,,) was calculated accord-
ing to the following equation:

G
—In <1 B Cequil;:;lium)
Papp = < /1N .
S x <V_D -+ V_A) X t

where VD - donor volume, VA - acceptor volume, Cequilibrium -
equilibrium concentration Cequiirium = % S — membrane
area, t — incubation time (in seconds). Compounds with the value
of Pgpp in GIT model below 0.1 x 107®cm s~ are described as low
permeable, substances found as medium permeable have a
0.1x10%em s < Pgyp < 1x10%cm s and compounds
with a Pgp>1x10"°cm s7' are defined as ones with high
permeability?’.

Substances whose P, in BBB model is <2.0 x 10 °cm s~ are
defined as low permeable. API with the P,,, value in the range of
2.0-4.0 x 10°%cm s~ are described as substances with question-
able permeability. Compounds with high permeability have the
Papp value at the level >4.0 x 10 °ecm s~ %,




1814 (&) A. STASKOWICZ ET AL.

2.6. Biological activity of the curcumin - piperine - 2-
hydroxypropyl-f-cyclodextrin nutraceutical system

2.6.1. Antioxidant activity

The antioxidant activity was evaluated using the DPPH radical
reaction. The investigation of antioxidant properties was per-
formed spectrophotometrically, according to Studzirska-Sroka’s
modifications*’. Methanol solution of DPPH (0.2 mM) and ascend-
ing concentrations of curcumin, piperine alone and in the system
with 2-hydroxypropyl-f-cyclodextrin were prepared. 25.0uL of
DPPH solution was mixed with 175.0 uL of studied solutions in a
96-well plate, and then the plate was shaken and incubated in
darkness for half an hour at room temperature. Subsequently, the
absorbance (A) was measured at the wavelength set at 517 nm
against the blank (the mixture of DPPH solution and methanol).
The inhibition of the DPPH radical by the studied samples was cal-
culated due to the following equation:

Ao — A;

o

A= x 100%

where A, is the absorbance of the control sample, A; is the
absorbance of studied samples. Every determination was repeated
six times. As a reference, vitamin C was used. ICsy values, which
determine the concentration of the substance that inhibits the for-
mation of DPPH by 50%, were determined by linear regres-
sion analysis.

2.6.2. Determination of hyaluronidase inhibition

The inhibition of hyaluronidase was investigated using the turbidi-
metric method’s Grabowska with slight changes®®. The study was
performed in the 96-well filter plate. To the plate was added
25.0uL of incubation buffer, 25.0uL of hyaluronidase solution,
10.0uL of the sample, 15.0uL of acetate buffer (pH 4.5).
Afterward, the plate was kept for 15min in the temperature of
310K. Hyaluronic acid (25.0 uL) was then added to the cells, and
another incubation was carried out for 45min at 310K. Finally,
200.0 pL of hexadecyltrimethylammonium bromide (CTAB) solution
was added, and cells were incubated for 10 min at room tempera-
ture (293K). The spectrophotometer with the wavelength set at
600nm was used to measure the turbidance. Each test was
repeated five times. The anti-hyaluronidase activity was calculated
from the following equation:

(P—B3)—(By—By)
(B4 — B3) — (B2 — By)

where: P - sample turbidance, B, — absorbance of blank 1 (blind
control), B, — absorbance of blank 2 (with enzyme and hyaluronic
acid - determination of enzyme properties), B; — absorbance of
blank 3 (investigating tested substances’ and system’s absorbance
at 600 nm with the enzyme), B, — absorbance of blank 4 — (investi-
gating tested substances’ and system'’s absorbance at 600 nm with
the hyaluronic acid)

1% = x 100%

2.6.3. Determination of acetylcholinesterase (AChE) and butyryl-
cholinesterase (BChE) inhibition

The modified spectrometric method developed by Ellman et a
which was described by Kobus-Cisowska at al.> was used to
measure the activity of curcumin, piperine, and their system with
cyclodextrin. A POLARstar Omega (BMG LABTECH, Germany) plate
reader was used for measurements of 96-well plates of the max-
imum volume of 300 uL. The hydrolysis of acetylthiocholine/butyr-
ylthiocholine caused a colour change. The absorbance of the

|'31,

enzymes was measured at a wavelength of 412nm, ten minutes
after pipetting on a microplate. The reaction mixture containing
0.1 mL of 0.3 mM 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB, Sigma
Aldrich, Germany), 10mM NaCl and 2mM MgCl2:6H20 solution,
0.575mL 50 mM Tris-HCI buffer (pH = 8.0), 25 uL of 0.28 units/mL
AChE/BChE (Sigma Aldrich, Germany) and 0.2 mL of tested extract
was measured at wavelength 405nm and at temperature 22°C.
The measurement was conducted after 20 min (BChE) or 60 min
(AChE) after adding all ingredients into a microplate. The blank
sample contained Tris-HCI buffer instead of tested compounds. A
positive-negative control was applied and it consisted of 90.7 uM
eserine instead of tested compounds. All samples were analysed
in eight independent replicates. The inhibitory activity of each
enzyme was calculated with the use of a calibration curve. The
calibration curves were prepared using serine as a standard at
concentration ranges between 0.09-6.10uM for AChE and
0.09-8.57 uM for BChE.

2.6.3. Determination of antimicrobial activity

The agar well diffusion technique was used to determine the anti-
microbial activity of piperine, curcumin, and their system with
cyclodextrin. Three 5mm x 5mm wells were made on the surface
of the agar plate using a template. About 0.1 mL of solutions were
delivered to the first well using a micropipette. 5.25% of sodium
hypochlorite and 0.9% normal saline as positive and negative con-
trols filled the other two wells. The samples were then incubated
at 310K for 24h. Afterward, the development of clear zones
around solutions was monitored. The antimicrobial activity was
assessed by the diameter of the clear zone (inhibition zone).

3. Results and discussion

More and more knowledge about the synergism of the connec-
tions of known biologically active compounds promotes the
development of multifunctional delivery systems. When designing
ternary systems, we can plan to increase the strength of biological
action as a result of combining two active compounds, but also to
increase the strength of their biological action as a result of
improving physicochemical parameters.

Bearing in mind the knowledge about the interactions of cur-
cumin and piperine in vivo expressed as blocking the metabolic
deactivation of curcumin by piperine, we combined these two
components into a nutraceutical delivery system. We assessed the
changes in the biological properties of curcumin and piperine as a
result of preparation of the nutraceutical delivery system with
cyclodextrin. The same physicochemical limitation of curcumin
and piperine - low solubility — was eliminated by the design of
the nutraceutical delivery system involving 2-hydroxypropyl-
p-cyclodextrin as a carrier with solubilising properties. Similar
approaches have already been reported for different ternary sys-
tems, where solubility, stability and potency were modified. For
example Vieira, A. C. et al.*® described an increase of solubility
and stability for efavirenz according to ternary system formation
containing methyl-f-cyclodextrin and polyvinylpyrrolidone K-30.
Wang, D. et al.>* noted the enlargement of the solubility and sta-
bility of dihydroartemisinin after preparing the ternary system
with hydroxypropyl-$-cyclodextrin and lecithin. Ammar, H. O.
et al.*®> described the increase of dissolution efficiency of glimepir-
ide in ternary systems with water-soluble polymers (PEG 4000)
and cyclodextrins.

The nutraceutical system of curcumin and piperine with cyclo-
dextrin was prepared using kneading technique. All preparation
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Figure 1. XRPD diffraction patterns of curcumin, piperine, their physical mixture (ph. m.) and system with hydroxypropyl-B-cyclodextrin (HP-B-CD) obtained by knead-

ing method.

stages were repeatable, and incorporation processes were spon-
taneous as a result of mechanical action on system components.
The overall process for obtaining the nutraceutical curcumin -
piperine — 2-hydroxypropyl-f-cyclodextrin system was short, cheap
and low-waste. The identity of the resulting system was tested
using the following analytical techniques: XRPD, DSC, FT-IR
and NMR.

X-ray powder diffraction (XRPD) patterns of the tested samples
are shown in Figure 1. Well-defined peaks on piperine and curcu-
min patterns indicate that these compounds exist in highly crys-
talline forms. The pattern of 2-hydroxypropyl-S-cyclodextrin is
characteristic of an amorphous state. Diffractograms of the phys-
ical mixture and co-kneaded sample are aggregates of patterns of
the individual components. Analysis of XRPD data indicates that
the kneading method does not change the piperine and curcumin
crystalline phases, and therefore does not influence their physico-
chemical properties. Thus, possible differences in the solubility of
active compounds can only result from the use of cyclodextrin as
a carrier.

Thermodynamic parameters of tested substances were charac-
terised using the DSC technique. Thermograms obtained for
studied piperine, curcumin, their system with hydroxypropyl-
p-cyclodextrin obtained by kneading method and physical mix-
ture, presented in Figure 2, revealed a distinct difference in line-
shapes. The main broad and asymmetric peak between 375 and
410K (Trax = 384.5K) is observed for the physical mixture. We can
assume that the peak broadening is associated with the overlap
of the peak ascribed to the melting of the free piperine phase
(Trnax =402.1 K). For the system obtained by the kneading method
we can observe a new peak (marked by the grey arrow in Figure
2) located between 403 and 440K (Tax=422.1K). There is also
the difference in total enthalpy values characterising phase transi-
tions in both ternary combinations, where AH=—25.05J/g and
AH = —30.35J/g, for physical mixture and system obtained by the
kneading method, respectively.

FT-IR spectroscopy was a technique that accurately indicated
which curcumin and piperine domains were involved in the inter-
action with each other and the 2-hydroxypropyl-f-cyclodextrin
carrier. The analysis of changes in the location and intensity of the
characteristic bands was carried out based on the location of the
characteristic bands identified as a result of comparison with the

theoretical spectra of curcumin and piperine. Theoretical spectra
were obtained by calculations using the DFT approach with a
B3LYP functional and 6-31G(d,p) basis set (Supplementary
Materials Figures S1 and S2, Tables S1 and S2). The FT-IR spectra
of curcumin, piperine, 2-hydroxypropyl-f-cyclodextrin their phys-
ical mixture, as well as their nutraceutical system are shown in the
Figure 3. We observed the shift of the bands and changes in the
shapes of bands and their intensities for the nutraceutical curcu-
min - piperine - 2-hydroxypropyl-f-cyclodextrin system. The
changes are observed for both stretching vibrations of C-C, C=C,
C-0, C=0 bonds and bands corresponding to rocking, wagging
and twisting vibration of the C-H bonds. For example, for the
nutraceutical system of curcumin, piperine and cyclodextrin, the
bands related to the C=0, and C=C bonds are shifted by
1-4cm™' and are observed at 1628, 1589 and 1576cm .
Similarly, some bands mainly associated with the stretching vibra-
tions of the C-C, C-O bonds in piperine are shifted by a few
ecm~', and are located at 1489, 1368, 1252, 1157 and 1032cm™ .
Slight shifts are also observed for bands related to the stretching
vibration of the C-N bond in piperine and they are observed at
1138 and 1446 cm™'. The band observed at 3440 and 3433cm™'
for curcumin and piperine, respectively and related to the stretch-
ing vibration of the O-H bond for the nutraceutical curcumin -
piperine - 2-hydroxypropyl-f-cyclodextrin system is shifted to
3432cm ™. In addition to the band maxima shifts, changes in
band intensities are observed. The band at about 1589cm™’
related to the stretching vibration of the C=C bonds in phenyl
group and methyloendioxyphenyl rings has less intensity com-
pared to ones in pure components. Despite the complexity of the
nutraceutical system, it is possible to suggest that curcumin and
piperine interact with each other. It is possible to suggest that
phenyl rings are incorporated into the cavity of 2-hydroxypropyl-
p-cyclodextrin and induce changes of physicochemical properties.

All three bulk components HP-$-CD?®, piperine®’, and curcumin
(Supplementary Materials Figure S3) display characteristic '>*C NMR
signals positions as shown in Figure 4. The spectrum of physical
mixture reflects simple superposition of spectra observed for indi-
vidual components. On the contrary, it is worth pointing out that
the spectrum recorded for kneaded mixture could not be repro-
duced by a simple addition of constituent NMR spectra (blue,
green and red) taking into account solely the specified fractions
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Figure 2. DSC thermograms of curcumin, piperine, their physical mixture, and system with hydroxypropyl-B-cyclodextrin (HP-B-CD) obtained by kneading method.

Absorbance

M jhrcu min

HP-g-CD
Curcumin + Piperine
+ HP-B-CD ph. m.

Curcumin - Piperine
- HP-B-CD kneading

400 600 800 1000 1200

1400 1600

3000 3600

Wavenumber (cm’)

Figure 3. The experimental FT-IR of curcumin, piperine, their physical mixture, and system with hydroxypropyl-p-cyclodextrin (HP-B-CD) obtained by knead-

ing method.

of these three components. The spectrum of kneaded material
reveals substantial changes observed in the case of signals corre-
sponded to piperine. These signals seem undergo broadening
upon kneading which is seen in particular for C1 and C2 signals
highlighted by a dashed circle. Such broadening may indicate
both stiffening of the molecule and increase of the chemical shifts
distribution. Accordingly, directly form NMR data one can postu-
late quite significant piperine interaction with other components
in this particular case.

The effect of interactions between nutraceutical system compo-
nents: the curcumin and the piperine and their interactions with
the 2-hydroxypropyl-f-cyclodextrin carrier was evaluated in rela-
tion to changes in solubility and permeability through membranes
simulating gastrointestinal walls and the blood-brain barrier. As
mentioned, the low solubility of curcumin is a limitation for its
biological activity. Depending on the sources, curcumin is classi-
fied as belonging to group BCS Il (poor solubility, high permeabil-
ity) or group BCS IV (poor solubility, low permeability)**™'. Thus,
according to the BCS classification, modification of curcumin

solubility can induce changes in membrane permeability and
potentially increase its activity in vivo. A similar situation is present
in the case of piperine, which is also classified into group Il BCS*2.
The combination of both curcumin and piperine with cyclodextrin
increased their solubility (Figure 5). Curcumin showed an almost
48-fold increase in solubility, and it was the largest at 30 min from
the start of solubility studies. There was no increase in curcumin
solubility for the ternary physical mixture. The increase in piperine
solubility was twofold greater. This increase is sufficient for the
metabolic modifier function of piperine. According to f; values,
the dissolution profiles of curcumin and piperine in the nutraceut-
ical system are significantly different than profiles for
pure components.

The consequence of curcumin and piperine solubility modifica-
tion was an increase in their permeability through biological
membranes simulating the walls of the gastrointestinal tract and
the blood-brain barrier (Figures 6 and 7). Curcumin permeability
studies using the GIT PAMPA model showed that it reaches Py,
values 3.46 x 10 %cm s~ which allows it to be classified as a well



permeable substance in accordance with the guidelines that P,
value above 1x 10 %cm s~ describes substances as highly per-
meable®’. Therefore, as a starting point, we assume that curcumin
from the system under study belongs to the BCS classification
group Il. The higher permeability of curcumin in our research may
be the result of the impact of other curcuminoids present in the
raw material. Curcumin, after inclusion into the nutraceutical cur-
cumin - piperine - 2-hydroxypropyl-fi-cyclodextrin system,
increased its permeability almost thirty times (Pg,p 9.52 x 107°

s~"). It is worth noting that the preparation of the physical
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Figure 4. CP MAS 3C NMR spectra of HP-B-CD (blue), curcumin (green), piperine
(red), kneaded compounds (black), and physically mixed compounds (magenta).
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mixture of curcumin with piperine and 2-hydroxypropyl-f-cyclo-
dextrin resulted in an increase in curcumin permeability (Pgp,
5.91 x 10>cm s7"). In the case of piperine, an increase in perme-
ability was also determined. Similar to curcumin, the preparation
of the physical mixture of curcumin, piperine and hydroxypropyl-
p-cyclodextrin already resulted in higher permeability of piperine
through GIT PAMPA membranes (Pgp, 1.9 x107°cm s~ vs Pgpyp
45x10°cm s '). The highest P, value for piperine was
obtained on the nutraceutical curcumin - piperine - 2-hydroxy-
propyl-f-cyclodextrin system, and it was 7.15x10°cm s .
Lower P,,, values for piperine compared to curcumin correlate
with the obtained absolute values of their solubility. Shao, B.
et al.** also confirmed that preparation of a self-emulsifying drug
delivery of piperine increased its intestinal permeability about
1.3 time.

Curcumin and piperine have been shown to be able to act
within the CNS***>. As a pleiotropic effect of curcumin within the
central nervous system, anti-inflammatory, antioxidant, and anti-
protein-aggregate action are mentioned*®. Curcumin’s profile of
activity places it as an important nutraceutical candidate in the
prevention of neurodegenerative diseases such as Alzheimer’s,
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Figure 6. Values of apparent permeability coefficients of curcumin determined
for gastrointestinal permeability (A) and permeability through the blood-brain
barrier (B).
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Figure 5. Apparent solubility of curcumin (A) and piperine (B) in phosphate buffer (pH 6.8).
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Parkinson’s and stroke®”*®, Neuroprotective effects have also been
reported in piperine. S. Hua pointed out in preclinical studies on
the effect of piperine on neural apoptosis in the case of brain
damage in animals*. P. Shrivastava et al.>° confirmed that the
anti-inflammatory effect of piperine might inhibit the develop-
ment of Parkinson’s diseases. Our results confirm the possibility of
curcumin (P,p, 3.11x107>cm s™') and piperine (1.19 x 107> cm
s~ ") permeability through the blood-brain barrier. Both com-
pounds were classified as well permeable because they achieved
higher P,,, values than 4.0 x 107 °cm s~' . The preparation of
the curcumin and the piperine nutraceutical system with 2-
hydroxypropyl-f-cyclodextrin increased their permeability through
the blood-brain barrier (Pg,, 3.95x10°cm s ' and
3.77 x 10 >cm s ', respectively).

Antioxidant and radical scavenging properties of curcumin and
piperine as well as raw materials, in which they are present:
Curcuma longa and Piper nigrum are known’'>% In our studies,
the antioxidant properties of the nutraceutical system of curcumin
- piperine - 2-hydroxypropyl-$-cyclodextrin were tested using
DPPH radical. Vitamin C was used as the reference with 1Cs5o value
0.066 mg/mL (the concentration that is necessary to inhibit DPPH
radical formation by 50% - calculated using linear regression ana-
lysis). 1Csq value for curcumin is 0.161 mg/mL, while for piperine is
38.945 mg/mL. Changes in ICsy value (for curcumin to 0.151 mg/
mL and for piperine to 0.110 mg/mL) suggest a beneficial effect of
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Figure 7. Values of apparent permeability coefficients of piperine determined for
gastrointestinal permeability (A) and permeability through barrier blood-brain (B).

the nutraceutical curcumin - piperine - 2-hydroxypropyl-f-cyclo-
dextrin system on the antioxidant properties of its components.

Curcumin’s anti-inflammatory effectiveness has been studied a
number of times®™~®, It is believed that it can be expressed by
inhibiting the activity of many particles such as phospholipase, lip-
oxygenase, cyclooxygenase-ll, thromboxane, prostaglandins, colla-
genase, elastase, hyaluronidase, interferon, tumour necrosis factor,
interleukin-12°"%. In our research, we used a model of anti-
inflammatory activity expressed in inhibition of hyaluronidase,
conducting the turbidimetric evaluation. The results are presented
in the form of the ICsy value, i.e. the concentration that inhibits
the enzyme in 50%. Free curcumin inhibits hyaluronidase at the
ICso level of 6.04mg/mL Similarly, piperine acts, although this
effect is weaker (ICso 13.26 mg/mL). The preparation of curcumin
(29.59 mg/mL) and piperine (21.74 mg/mL) nutraceutical system
with 2-hydroxypropyl-S-cyclodextrin did not cause the complete
disappearance of hyaluronidase inhibition. Still, it reduced the
anti-inflammatory effect of curcumin and piperine by activating
this signalling pathway.

Antimicrobial activity of the curcumin - piperine - 2-hydroxy-
propyl-fS-cyclodextrin nutraceutical system was established using
the diffusion technique. Values of inhibition zones (mm) were
measured in order to express the activity of the nutraceutical sys-
tem against Gram (+), Gram (—) bacteria and pathogenic fungi
(Table 1). Curcumin and piperine activities were used as reference
values for inhibition zones (mm). In the case of the nutraceutical
system of curcumin, piperine and 2-hydroxypropyl-f-cyclodextrin,
an increase in activity against the following bacteria C. butyricum,
L. monocytogenes, B. subtillis, S. aureus, S. pyrogenes, P. aereuginosa
was reported. The enlargement of the inhibition zones (mm) is
due to the synergy of curcumin and piperine but also the pres-
ence of 2-hydroxypropyl-f-cyclodextrin. There was a decrease in
antimicrobial activity against E. faecalis and E. coli. Antimicrobial
activity for curcumin and piperine in free forms was previously
confirmed>%°, Also, 2-hydroxypropyl-f-cyclodextrin showed some
antibacterial effect®’, but more importantly, it increases bacteri-
cidal effect of other substances®?%®. Cyclodextrins, according to
many mechanisms, can counteract infections by decreasing anti-
biotic resistance via complexation®*, lowering the cell-to-cell (quo-
rum  sensing)  communication®®, and  blocking  pore-
forming toxins®.

It has been proven that acetylcholine activity was significantly
increased in Parkinson’s disease®’. A. J. Akinyemi et al.®®

Table 1. Antimicrobial activity of curcumin, piperine and curcumin - piperine — 2-hydroxypropyl-p-cyclodextrin system in the concentration 25 mg/

mL when dissolved in methanol and filtered.

Inhibition zone (mm) - Agar well diffusion technique

Curcumin + Piperine 4+ HP-B-CD Curcumin — Piperine — HP-B-CD

Curcumin Piperine (ph. m.) (kneading)
Microorganism 25mg/mL 25mg/mL 25mg/mL 25 mg/mL
C. difficile ATCC 9689 6.5 35 35 5.5
C. butyricum ATTC 860 5.5 5.5 4.0 7.0
L. monocytogenes ATCC 7644 5.0 5.0 4.5 6.0
B. subtillis ATCC 238557 8.5 7.0 6.0 10.0
E. faecalis ATTC 29212 10.5 9.0 2.0 45
S. aureus ATCC 25923 4.0 3.0 35 4.5
S. pyrogenes ATCC 19615 5.0 2.5 5.0 85
E. coli ATCC 25922 3.0 20 3.0 1.0
K. pneumoniae ATCC 31488 2.5 2.0 25 2.0
P. mirabilis ATCC 12453 3.0 1.0 3.0 20
S. typhimurium ATCC 14028 55 15 35 2.0
P. aereuginosa ATCC 27853 25 15 2.0 3.0
E. aerogenes ATCC 13048 25 1.0 1.0 1.0
C. krusei ATCC 14243 2.0 25 2.5 25
C. albicans ATTC 10231 45 25 25 3.0
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Figure 8. Activity of the nutraceutical system of curcumin, piperine and 2-hydroxypropyl-B-cyclodextrin vs curcumin vs piperine as acetylcholinesterase (A) and as

butyrylcholinesterase inhibitors (B).

demonstrated that curcumin altered acetylcholinesterase genes.
Piperine also has an effect on acetylcholinesterase activity as an
inhibitor®®. What's more, piperine strengthened the protective
potential of curcumin against chronic unpredictable stress-induced
cognitive impairment and oxidative damage in mice’®. In our
research, we evaluated the possibility acetylcholinesterase and
butyrylcholinesterase inhibition by the nutraceutical curcumin —
piperine — 2-hydroxypropyl-f-cyclodextrin system, with respect to
enzyme inhibition by both components separately. Analysis of the
results shows that curcumin and piperine after inclusion into 2-
hydroxypropyl-f-cyclodextrin show stronger inhibition of acetyl-
cholinesterase and butyrylcholinesterase. The nutraceutical curcu-
min - piperine - 2-hydroxypropyl-f-cyclodextrin system is more
potent as an acetylcholinesterase inhibitor than butyrylcholinester-
ase (Figure 8). The ability to inhibit acetylcholinesterase and butyr-
ylcholinesterase by the nutraceutical system is of particular
importance in light of the increased blood-brain barrier perme-
ability proven in our studies.

4. Conclusions

Using a simple and cheap preparation technique, we received a
nutraceutical curcumin - piperine - 2-hydroxypropyl-f-cyclodex-
trin system. An increase in the solubility of curcumin and piperine,
as well as permeability through membranes simulating the gastro-
intestinal walls and blood-brain barrier, suggest higher biological
effectiveness in vivo of the nutraceutical system. In vitro screening
of pharmacological activity shown synergy of curcumin and piper-
ine concerning antioxidant and antibacterial activity as well as
acetylcholinesterase and butyrylcholinesterase inhibition. Bearing
in mind that piperine acts as a metabolic modifier of curcumin,
we are justified in the hope that the use of the ternary nutraceut-
ical system of curcumin, piperine and 2-hydroxypropyl-f-cyclodex-
trin will contribute to more effective prevention of diseases of
infectious or neurodegenerative aetiology.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The scientific work was performed within the project “Uniwersalna
platforma modutowa do przeprowadzania badan uwalniania symu-
lujacych warunki fizjologiczne dla doustnych postaci leku” sup-
ported by The National Centre for Research and Development in
the program EUROSTARS-2.

ORCID

Anna Stasitowicz (®) http://orcid.org/0000-0001-5211-661X

Ewa Tykarska http://orcid.org/0000-0001-9393-3536

Kornelia Lewandowska http://orcid.org/0000-0002-2063-7805
Maciej Kozak http://orcid.org/0000-0003-3312-6518

Andrzej Miklaszewski http://orcid.org/0000-0001-6792-4281
Joanna Kobus-Cisowska http://orcid.org/0000-0003-2834-0405
Daria Szymanowska http://orcid.org/0000-0002-4665-1576
Tomasz Plech http://orcid.org/0000-0002-8162-8435

Jacek Jenczyk http://orcid.org/0000-0003-1700-6719

Judyta Cielecka-Piontek (&) http://orcid.org/0000-0003-0891-5419

References

1. Liu Z, Huang P, Law S, et al. Preventive effect of curcumin
against chemotherapy-induced side-effects. Front Pharmacol
2018;9:1374.

2. Sebastia N, Montoro A, Montoro A, et al. Assessment in vitro
of radioprotective efficacy of curcumin and resveratrol.
Radiat Meas 2011,;46:962-6.

3. Hewlings SJ, Kalman DS. Curcumin: a review of its’ effects
on human health. Foods 2017;6:92.

4. Rahmani AH, Alsahli MA, Aly SM, et al. Role of curcumin in
disease prevention and treatment. Adv Biomed Res 2018;7:
38.

5. Soleimani V, Sahebkar A, Hosseinzadeh H. Turmeric
(Curcuma longa) and its major constituent (Curcumin) as
nontoxic and safe substances: review. Phytother Res 2018;
32:985-95.

6. Li N, Wang N, Wu T, et al. Preparation of curcumin-hydroxy-
propyl-p-cyclodextrin inclusion complex by cosolvency-



1820 (&) A. STASHOWICZ ET AL.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

lyophilization procedure to enhance oral bioavailability of
the drug. Drug Dev Ind Pharm 2018;44:1966-74.

Shoba G, Joy D, Joseph T, et al. Influence of piperine on the
pharmacokinetics of curcumin in animals and human volun-
teers. Planta Med 1998;64:353-6.

Shang L, Nienhaus K, Nienhaus GU. Engineered nanopar-
ticles interacting  with  cells: size  matters. J
Nanobiotechnology 2014;12:5.

Cheng C, Peng S, Li Z, et al. Improved bioavailability of cur-
cumin in liposomes prepared using a pH-driven, organic
solvent-free, easily scalable process. RSC Adv 2017;7:
25978-86.

Schiborr C, Kocher A, Behnam D, et al. The oral bioavailabil-
ity of curcumin from micronized powder and liquid micelles
is significantly increased in healthy humans and differs
between sexes. Mol Nutr Food Res 2014;58:516-27.

Guo LD, Shen YQ, Zhao XH, et al. Curcumin combined with
oxaliplatin effectively suppress colorectal carcinoma in vivo
through inducing apoptosis. Phytother Res 2015;29:357-65.
Ferrari E, Lazzari S, Marverti G, et al. Synthesis, cytotoxic and
combined cDDP activity of new stable curcumin derivatives.
Bioorg Med Chem 2009;17:3043-52.

Mangolim CS, Moriwaki C, Nogueira AC, Sato F, et al.
Curcumin-f-cyclodextrin inclusion complex: stability, solubil-
ity, characterisation by FT-IR, FT-Raman, X-ray diffraction and
photoacoustic spectroscopy, and food application. Food
Chem 2014;153:361-70.

Yadav VR, Suresh S, Devi K, Yadav S. Effect of cyclodextrin
complexation of curcumin on its solubility and antiangio-
genic and anti-inflammatory activity in rat colitis model.
AAPS PharmSciTech 2009;10:752-62.

Celebioglu A, Uyar T. Fast-dissolving antioxidant curcumin/
cyclodextrin inclusion complex electrospun nanofibrous
webs. Food Chem 2020;317:126397.

Gorgani L, Mohammadi M, Najafpour GD, Nikzad M.
Piperine—the bioactive compound of black pepper: from
isolation to medicinal formulations. Compr Rev Food Sci
Food Saf 2017;16: 124-40.

Quilaqueo M, Millao S, Luzardo-Ocampo |, et al. Inclusion of
piperine in fS-cyclodextrin complexes improves their bioac-
cessibility and in vitro antioxidant capacity. Food
Hydrocolloids 2019;91:143-52.

Ezawa T, Inoue Y, Tunvichien T, et al. Changes in the physi-
cochemical properties of piperine/f-cyclodextrin due to the
formation of inclusion complexes. Int J Med Chem 2016;
2016:8723139.

Dong L, Mai Y, Liu Q, et al. Mechanism and improved dissol-
ution of glycyrrhetinic acid solid dispersion by alkalizers.
Pharmaceutics 2020;12:82.

Marciniec B, Kozak M, Ogrodowczyk M. DSC study of radio-
stability of 1,4-dihydropyridine derivatives. J Therm Anal
Calorim 2004;77:581-596.

Marciniec B, Stawny M, Kozak M, Naskrent M. The influence
of radiation sterilization on thiamphenicol. Spectrochim Acta
A Mol Biomol Spectrosc 2008;69: 865-870.

Marciniec B, Kozak M, Wachowski L, Ogrodowczyk M.
Evaluation of radiostability of some steroid derivatives. J
Therm Anal Calorim 2003;73:473-485.

Marciniec B, Kozak M, Dettlaff K. Thermal analysis in evalu-
ation of the radiochemical stability of some fungicidal drugs.
J Therm Anal Calorim 2004;77: 305-317.

Anderson NH, Bauer M, Boussac N, et al. An evaluation of fit
factors and dissolution efficiency for the comparison of

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

in vitro dissolution profiles. J Pharm Biomed Anal 1998;17:
811-822.

Flanner H, Moore JW. Mathematical comparison of curves
with an emphasis on dissolution profiles. Pharm Technol
1996;20:64-74.

Prior A, Frutos P, Correa CP. Comparison of dissolution pro-
files: current guidelines. Doncencia 2010;507-509.

Fischer H, Kansy M, Avdeef A, Senner F. Permeation of per-
manently positive charged molecules through artificial
membranes - influence of physico-chemical properties. Eur J
Pharm Sci 2007;31:32-42.

Di L, Kerns EH, Fan K, et al. High throughput artificial mem-
brane permeability assay for blood-brain barrier. Eur J Med
Chem 2003;38:223-32.

Studzinska-Sroka E, Piotrowska H, Kucinska M, et al.
Cytotoxic activity of physodic acid and acetone extract from
Hypogymnia physodes against breast cancer cell lines.
Pharm Biol 2016;54:2480-2485.

Grabowska K, Podolak I, Galanty A, et al. In vitro anti-
denaturation and anti-hyaluronidase activities of extracts
and galactolipids from leaves of Impatiens parviflora DC. Nat
Prod Res 2016;30:1219-1223.

Ellman GL, Courtney KD, Andres V, Feather-Stone RM. A new
and rapid colorimetric determination of acetylcholinesterase
activity. Biochem. Pharmacol 1961;7:88-95.

Kobus-Cisowska J, Szymanowska D, Maciejewska P, et al. In
vitro screening for acetylcholinesterase and butyrylcholines-
terase inhibition and antimicrobial activity of chia seeds
(Salvia hispanica). Electron J Biotechnol 2019;37:1-10.

Vieira AC, Ferreira Fontes DA, Chaves LL, Alves LD, de
Freitas Neto JL, et al. Multicomponent systems with cyclo-
dextrins and hydrophilic polymers for the delivery of
Efavirenz. Carbohydr Polym 2015;130:133-40.

Wang D, Li H, Gu J, et al. Ternary system of dihydroartemisi-
nin with hydroxypropyl-f-cyclodextrin and lecithin: simultan-
eous enhancement of drug solubility and stability in
aqueous solutions. J Pharm Biomed Anal 2013;83:141-8.
Ammar HO, Salama HA, Ghorab M, Mahmoud AA.
Formulation and biological evaluation of glimepiride-cyclo-
dextrin-polymer systems. Int J Pharm 2006;309: 129-38.
Pessine FBT, Calderini A, Alexandrino GL. Review:
Cyclodextrin inclusion complexes probed by NMR techni-
ques. In: Kim DH, ed. Magnetic resonance spectroscopy.
IntechOpen; 2012:237-264.

Nesterova M, Cobra PF, Markley JL. Data from: Biological
Magnetic Resonance Data Bank. National Magnetic
Resonance Facility at Madison.

Paolino D, Vero A, Cosco D, et al. Improvement of oral bio-
availability of curcumin upon microencapsulation with
methacrylic copolymers. Front Pharmacol 2016;7:485.

John MK, Xie H, Bell EC, Liang D. Development and pharma-
cokinetic evaluation of a curcumin co-solvent formulation.
Anticancer Res 2013;33: 4285-91.

Hu L, Shi Y, Li JH, et al. Enhancement of oral bioavailability
of curcumin by a novel solid dispersion system. AAPS
PharmSciTech 2015;16: 1327-34.

Wan S, Sun Y, Qi X, Tan F. Improved bioavailability of poorly
water-soluble drug curcumin in cellulose acetate solid dis-
persion. AAPS PharmSciTech 2012;13: 159-66.

Murti YB, Hartini YS, Hinrichs WLJ, et al. UV-Vis spectroscopy
to enable determination of the dissolution behavior of solid
dispersions containing curcumin and piperine. J Young
Pharm 2019;11:26-30.



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

Shao B, Cui C, Ji H, et al. Enhanced oral bioavailability of
piperine by selfemulsifying drug delivery systems: in vitro,
in vivo and in situ intestinal permeability studies. Drug Deliv
2015;22:740-7.

Kulkarni SK, Dhir A. An overview of curcumin in neurological
disorders. Indian J Pharm Sci 2010;72:149-154.

Subedee L, Suresh RN, Jayanthi MK, et al. Preventive role of
Indian black pepper in animal models of Alzheimer's dis-
ease. J Clin Diagn Res 2015;9:FFO1-FF04.

Cole GM, Teter B, Frautschy SA. Neuroprotective effects of
curcumin. Adv Exp Med Biol 2007;595:197-212.

Mishra S, Palanivelu K. The effect of curcumin (turmeric) on
Alzheimer's disease: an overview. Ann Indian Acad Neurol
2008;11:13-19.

Lan C, Chen X, Zhang Y, et al. Curcumin prevents strokes in
stroke-prone spontaneously hypertensive rats by improving
vascular endothelial function. BMC Cardiovasc Disord 2018;
18:43.

Hua S, Liu J, Zhang Y, et al. Piperine as a neuroprotective
functional component in rats with cerebral ischemic injury.
Food Sci Nutr 2019;7:3443-3451.

Shrivastava P, Vaibhav K, Tabassum R, et al. Anti-apoptotic
and anti-inflammatory effect of Piperine on 6-OHDA induced
Parkinson’s rat model. J Nutr Biochem 2013;24:680-7.
Maithilikarpagaselvi N, Sridhar MG, Sripradha R. Evaluation
of free radical scavenging activities and phytochemical
screening of Curcuma longa extracts. J Young Pharm 2020;
12:113-117.

Mittal R, Gupta RL. In vitro antioxidant activity of piperine.
Methods Find Exp Clin Pharmacol 2000;22:271-4.

Ak T, Gulgin I. Antioxidant and radical scavenging properties
of curcumin. Chem Biol Interact 2008;174:27-37.

Gllgin I. The antioxidant and radical scavenging activities of
black pepper (Piper nigrum) seeds. Int J Food Sci Nutr 2005;
56:491-9.

Huang MT, Lysz T, Ferraro T, Abidi TF, et al. Inhibitory
effects of curcumin on in vitro lipoxygenase and cyclooxy-
genase activities in mouse epidermis. Cancer Res 1991;51:
813-9.

Yu Y, Shen Q, Lai Y, et al. Anti-inflammatory effects of curcu-
min in microglial cells. Front Pharmacol 2018;9:386.

Menon VP, Sudheer AR. Antioxidant and anti-inflammatory
properties of curcumin. Adv Exp Med Biol 2007;595:
105-25.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 1821

Chainani-Wu N. Safety and anti-inflammatory activity of cur-
cumin: a component of tumeric (Curcuma longa). J Altern
Complement Med 2003;9:161-8.

Gunes H, Gulen D, Mutlu R, et al. Antibacterial effects of cur-
cumin: an in vitro minimum inhibitory concentration study.
Toxicol Ind Health 2016;32:246-50.

Aldaly ZTK. Antimicrobial activity of piperine purified from
Piper nigrum. J Bas Res 2010;36: 54-61.

Zhang HM, Li Z, Uematsu K, et al. Antibacterial activity of
cyclodextrins against Bacillus strains. Arch Microbiol 2008;
190:605-9.

Mizera M, Szymanowska D, Stasitowicz A, et al. Computer-
aided design of cefuroxime axetil/cyclodextrin system with
enhanced solubility and antimicrobial activity. Biomolecules
2020;10:24.

Paczkowska M, Szymanowska-Powatowska D, Mizera M,
et al. Cyclodextrins as multifunctional excipients: influence
of inclusion into f-cyclodextrin on physicochemical and bio-
logical properties of tebipenem pivoxil. PLoS ONE 2019;14:
e0210694.

Athanassiou G, Michaleas S, Lada-Chitiroglou E, et al.
Antimicrobial activity of beta-lactam antibiotics against clin-
ical pathogens after molecular inclusion in several cyclodex-
trins. A novel approach to bacterial resistance. J Pharm
Pharmacol 2003;55:291-300.

Morohoshi T, Tokita K, Ito S, et al. Inhibition of quorum
sensing in gram-negative bacteria by alkylamine-modified
cyclodextrins. J Biosci Bioeng 2013;116:175-9.

Karginov VA. Cyclodextrin derivatives as anti-infectives. Curr
Opin Pharmacol 2013;13:717-25.

Fedorova T, Knudsen CS, Mouridsen K, et al. Salivary acetyl-
cholinesterase activity is increased in Parkinson’s disease: a
potential marker of  parasympathetic  dysfunction.
Parkinson’s Disease 2015;2015:156479.

Akinyemi AJ, Oboh G, Ogunsuyi O, et al. Curcumin-supple-
mented diets improve antioxidant enzymes and alter acetyl-
cholinesterase genes expression level in Drosophila
melanogaster model. Metab Brain Dis 2018;33:369-375.
Okello EJ, Coleman AW, Seal CJ. In-vitro anti-cholinesterase
activities by piperine, an alkaloid from the spice family
piperaceae. 1JPSR 2015;6:3726-32.

Rinwa P, Kumar A. Piperine potentiates the protective
effects of curcumin against chronic unpredictable stress-
induced cognitive impairment and oxidative damage in
mice. Brain Res 2012;1488:38-50.



	Abstract
	Introduction
	Experimental part
	Raw materials and reagents
	Identification of turmeric extract
	Preparation of curcumin – piperine – 2-hydroxypropyl-β-cyclodextrin nutraceutical system
	Identification of curcumin – piperine – 2-hydroxypropyl-β-cyclodextrin nutraceutical system
	X-ray powder diffraction (XRPD)
	Differential scanning calorimetry
	Infrared spectroscopy and DFT calculations
	Solid state NMR analysis

	Apparent solubility and permeability through membranes simulating gastrointestinal walls and brain–blood barrier of the curcumin – piperine – 2-hydroxypropyl-β-cyclodextrin nutraceutical system
	Biological activity of the curcumin – piperine – 2-hydroxypropyl-β-cyclodextrin nutraceutical system
	Antioxidant activity
	Determination of hyaluronidase inhibition
	Determination of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) inhibition
	Determination of antimicrobial activity


	Results and discussion
	Conclusions
	Disclosure statement
	Funding
	References


