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RAZŠIRJENI POVZETEK
Številne raziskave so potrdile antioksidativno, protitumorno in protivnetno delovanje
kurkumina; poleg tega so v raziskavah dokazali, da je njegova uporaba varna tako pri
ljudeh kot tudi pri živalih. Klinične študije pa so pokazale le majhno učinkovitost po
peroralnem vnosu, saj je biološka uporabnost kurkumina majhna, kar je posledica slabe
vodotopnosti, majhne absorpcije, hitrega metabolizma in eliminacije iz telesa. Tako ostaja
velik izziv razvoj novih formulacij in farmacevtskih oblik, ki bodo povečale učinkovitost
zdravljenja s kurkuminom.
Cilj tega magistrskega dela je bil razvoj in vrednotenje farmacevtske oblike za inhaliranje s
kurkuminom vgrajenim v nanodostavni sistem. Na ta način smo skušali povečati topnost
kurkumina v vodnem mediju z vgrajevanjem v nanodostavni sistem iz dekalinija DQAsome, ovrednotiti lastnosti DQAsomov, stabilnost kurkumina v DQAsomih pri
različnih pH-jih, antioksidativne lastnosti kurkumina v nanodostavnem sistemu in z
uporabo in vitro modela dihalnega trakta preveriti lastnosti aerosola formulacije z
DQAsomi, v zadnjem delu pa ugotavljali, ali z DQAsomi lahko dosežemo ciljano dostavo
kurkumina v mitohondrije.
Za pripravo DQAsomov s kurkuminom smo uporabili dve metodi: metodo tankega filma in
dializno metodo. DQAsome smo izdelali z različnimi molarnimi razmerji med
kurkuminom in dekalinijem (molarno razmerje dekalinij : kurkumin 2 : 1, 1 : 1, 1 : 2 in
1 : 3). Pogoje izdelave smo spreminjali (temperatura rehidriranja tankega filma, čas
soniciranja, uporaba centrifugiranja) s ciljem, da bi dosegli čim večjo vsebnost in
učinkovitost vgrajevanja kurkumina v nanosistem. DQAsome smo fizikalno ovrednotili
(povprečna velikost, zeta potencial) in s HPLC analizo ugotavljali učinkovitost vgrajevanja
in vsebnost kurkumina. Morfološke značilnosti DQAsomov smo določili s pomočjo
presevne elektronske mikroskopije. Disperzijo DQAsomov s kurkuminom smo liofilizirali
brez in s krioprotektantom, da bi tako pripravili dolgoročno stabilno obliko s kurkuminom.
Lastnosti liofilizata smo ovrednotili tako, da smo ga redispergirali v vodi pod različnimi
pogoji. Liofilizirane formulacije brez krioprotektanta smo analizirali z X-žarkovno
difrakcijo in diferenčno dinamično kalorimetrijo z namenom, da bi ugotovili, v kakšni
kristalni obliki je vgrajen kurkumin. Z infrardečo spektroskopijo s Fourierjevo
transformacijo pa smo ugotavljali interakcije med obema komponentama DQAsomov tj.
med dekalinijem in kurkuminom. Stabilnost DQAsomov smo preverjali v vodnih medijih z
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različnimi pH-ji. Spremembo povprečne velikosti, naboja in učinkovitost vgrajevanja smo
določili po 40 dneh od priprave DQAsomov. Formulacije DQAsomov smo ovrednotili z
antioksidativnim testom takoj po izdelavi in po 60 dneh ter rezultate primerjali z
antioksidativno aktivnostjo samega kurkumina in kvercetina kot standarda. Velikost kapljic
aerosola je ključnega pomena za uspešno dostavo učinkovine v pljuča, zato smo s
farmakopejsko metodo preverjali lastnosti aerosola nebulirane formulacije DQAsomov.
Vstop DQAsomov s kurkuminom in ciljanje mitohondrijev smo ugotavljali in vitro na
celični liniji Caco-2 s pomočjo specifičnega fluorescenčnega barvanja in konfokalne
mikroskopije.
Metoda tankega filma se je izkazala kot zelo uspešna v primerjavi z dializno metodo, kjer
DQAsomi s kurkuminom niso nastali. Priprava delcev pri 80 °C in daljšim časom
soniciranja je bila bolj učinkovita kot izdelava DQAsomov pri 25 °C, kar se je izkazalo kot
manjša povprečna velikost delcev (npr. ~160 nm v primerjavi s ~175 nm) in večja vsebnost
(npr. 9 % v primerjavi s 23 %) in učinkovitost vgrajevanja (npr. 36 % v primerjavi s 87 %)
kurkumina (zapisane vrednosti so primerjava za DQAsome z molarnim razmerjem
dekalinij : kurkumin 2 : 1). Velikost DQAsomov, ki smo jih pripravili pri 80 °C, je bila
med 160 in 205 nm in zeta potencial ~50 mV. Velikost DQAsomov je naraščala z
vsebnostjo kurkumina v nanosistemu, učinkovitost vgrajevanja pa je bila neodvisna (~90
%) od molarnega razmerja med dekalinijem in kurkuminom, ki smo ga uporabili za
izdelavo. Kurkumin je bil vgrajen v DQAsome z vsebnostjo do 61 %.
Ugotovili smo, da se je zgradba DQAsomov pri liofilizaciji delno porušila, saj liofilizatov
ne glede na prisotnost krioprotektanta nismo mogli uspešno redispergirati. Le 10 %
formulacije DQAsomov (vrednoteno glede na kurkumin) z molarnim razmerjem
dekalinij : kurkumin 2 : 1 in z dodano 5 % laktozo monohidratom kot krioprotektantom
smo uspešno redispergirali v vodi. Tako difraktogrami X-žarkovne difrakcije brez ostrih
vrhov pri liofiliziranem vzorcu DQAsomov kot tudi prisotnost steklastega prehoda na
krivulji istega vzorca pridobljene z diferenčno dinamično kalorimetrijo sta potrdili amorfno
stanje obeh sestavin v vzorcu, kar je lahko posledica vgrajevanja kurkumina v strukturo
DQAsomov ali same liofilizacije. Pri spektrih pridobljeni z infrardečo spektroskopijo s
Fourierjevo transformacijo so bili vidni premiki vrhov, zmanjšana ločljivost in intenziteta
določenih vrhov, nekateri vrhovi so pri liofiliziranih vzorcih DQAsomov celo izginili v
primerjavi s spektri samega kurkumina, dekalinija in njune fizikalne mešanice.
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Spremembe, ki smo jih opazili smo pripisali vodikovim vezem in hidrofobnim
interakcijam, ki se pojavijo med kurkuminom in dekalinijem v DQAsomih.
Oblika DQAsomov s kurkuminom je bila nepravilno okrogla z na videz močno nagubano
površino, medtem ko je bila oblika praznih DQAsomov pravilno okrogla. Tudi morfologija
vzorca DQAsomov s kurkuminom po 40 dneh je bila nespremenjena. Velikost delcev na
slikah pridobljenimi s presevnim elektronskim mikroskopom se je ujemala z velikostjo
DQAsomov v disperziji, ki smo jo izmerili z metodo dinamičnega sipanja laserske svetlobe
tj. 160,7 ± 2,9 nm.
DQAsomi s kurkuminom, ki smo jih izdelali iz dekalinija in kurkumina v molarnem
razmerju 2 : 1, so izkazali fizikalno stabilnost v vodi in vodnem mediju s pH 1,2 tekom
40 h, medtem ko smo pri vzorcu samega kurkumina opazili nestabilnost tj. obarjanje
kurkumina. Rezultat dokazuje, da smo z vgrajevanjem kurkumina v nanodostavni sistem z
dekalinijem uspeli povečati njegovo topnost v vodnem mediju. DQAsomi s kurkuminom,
ki smo jih izdelali iz dekalinija in kurkumina v molarnem razmerju 1 : 2, so bili manj
stabilni, saj smo pri pH 1,2 opazili obarjanje, medtem ko je bila formulacija v vodi
stabilna. Pri pH 13 je sam kurkumin podvržen hitremu razpadu, medtem ko v DQAsomih
kationi dekalinija delno stabilizirajo negativno nabito deprotonirano obliko kurkumina (za
~30 % v primerjavi s prostim kurkuminom v vodi). Stabilizacijski učinek dekalinija je bil
manjši v primeru DQAsomov z večjo količino vgrajenega kurkumina.
Velikost in zeta potencial DQAsomov v disperziji se pri sobnih pogojih v časovnem
obdobju 40 dni nista signifikantno spremenila, medtem ko sta se vsebnost in učinkovitost
vgrajevanja zmanjšala za najmanj 20 %. Večja kot je bila vsebnost kurkumina, bolj so bili
DQAsomi nestabilni in bolj se je s staranjem zmanjšala učinkovitost vgrajevanja.
Antioksidativna aktivnost DQAsomov s kurkuminom takoj po izdelavi in po 60 dneh je
bila nespremenjena. Tako lahko sklepamo, da sam postopek priprave kot tudi staranje
vzorca ne vplivata na antioksidativno aktivnost kurkumina v DQAsomih. Z vgrajevanjem
kurkumina v nanodostavni sistem pa se je antioksidativna aktivnost kurkumina v
primerjavi s samim kurkuminom v vodi izboljšala.
DQAsome, ki smo jih izdelali iz dekalinija in kurkumina v molarnem razmerju dekalinj :
kurkumin 2 : 1, so izkazovali najboljšo fizikalno stabilnost med izdelanimi formulacijami,
zato smo jih izbrali za vrednotenje lastnosti aerosola po nebuliranju. Disperzijo
DQAsomov smo nebulirali z nebulatorjem na zračni tok in vrednotili dostavo v različna
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področja aparature, ki smo jo uporabili kot in vitro model dihalnega trakta. Tako smo
proučevali odlaganje nebulirane formulacije v grlu, zgornjem in spodnjem delu dihalnih
poti. Kar 85 % dovedenega odmerka kurkumina je doseglo spodnji del aparature, ki
predstavlja spodnje dihalne poti. Rezultat kaže zelo dobre inhalacijske lastnosti formulacije
DQAsomov.
In vito poskusi na celični liniji Caco-2 so potrdili vstop kurkumina v celice. S
fluorescenčnim barvanjem celičnih organelov (mitohondrijev in jeder) smo s pomočjo
kolokalizacije fluorescence ugotovili, da se je kurkumin po vstopu v celice lokaliziral v
glavnini v mitohondrijih.
Z izdelavo nanodostavnega sistema na osnovi dekalinija smo uspeli povečati vodotopnost
kurkumina iz 22 ng/ml na 9,3 x 106 ng/ml. Tudi učinkovitost vgrajevanja v DQAsome je
bila zelo velika (~90 %). Kljub vsemu pa se je izkazalo, da je večja vsebnost kurkumina v
DQAsomih povzročila nestabilnost njihove strukture v vodi, vodnem mediju s pH 1,2 in 13
ter vodi in raztopini soli. Delci z najnižjim molarnim razmerjem dekalinij : kurkumin
(2 : 1) pa so izkazali stabilnost pri vodnem mediju s pH 1,2 in v vodi ter za tretjino
zmanjšali kemijski razpad kurkumina pri pH 13. Antioksidativna aktivnost kurkumina se je
po vgrajevanju v DQAsome ohranila. Aerosol nebulirane formulacije DQAsomov s
kurkuminom je izkazoval ustrezne lastnosti za učinkovito dostavo kurkumina v pljuča. S
poskusom na celicah smo dokazali učinkovito dostavo in ciljanje mitohondrijev z
DQAsomi. Na podlagi rezultatov lahko zaključimo, da DQAsomi s kurkuminom
predstavljajo novo formulacijo, ki kaže obetavne lastnosti za učinkovito dostavo
kurkumina v pljuča in omogoča ciljano dostavo na subceličnem nivoju tj. ciljanje
mitohondrijev.
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kurkumin • nanodostavni sistemi • DQAsomi • dostava učinkovin v pljuča • ciljanje
mitohondrijev
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ABSTRACT
Curcumin has potent antioxidant and anti-inflammatory activities, but low bioavailability
due to poor aqueous solubility, low oral absorption, and rapid metabolism. Our study
aimed to improve the solubility and stability of curcumin by incorporating it in a
nanodelivery system. We also aimed to enhance curcumin bioavailability by formulating it
for pulmonary delivery, and to further improve its antioxidant properties by targeted
delivery to cell mitochondria.
Thin-film and dialysis methods were used for preparation of curcumin loaded DQAsomes
(vesicles based on dequalinium), which were characterized physicochemically.
Among these, only thin film method enabled formulation of curcumin loaded DQAsomes.
Curcumin was incorporated in DQAsomes with high drug loading (up to 61%) and high
entrapment efficiency (~90%). The average size of DQAsomes was 160–200 nm, with zeta
potential of ~50 mV and irregular spherical morphology, with wrinkles visible on particle
surface. Only 10% of freeze-dried formulation was successfully redispersed. Curcumin in
DQAsomes was in amorphous state, as confirmed by differential scanning calorimetry and
X-ray powder diffraction. Fourier-transform infrared spectroscopy study confirmed
presence of hydrogen bonds and hydrophobic interactions between dequalinium and
curcumin in DQAsomes. Curcumin in DQAsomes with a molar ratio of 1:2
(dequalninium:curcumin) was stable at pH 1.2, and the extent of curcumin alkaline
hydrolysis at pH 13 was reduced. Average size and zeta potential of DQAsomes remained
unchanged over 40 days, but drug loading decreased by minimum of 20%. Nebulization
using a jet nebulizer resulted in more than 85% of curcumin being deposited in the lower
stage of two-stage impinger (used as an in vitro model of respiratory tract) indicating good
aerosol properties for alveolar drug delivery. Formulation of curcumin in DQAsomes
enhanced its antioxidant activity, which remained unaltered over 60 days. Preliminary
studies in human epithelial cell line Caco-2 confirmed mitochondrial targeting properties
of our curcumin DQAsomes.
The high loading efficiency, enhanced solubility and stability, successful nebulization,
retention of antioxidant activity and potential for mitochondrial targeting demonstrate
curcumin loaded DQAsomes as a novel and promising therapeutic approach for pulmonary
delivery of curcumin.
X

KEYWORDS
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1 INTRODUCTION
1.1 CURCUMIN
Turmeric rhizoma from plant Curcuma longa is a source of hydrophobic phenolic
compounds called curcuminoids. A purified extract of Curcuma longa contains a mixture
of three curcuminoids, i.e. curcumin (75–81%), demethoxycurcumin (15–19%) and
bisdemethoxycurcumin (2.2–6.6%) (Figure 1).

Figure 1: Chemical structure of curcumin: R1=R2=OCH3, demethoxycurcumin: R1=H; R2=OCH3, and
bisdemethoxycurcumin: R1=R2=H.

Curcuminoids dissolved in organic solvents exhibit strong absorption between 420–430
nm. Therefore, spectrophotometric analysis can be employed for determination of
curcumin concentration in a solution. The samples can be pre-separated by reversed-phase
high performance liquid chromatography (HPLC) (1).
1.1.1 Chemical stability of curcumin
The pKa values for dissociation of three acidic protons in curcumin have been determined
to be 7.8, 8.5, and 9.0. Curcumin is predominantly in neutral form (i.e. at pH below 7) is
yellow and has extremely poor aqueous solubility (3 x 10-8 M or 11 ng/ml) (2, 3). The
solubility increases in alkaline conditions and curcumin is deprotonated, resulting in deep
red colour (2). This form is rapidly hydrolysed into feruloylmethane, ferulic acid, and
vanillin (Figure 2) (4). Light also induces degradation of curcumin (2).
1.1.2 Therapeutic properties of curcumin
Curcumin shows a wide range of pharmacological effects, such as antimicrobial,
anticancer and chemopreventive in many different types of cancer, hepatoprotective,
platelet antiaggregatory, antioxidant and anti-inflammatory, which have been tested for
prevention and treatment of various pro-inflammatory chronic diseases, such as various
neurologic

and

cardiovascular

diseases,
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diabetes,

allergies,

asthma,

bronchitis,

inflammatory bowel disease, rheumatoid arthritis, renal ischemia, psoriasis, scleroderma,
and acquired immunodeficiency disease (AIDS) (5, 6).
Curcumin:

keto-form

enol-form

deprotonated

deprotonated

deprotonated

+

feruloylmethane

ferulic carboxylate

+

deprotonated vanillin

acetone

Figure 2: Degradation of curcumin under alkaline conditions (pH 13).

There have been some already completed and on-going clinical trials with curcumin for the
treatment of external cancerous lesion, advanced solid tumour, T-cell lymphoma,
colorectal and pancreatic cancer. Some clinical trials have already successfully passed
phase II (6). Toxicological tests demonstrated that application of curcumin is safe, but it
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may cause some adverse reactions such as gastric irritation, stomach upset, nausea,
diarrhoea, allergic skin reactions, and antithrombotic activity interfering with blood
clotting (7).
1.1.2.1 The therapeutic properties of curcumin in treatment of lung diseases
Curcumin has been widely investigated in many studies focused on treatment of lung
diseases. The results showed that curcumin can be successfully employed in prevention
and treatment of lung cancer (8, 9). Treatment of acute lung injury with curcumin caused
significant inhibition of inflammatory response, exerted protective effects and significantly
increased the survival rate in an animal model (40-50%) (10-13). In several studies on rats
application of curcumin in pulmonary fibrosis caused by chemotherapeutic drugs have
been tested. The results demonstrated that curcumin is a potent anti-inflammatory and antifibrotic agent (14, 15). In inflammation and oxidative stress curcumin plays a protective
and modulation role and it alleviates pathological changes in asthma (16). A soluble
curcumin derivative (NDS27) was demonstrated to have potent inhibitory effect in
neurotrophilic inflammation in the lower airways of recurrent airway obstruction affected
horses (17). Studies on different experimental animal models demonstrated that curcumin
largely prevent the pulmonary dysfunction and attenuate organ damage caused by different
diseases (18).
1.1.3 Antioxidant properties of curcumin
Most of the antioxidants have either a phenolic functional group or a vinylogous acid,
whereas in curcumin structure variety of functional groups important for its antioxidant
activity can be found, including vinylogous acid, carbon–carbon double bonds, and phenyl
rings containing hydroxyl and methoxy substituents (18). There are different pathways
which are involved in curcumin antioxidant activity: scavenging of reactive
oxygen/nitrogen species, removal of hydroperoxides and lipid peroxides, suppression of
alveolar macrophage production of superoxide and NO and increase glutathione peroxidase
and superoxide dismutase activity (10, 11, 18).
1.1.4 Effects of curcumin on mitochondrial function
A number of studies with curcumin demonstrated its protective effects on mitochondria
(19). Curcumin treatment results in increased oxygen consumption and significantly
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decreased lipid and protein oxidation in mitochondria (20). Another study showed
attenuation of oxidative damage in rat cortical neurons by reducing intracellular production
of reactive oxygen species (ROS), resulting in protection of mitochondria from oxidative
damage (21).
1.1.5 Bioavailability of curcumin
Curcumin is clinically ineffective due to its low oral bioavailability, which can be due to its
low aqueous solubility, its poor absorption, high rate of intestinal metabolism, and rapid
elimination from the body (7). Therefore, the research is focused on development of new
formulations with longer circulation time, better cell permeability and higher resistance
against premature metabolism of curcumin, for instance formulation combining curcumin
with piperine, which inhibits hepatic and intestinal glucuronidation (22), formulation of
nanoparticles (23), microemulsions (24), liposomes (25), micelles (26), phospholipid
complexes (27) with curcumin, and the application of structural analogues of curcumin
(e.g. EF-24) (28).
1.1.6 Formulations with curcumin for inhalation
Pulmonary delivery is a promising approach that may overcome limitations of oral
curcumin delivery and enhance the therapeutic potential of curcumin, particularly in case
of local treatment of several lung conditions. Therefore, swellable nano- and
microparticulate systems with entrapped curcumin have already been developed, exhibiting
controlled release and lung deposition properties (29). Formulation of curcumin with an
unknown lipid by Aggarwal and Knight has been already patented for aerosol delivery
(30). Nowadays, development of new formulations for targeted curcumin delivery
represents an important area in pharmaceutical research and development (31).
1.2 PULOMONARY DRUG DELIVERY
Pulmonary drug delivery can be used for local or systemic drug delivery and has many
advantages compared to oral drug delivery. It is suitable for drugs, which are orally poorly
absorbed or/and rapid metabolised and when quick onset of local drug action is highly
desirable (e.g. bronchodilation caused by drugs for asthma treatment). Smaller dose can be
administrated locally compared to oral delivery, which results in reduced occurrence of
systemic adverse effects and therapy costs (32).
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1.2.1 Fate of aerosols in lungs
To deliver a drug into the airways, it must be transformed in an aerosol, which is defined
as a two-phase system of solid particles or liquid droplets dispersed in a gas phase. The
deposition of aerosol in the airways is dependent on four key parameters: the
physicochemical properties of drug, formulation, administration device, and patient
(breathing patterns and clinical status). The most important physical property of aerosol is
size of dispersed particles or droplets, since it governs the location of its deposition.
Aerosol with average particle size of 5–6 μm can reach only peripheral respiratory region
in the lung, whereas aerosol with particles smaller than 2 μm is preferentially deposited in
alveolar region. Bifurcations in the respiratory tract change the air stream direction and
particles within the air stream, having sufficient high energy, will impact on the airway’s
walls, change its direction of movement rather following with air stream. This inertial
impaction causes that larger particles or droplets (bigger than 5 μm, especially bigger than
10 μm) are deposited in the upper respiratory tract and are removed from the lung by
mucociliary clearance in 24 h. Ultimately such particles are swallowed and become
available for systemic absorption and may cause some adverse effects. Gravitational
sedimentation is an important deposition mechanism for particles in the size range 0.53 μm, which are consequently deposited in the small airways and alveoli. The extent of
gravitational sedimentation depends on particle size, density and residence time in the
airways. Beside gravitational force, Brownian motion is characteristic for nanosized
particles. Rate of Brownian motion is inversely proportional to the particle size, therefore,
it is the predominant mechanism governing movement and deposition of particles smaller
than 0.5 μm in lower airways. Aerosol with particles or droplets around 0.5 μm is not
suitable for pulmonary drug delivery, since it is often immediately exhaled, because the
particles or droplets are too big for effective deposition by Brownian diffusion and too
small for effective sedimentation (32).
1.2.2 Clearance of inhaled particles and drug absorption
Alveolar macrophages engulf insoluble particles and may then migrate to the bottom of the
mucociliary escalator, or alternatively, particles may be removed via the lymphatic system.
Soluble particles are dissolved in mucus and the drug can be absorbed. Alveolar epithelium
is, like the gastrointestinal epithelium, preferentially permeable to the unionised form of a
drug. Absorption rate of hydrophobic substances is usually dependant on their oil/water
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partition coefficient, whereas hydrophilic compounds are poorly absorbed through
epithelial barrier at rates inversely proportional to their molecular size. Some drugs can be
absorbed by a saturable active transport mechanism or transcytosis. The rate of drug
absorption can be also influenced by the type of formulation (32).
1.2.3 Preparations for inhalation
Preparations for inhalation are liquid or solid preparations as vapours or aerosols intended
for pulmonary administration in order to obtain local or systemic effect. The size of aerosol
particles to be inhaled is controlled in a way to achieve deposition of a significant fraction
of administered dose in the lung. According to European Pharmacopoeia, the
characteristics of aerosol particles are determined according to Aerodynamic assessment of
fine particles (2.9.18). Different preparations for inhalation are presented in Figure 3.
Preparations intended to
be converted into vapor

Liquid preparations for
inhalation

Liquid preparations for
nebulisation

Powders for inhalation

Pressurised preparations
for inhalation

PREPARATIONS FOR
INHALATION

Figure 3: Categories of preparations for inhalation according to the European Pharmacopoeia (33).

Preparations intended to be converted into vapour are solutions, dispersions or solid
preparations, which are usually added to hot water and vapour generated is inhaled. Liquid
preparations for nebulisation are solutions, suspensions or emulsions intended to be
converted into aerosol by continuously operating nebulises or metered-dose nebulisers.
Pressurised metered-dose preparations for inhalation are solutions, suspensions or
emulsions equipped with a metering valve. They are held under pressure with suitable
propellants or mixtures of liquefied propellants, which can act as solvents. Powders for
inhalation can be single- or multidose in suitable carrier, generally in dry-powder inhalers
(33).
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1.2.4 Nebulisation
The nebulisation is appropriate for delivery of larger volumes of drug solutions or
suspensions, since inhalation can occur simultaneously with normal tidal breathing trough
a mouthpiece or facemask, and thus it is advantageous in patients who experience
difficulties with metered-dose inhalers (children, elderly, and patients who suffer from
arthritis). Nebulisation is usually chosen as a method of first choice in research of
pulmonary delivery of new entities to the human lung, because the preparation of
nebulization formulation is relatively simple. During nebulization shearing forces occur,
which can cause time-dependent damage to some active ingredients (e.g. proteins,
liposomes), if present in inhalation formulation. Size of aerosol droplets generated by jet
nebuliser is inversely proportional to viscosity of formulation. More viscous formulations
require longer time to be nebulised to dryness and larger residual volumes are usually left
in the nebuliser. A decrease of formulation surface tension usually reduces mean size of
droplets in aerosol. The size of aerosol droplets produced and the dose delivered can vary
enormously depending on the type of nebuliser and compressor used.
Commercially available nebulisers are: jet, ultrasonic and vibrating-mesh nebulizer. Jet
nebuliser uses compressed gas (air or oxygen) from a compressed gas cylinder, hospital
air-line or electrical compressor to convert a liquid formulation into aerosol. Jet or
compressed gas passes through a Venturi nozzle (0.3-0.7 mm in diameter), where an area
of negative pressure is developed. This causes liquid to be drawn up a feed tube and is
fragmented into droplets. Small droplets leave the nebuliser directly, whereas large, nonrespirable droplets, impact on baffles, the walls or the nebuliser chamber and are recycled
into the reservoir with fluid formulation. Since inspiratory phase is only one third of
breathing cycle, large amount of aerosol is not inhaled and is released into the
environment, if continuously operating nebulisers are used. Drug delivery can be enhanced
with application of open-vent nebulisers, which have incorporated inhalation and
exhalation valves (e. g. the Pari LC® nebuliser), because the patient’s own breathing boosts
nebuliser performance, with aerosol production matching the patient’s tidal volume.
Ultrasonic nebulisers use a piezoelectric crystal vibrating at high frequency for generation
of energy to atomise liquids. In vibrating-mesh nebulisers the aerosol is formed due to a
vibrating mesh or plate with multiple apertures (32).
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1.3 NANODELIVERY SYSTEMS
A term nanomaterial generally refers to materials, structures, and products which have one
or more dimension between approximately 1 and 100 nm (34). However, an upper limit of
1000 nm is often considered, if the systems exert properties typical for nanomaterial,
which are the increased surface area and quantum effects (34, 35). These factors can
enhance reactivity, strength, electrical characteristics, and in vivo behaviour, which can
lead from increased absorption to high toxicity of nanomaterials (35).
The main advantages of nanodelivery system formulation are enhanced solubility and
dissolution properties of incorporated drugs, due to high surface to volume ratio of
nanosystem, and enhanced drug delivery. Small size can prolong systemic circulation by
prevention of fast renal clearance and protection against clearance by the mononuclear
phagocytic system. Transport across biological barriers and drug targeting can be also
achieved by nanodelivery systems. Nanoparticles can be used for active targeting
exploiting receptor-ligand interactions (i.e. folic acid and overexpressed folate receptors in
tumour cells) or passive tumour targeting by a phenomenon known as the enhanced
permeability and retention effect. The enhanced permeability and retention effect is a
consequence of distortion of the endothelial barrier by inflammation or by tumour growth.
Therefore, the size of gaps in fenestrated endothelial barrier is enlarged from 20–80 nm to
200–300 nm or even larger. This allows nanomedicines to escape from systemic
circulation and selectively accumulate at tumour site (34).
Nanodelivery systems can be divided into dendrimers, micelles, solid nanoparticles
(nanocrystals, polymeric, solid-lipid, protein, and inorganic nanoparticles), and vesicular
systems, such as liposomes, niosomes, pharmacosomes, virosomes, DQAsomes, etc. (34,
36, 37).
1.3.1 DQAsomes
1,1'-Decamethylene bis (4-aminoquinaldinium chloride) is known as dequalinium chloride
(DQA) which has two delocalized positive charges on quinaldinium rings linked by ten
methylene groups (Figure 4a).
These single-chain bola-amphiphile molecules form in aqueous medium monolayer
vesicles called DQAsomes (DeQAlinium-based lipoSOMES). The theoretical structure of
DQAsome, which was constructed based on data obtained by photon correlation
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spectroscopy, electron microscopy, freeze fracture electron microscopy, and Monte Carlo
computer simulations (Figure 4b, c), includes DQA in a two plausible conformations:
horseshoe and stretched (Figure 4b) (38). Plain DQAsomes have a diameter between about
70 and 700 nm (39).

b1

b2
Figure 4: (a) Chemical structure of DQA with marked hydrophilic and hydrophobic parts, (b) theoretical
structure of DQAsome with (b1) horseshoe and (b2) stretched conformations of DQA, (c) 3D-structure of
DQAsome obtained by Monte Carlo Computer simulation (upper image: whole vesicle; lower image: cross section
of a vesicle) (38, 40).

DQAsomes can be prepared by several methods. However, the most frequently used is thin
film method, which was employed also in our study (38, 41).
1.4 MITOCHONDRIAL TARGETING
Mitochondrion is an important organelle in energy metabolism and calcium homeostasis. It
plays a vital role in triggering the apoptosis. It is involved in the generation of ROS,
electron transport and ATP synthesis. Mitochondrial dysfunction is manifested in variety
of different disorders, including neurodegenerative and neuromuscular diseases, obesity,
ischemia-reperfusion injury and cancer. Therefore, mitochondrial targeting has emerged as
a novel strategy for treatment of these diseases (42).
The term mitochondriotropics represent molecules with a high degree of mitochondrial
affinity.

One

third

of

such

molecules

are

lipophilic

cations,

including

triphenylphosphonium, rhodamine, and DQA, next third are lipophilic weak acids, and the
last third are molecules with different characteristics (43). There are three main strategies
to achieve mitochondrial targeting. The first is a design of conjugates, which combine
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mitochondrial targeting moiety and a drug in a single molecule. An example of such
approach representsj conjugates of triphenylphosphonium with ubiquinone, lipoic acid,
tocopherol or spin traps. The second approach is mitochondrial targeting with proteins,
which have attached a mitochondrial targeting moiety usually consisting of 20-30 amino
acids. The third way is surface modification of a delivery system or polymeric carrier with
mitochondria penetrating peptides or mitochondritotropic agents (42). For example,
conjugate

of

triphenylphosphonium

and

poly(d,l-lactic-co-glycolic

acid)-block

poly(ethylene glycol) was used for formulation of nanodelivery system with incorporated
drug, which successfully targeted mitochondria (31).
1.4.1 Mitochondrial targeting with DQA
DQA has been used for more than 50 years as an antimicrobial agent (39). Many studies
have shown that DQA is an antitumor agent, which selectively accumulates in the
mitochondria (44). Therefore, in the recent years it has been commonly used as an agent
for mitochondrial targeting (45-49). The study by Zhang et al. has shown that DQA
together

with

egg

phosphatidylcholine,

distearoylphosphatidylethanolamine

forms

cholesterol,
mitosomes

and
i.e.

polyethylene
mitochondrial

glycoltargeting

liposomes in aqueous environment. Doxorubicin and amlodipine were incorporated in such
delivery system and mitochondrial targeting, with consequent release of cytochrome c
from mitochondria, and induction of apoptosis was confirmed. The enhanced anticancer
activity was shown in breast cancer MCF-7 and MCF-7/adr cells in vitro and MCF-7/adr
xe-nografts in nude mice (45). DQA was conjugated to polymer polyethylene glycoldistearoylphosphatidylethanolamine, which was with egg phosphatidylcholine, cholesterol
and resveratrol incorporated in liposomes. This nanodelivery system treated the intrinsic
resistant lung cancer by inducing apoptosis via mitochondria signaling pathway (46).
The cationic nature and mitochondria-specific delivery of DQAsomes were used for
delivery of exogenous DNA into mitochondria, which was shown to be successful with
low transfection efficiency (1-5%) (47). Paclitaxel loaded DQAsomes approximately five
times increased the apoptotic activity of the drug in colo205 cancer cells (48). Surface of
DQAsomes was modified with folic acid or transferrin to achieve initial active targeting of
cancer cells and subsequent targeting of mitochondria. Paclitaxel was used as a model drug
in both cases and the drug loaded DQAsomes showed better antitumor activity compared
to plain DQAsomes (41, 49).
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1.4.2 Mitochondrial targeting for enhanced antioxidant activity
Mitochondria are the main site of production of ROS. Primary ROS (O2-) are generated in
the respiratory chain and mitochondrial superoxide dismutase converts O2- to H2O2, which
can than diffuse to cytosol. In the presence of excess Fe2+ ions, H2O2 undergoes Fenton
reaction and highly reactive hydroxyl radical is formed. H2O2 can also react with nitric
oxide, which forms highly reactive peroxy nitrite anion. There are several scavenging
systems to decompose or neutralise ROS or their peroxides. Increased ROS generation and
their accumulation in the cell cause mutations in mitochondrial DNA, lipid peroxidation,
protein oxidation and damages to the cell and the whole organism. Mutations in
mitochondrial DNA result in many degenerative diseases (42). Several antioxidant
supplements to scavenge free radicals have been used to prevent mitochondrial
dysfunction, but their efficacy is limited. Therefore, the first developed mitochondrial
antioxidants were vitamin E and ubiqinon conjugated to triphenilphosphonium ion
(MitoVit-E and MitoQ10). Both decrease ROS production and apoptosis in aortic
endothelial cells induced by oxidative stress, whereas MitoQ10 can be regenerated by the
respiratory chain (50). MitoQ10 significantly decreased heart dysfunction, cell death, and
mitochondrial damage after ischemia-reperfusion, comparing with administration of
untargeted formulation with antioxidant, which was ineffective (51). Mitochondrial
antioxidants show decrease in oxidative damage and became a novel approach for
treatment of diseases, which are associated with mitochondrial dysfunction (50, 51).
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2 RESEARCH OBJECTIVES
In many studies, curcumin has been shown to possess potent antioxidant, anticancer, and
anti-inflammatory activities with a proven safety profile on human and animal models.
However, it is clinically ineffective due to its low oral bioavailability which can be a
consequence of poor aqueous solubility, alkaline hydrolysis, its insufficient absorption,
high rate of metabolism in the intestines, and rapid elimination from the body. Therefore,
the aims of our study are to increase solubility and stability of curcumin with its
incorporation in DQA based nanodelivery system, to enhance its bioavailability by
pulmonary delivery using nebulisation and to improve its antioxidant properties with its
targeted delivery to mitochondria.
The nanodelivery system, namely DQAsomes, loaded with curcumin will be prepared
using a solvent dialysis and a thin film method. The efficiency of both methods will be
evaluated by the physical characterisation of obtained DQAsomes, including determination
of their average size, polydispersity and surface charge. The curcumin loading and
entrapment efficiency will be determined by HPLC analysis. Based on the obtained results,
one method will be selected for preparation of DQAsomes for further studies.
The DQAsome formulations will be freeze-dried with addition of different concentrations
of cryoprotectant to prepare dry powdered sample. Afterwards redispersibility of freezedried products will be evaluated. The X-ray powder diffraction (XRD) and differential
scanning calorimetry (DSC) will be applied for analysis of the freeze-dried product to
reveal the crystalline form of the drug in DQAsomes. Fourier-transform infrared
spectroscopy (FTIR) will be used for evaluation of interactions between curcumin and
DQA in DQAsomes. The morphology of DQAsomes will be analysed by transmission
electron microscopy.
The physical stability of curcumin loaded DQAsomes will be evaluated after 40 days
storage at room temperature. The chemical stability of curcumin in DQAsomes at different
pH conditions will be analysed using a spectrophotometric and HPLC method. Since the
formulation of DQAsomes may disturb the antioxidant properties of curcumin, the
antioxidant properties curcumin loaded DQAsomes will be evaluated and compared to the
antioxidant potential of the pure drug.
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The curcumin loaded DQAsomes are intended for pulmonary drug delivery, therefore, the
size of the aerosol droplets is a very important parameter, influencing the efficiency of
drug delivery to the lungs. The aerosol properties of our formulation will be tested using
the two-stage glass impinger (TSI). Aerosol will be generated using a jet nebuliser.
Finally, bioevaluation of DQAsome formulation will be carried out in vitro using Caco-2
cells. The cell uptake and intracellular localisation of curcumin loaded DQAsomes will be
evaluated using specific fluorescent markers and confocal microscopy imaging.

13

3 MATERIALS AND METHODS
3.1 MATERIALS
-

2,4,6-Tris(2-pyridyl)-s-triazine, for spectrophotometric det. of Fe, ≥99.0% (SigmaAldrich, Dorset, UK)

-

Acetic acid, glacial, ≥99.85% (Sigma-Aldrich, Dorset, UK)

-

Acetonitrile HPLC grade (Fisher Scientific, Loughborough, UK)

-

Caco-2 cells (European Collection of Cell Cultures, catalogue no. 09042001, ECACC,
UK)

-

Cell culture media and fetal calf serum (Invitrogen, Paisley, UK)

-

Curcumin, 95% (total curcuminoid content) from Turmeric rhizome (Alfa Aesar, Ward
Hill, USA)

-

Dequalinium chloride hydrate, 95% (Sigma-Aldrich, Dorset, UK)

-

Ethanol, ≥99.8% (Sigma-Aldrich, Dorset, UK)

-

Hydrochloric acid, 32%, for analysis, d=1.16 (Fisher Scientific, Loughborough, UK)

-

Iron(III) chloride hexahydrate, ACS reagent, 97% (Sigma-Aldrich, Dorset, UK)

-

Lactose monohydrate (Inhalac 70) (Meggle Excipients and technology, Wasserburg,
Germany)

-

Methanol HPLC grade (Fisher Scientific, Loughborough, UK)

-

Nucleic acid stain TO-PRO-3 (Life Technologies Ltd, Paisley, UK)

-

Quercetin ≥95% (HPLC) (Sigma-Aldrich, Dorset, UK)

-

Red fluorescent mitochondrial dye MitoTracker Red CMXRos (Life Technologies Ltd,
Paisley, UK)

-

Sodium acetate trihydrate, ReagentPlus®, ≥99.0% (Sigma-Aldrich, Dorset, UK)

-

Sodium chloride, 99.5%, for analysis, CertiFied AR, conform Ph. Eur. (Fisher
Scientific, Loughborough, UK )

-

Sodium hydroxide, for analysis, pellets, Eur. Ph (Fisher Scientific, Loughborough, UK)

-

Trifluoroacetic acid, 99% (Sigma-Aldrich, Dorset, UK)

-

Visking dialysis tubing (molecular weight cutoff: 12-14 kDa, Medicell International
Ltd, London, UK)

-

Water HPLC grade (Fisher Scientific, Loughborough, UK)
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3.2 LABORATORY EQUIPMENT
-

Centrifuge Sigma 3K30 (Laborzentrifugen GmbH, Germany)

-

Confocal microscope Leica TCS SP2 (Leica microsystems, Milton Keynes, UK)

-

DFM 2000 flow-metre (Copley Scientific Limited, Nottingham, UK)

-

DSC Q2000 module (TA Instruments, LLC, USA)

-

FEI CM 120 BioTwin transmission electron microscopy (Philips Electron Optics BV,
Netherlands)

-

HI 2211 Basic pH/ORP Benchtop Meter (HANNA Instruments, Woonsocket, RI)

-

High performance liquid chromatograph Agilent 1260 Infinity system (Agilent
Technologies Inc., California, USA)

-

HPLC column Discovery® HS F5 (L × I.D. 15 cm × 4.6 mm, 5 μm particle size, 120 Å
pore diameter, Supelco, Pennsylvania, USA)

-

Jenway 7315 UV/Visible spectrophotometer (Camlab, Staffordshire, UK).

-

LCP5 low-capacity pump (Copley Scientific Limited, Nottingham, UK)

-

Pari LC Sprint nebulizer (Pari GmbH, Starnberg, Germany)

-

Perkin Elmer Spectrum 100 FTIR spectrometer (Perkin Elmer, MA, USA)

-

Plate reader (VersaMax, Molecular devices, USA)

-

Q150T Sputter Coater (Quorum Technologies Ltd., UK)

-

Rotary evaporator (Hei-VAP Advantage Rotary Evaporator, Heidolph, Schwabach,
Germany)

-

Scanning Electron Microscope FEI Quanta 200 FEG (FEI Company, Netherlands)

-

Sterile 0.45 μm filter (Millex-MP, Millipore, Carrigtwohill, Ireland)

-

TurboBoy N compressor (Pari GmbH, Starnberg, Germany)

-

Two-stage glass impinger (Copley Scientific Limited, Nottingham, UK)

-

Tzero aluminium pan (TA Instruments, New Castle, UK)

-

Virtis AdVantage 2.0 BenchTop Freeze Dryer (SP Industries, Ipswich, UK)

-

VWR Ultrasonic cleaner bath USC300T (VWR International Limited, Leicestershire,
UK)

-

X-ray diffractometer Rigaku MiniFlex 600 (Miniflex, Japan)

-

Zetasizer Nano ZS (Malvern Instruments, Malvern, UK)
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3.3 PREPARATION OF CURCUMIN LOADED DQASOMES
3.3.1 Solvent dialysis method
Curcumin loaded DQAsomes were prepared using a solvent dialysis method with some
modifications (52). Briefly, 20 mg of DQA and 7 mg of curcumin were dissolved in 5 ml
of methanol by sonication using an ultrasonic bath. This methanol solution was transferred
into a dialysis tubing and dialysed against 1 l of water for 24 h at room temperature. The
water was exchanged approximately every 6 h during the dialysis process. After dialysis
the content inside dialysis tubing was filtered through a sterile 0.45 μm filter to remove any
precipitated curcumin and the filtrate i.e. DQAsome dispersion was stored at room
temperature, protected from light, for further analysis. The sample was prepared in
triplicate.
3.3.2 Thin film method
DQAsomes were prepared using a thin film method with some modifications (39).
Compositions of formulations and experimental parameters used in our study are presented
in Table I. DQA and curcumin were dissolved in 10–20 ml of methanol by sonication
using an ultrasonic bath. A thin film was formed from prepared solution by solvent
evaporation using a rotary evaporator at 150 rpm, 80°C for 10 min. The thin film obtained
was hydrated with 10 or 20 ml of water or 0.9% (m/v) saline solution, mixed thoroughly at
25 or 80 °C for 2 min and then sonicated using an ultrasonic bath whilst the sample in the
round-bottom flask was rotated. Centrifugation at 3,000 rpm for 10 min was used as a
purification step for removal of precipitated curcumin from DQAsome dispersion. Finally,
all samples were filtered twice through a sterile 0.45 μm and stored at room temperature,
protected from light, for further analysis. All formulations were prepared in triplicate.
3.3.3 Freeze-drying
DQAsomes (2 ml samples) were freeze-dried in presence or absence of cryoprotectant.
DQAsomes(1:1) and DQAsomes(1:2) were freeze-dried without addition of cryoprotectant,
while DQAsomes(2:1) were freeze-dried using lactose monohydrate as cryoprotectant. 1 ml
of 5% or 10% aqueous solutions of lactose monohydrate was mixed with 1 ml of
DQAsomes(2:1) to reach final concentration of cryoprotectant 2.5 or 5% (m/v). All samples
were frozen in a freezer at –20°C overnight and then freeze-dried at 0.267 mbar for 32 h.
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Table I: Formulation compositions and parameters used for preparation of curcumin loaded DQAsomes by thin

Hydrating
nDQA:

m(DQA)

m(cur)

ncur

[mg]

[mg]

/

50

DQAsomes25(2:1)

2:1

DQAsomes25(1:2)

Sample

medium

Sonication
time [min]

Purification

film method. Purification methods: C – centrifugation, F – filtration.

V [ml]

T [°C]

0

10

25

20

F

100.0

34.9

20

25

5

F

1:2

100.0

139.7

20

25

5

F

DQAsomesC(2:1)

2:1

100.0

34.9

20

80

20

C+F

DQAsomesC(1:1)

1:1

100.0

69.8

20

80

20

C+F

DQAsomesC(1:2)

1:2

100.0

139.7

20

80

20

C+F

DQAsomesC(1:3)

1:3

100.0

209.5

20

80

20

C+F

/

50

0

10

80

20

F

DQAsomes(2:1)

2:1

100.0

34.9

20

80

20

F

DQAsomes(1:1)

1:1

100.0

69.8

20

80

20

F

DQAsomes(1:2)

1:2

100.0

139.7

20

80

20

F

DQAsomes(1:3)

1:3

100.0

209.5

20

80

20

F

DQAsomesS(1:1)

1:1

100.0

69.8

20*

80

20

F

Plain DQAsomes25

Plain DQAsomes80

*

0.9% (m/v) saline solution was used instead of water for thin film hydration

3.4 PHYSICAL CHARACTERIZATION OF DQASOMES
3.4.1 Determination of particle size and zeta potential
Particle size, polydispersity index (PDI), and zeta potential (ZP) were measured using a
zetasizer. The system uses photon correlation spectroscopy for particle size measurements
and laser Doppler anemometry for determination of ZP. The DQAsomes were diluted
approximately 90 times with water prior to analysis. Parameters of the dispersion medium
used for the measurements were as follows: refractive index 1.330, viscosity 0.8872 cP,
and dielectric constant 78.5. A low volume disposable sizing cuvette was used for the size
and PDI measurements, and a clear disposable zeta cell for ZP measurements. All samples
were analysed in triplicate at 25°C.
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3.4.2 Determination of curcumin and DQA in DQAsomes
3.4.2.1 HPLC analysis
The concentration of curcumin was measured using HPLC. The mobile phase was a
mixture of water and acetonitrile in ratio 55:45 (v/v), supplemented with 0.1% (v/v)
trifluoroacetic acid. The flow rate was 1 ml/min. DQAsomes, either in dispersion or freezedried, were dissolved with methanol to achieve the theoretical concentration of curcumin
in the solution 14 ± 2 μg/ml. 5 μl of the sample was injected into the HPLC system and
analysed using UV detection at 428 nm, at the column temperature of 25°C. A run time
was 15 min. The concentration of curcumin in the samples was determined based on the
curcumin calibration curve prepared using stock solution of curcumin in methanol with
concentration of 1 mg/ml diluted further with methanol to obtain series of solutions with
concentrations in range of 0.5–20 µg/ml. The quantity of curcumin entrapped in
DQAsomes i.e. drug loading (DL) was calculated using Equation 1 and entrapment
efficiency (EE) was calculated using Equation 2.
( )

(Equation 1)

( )

(Equation 2)

HPLC method for curcumin was validated. The procedure and results are described in the
supplement.
3.4.2.2 Spectrophotometric analysis
Plain DQAsomes were dissolved in methanol to achieve the theoretical concentration of
DQA in solution 20 ± 2 μg/ml. The sample was analysed at 328 nm using a UV/VIS
spectrophotometer. Calibration curve was prepared in concentration range 2–40 μg/ml of
DQA in methanol. Pure methanol was used as a blank. Yield of DQA in plain DQAsomes
was calculated using Equation 3.
( )

(Equation 3)
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3.5 CHARACTERISATION OF FREEZE-DRIED DQASOME FORMULATIONS
3.5.1 Effect of freeze-drying on DQAsome redispersibility
Freeze-dried DQAsomes(2:1) formulations with or without cryoprotectant were dispersed in
water under different conditions, filtered and then analysed using HPLC to determine the
redispersible fraction of DQAsome formulations. The schematic representation of sample
preparation procedure is shown in Figure 5.
DQAsomes(2:1) or
DQAsomes(2:1) with 2.5% lactose or
DQAsomes(2:1) with 5% lactose
+ 15 ml of water

STANDARD
4 ml of dispersion

SONICATION
4 ml of dispersion
sonication for 20 min

CONTROL
4 ml of dispersion

HEATING
4 ml of dispersion
heating for 5 min at
80°C

FILTRATION through 0.45 m filter

Disolution in methanol and determination of curcumin by
HPLC anaylsis

Figure 5: Scheme of sample preparation for investigation of freeze-drying effect on redispersibility of
DQAsomes(2:1).

Approximately 20 mg of DQAsomes(2:1), 60 mg of DQAsomes(2:1) with 2.5% lactose or 110
mg of DQAsomes(2:1) with 5% of lactose were individually redispersed in 15 ml of water
and then each sample was divided in 4 aliquots. The first aliquot was used as a control
(Figure 5 – control), the second one was sonicated for 20 min using an ultrasonic bath
(Figure 5 - sonication) and the third one was heated for 5 min at 80°C (Figure 5 - heating).
Samples were filtrated through a 0.45 m sterile filter and diluted with methanol and
concentration of curcumin was determined by HPLC using the conditions described in
section 3.4.2.1 The forth aliquot (Figure 5 - standard) was only diluted with methanol and
concentration of curcumin was determined. The results are expressed as a redispersible
fraction of DQAsome formulation calculated based on Equation 4.
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( )

(Equation 4)

X – denotes control, sonicated or heated DQAsomes(2:1) formulation with or without
cryoprotectant
3.5.2 XRD studies
XRD patterns were determined for curcumin, DQA, their physical mixture (a molar ratio
DQA:curcumin

of

1:2),

and

freeze-dried

formulations

of

DQAsomes(2:1)

and

DQAsomes(1:2) using an X-ray diffractometer. The samples were analysed in angle range
5–35° with a step size of 0.01° and scanning rate 2°/min.
3.5.3 DSC analysis
Thermal analysis was carried out using a DSC. 2-5 mg of sample was weighted in an
aluminium pan, and covered with a lid containing a 50 m pinhole. Curcumin, physical
mixture of DQA and curcumin in molar ratio 1:2, and freeze-dried formulations of
DQAsomes(2:1) and DQAsomes(1:2) were analysed using heating rate of 10°C/min in the
temperature range 0 to 110°C. When the sample reached 110°C, it was kept at isothermal
conditions for 5 min prior to cooling to 0°C and reheating up to 200°C. DQA was analysed
using the same conditions except the second heating, which was carried out up to 350°C.
The measurements were performed in an atmosphere of nitrogen at a flow rate of 50
ml/min. Indium was used to calibrate the temperature scale and enthalpic response.
Transitions reported are from the second heating scan.
3.5.4 FTIR spectroscopy
The chemical structure of DQA, curcumin, their physical mixtures (molar ratios
DQA:curcumin of 2:1, 1:1 and 1:2), and freeze-dried formulations of DQAsomes(2:1),
DQAsomes(1:1), and DQAsomes(1:2) were analysed using a FTIR spectrometer in the
spectral range of 650 to 4000 cm–1 using a resolution of 4 cm–1. Each sample was measured
with 20 scans.
3.6 MORPHOLOGY OF DQASOMES
Morphology of plain DQAsomes80 and DQAsomes(2:1), just after preparation and after 40
days, was examined by transmission electron microscopy (TEM) using an acceleration
voltage of 120.0 kV. Approximately 40 μl of sample was placed on a Formvar/carbon

20

coated copper grid and negatively stained with 1% uranyl acetate. Digital images were
taken using 65,000, 93,000 and 135,000 times magnification.
3.7 STABILITY STUDIES OF CURCUMIN LOADED DQASOMES
3.7.1 Chemical stability of curcumin in water and aqueous media with pH 1.2 and 13
Chemical stability of the pure drug, as well as the drug incorporated in DQAsomes was
investigated in water and aqueous media with pH 1.2 and 13 using a combination of two
previously published methods (2, 4). Leung et al. showed that the measurement of
curcumin degradation using spectrophotometer is suitable method, because curcumin is
initially deprotonated and consequently fragmented into smaller molecules (vanillin,
ferulic acid, and feruloylmethane), which have a relatively minor absorption and, therefore,
the decrease in sample absorbance over time, indicate the extent of curcumin-3 hydrolysis
(4).
Medium with pH 1.2 was prepared by dilution of 32% HCl with water, whereas pellets of
NaOH were dissolved in water to prepare medium with pH 13.
A solution of curcumin in methanol with concentration of 5 mg/ml was used as a stock
solution. The stock solution of curcumin and dispersions of DQAsomes(2:1) and
DQAsomes(1:2) were diluted to 10 ml with medium (water, aqueous medium with pH 1.2 or
13) to achieve the final concentration of curcumin ~40 µM. The samples were stored at
room temperature protected from light i.e. covered with aluminium foil. Absorption spectra
of the samples were recorded in wavelength range 300 to 600 nm using a UV/VIS
spectrophotometer immediately after the solution preparation and 22 and 40 h after
preparation for samples with pH 1.2 and pH 13, whereas for samples in water
spectrophotometric analyses was performed immediately after sample preparation and 7.5,
22 and 46 h after preparation. Every 3 h the samples were analysed also by HPLC under
conditions described in section 3.4.2.1.
Degradation rate of curcumin was determined only in aqueous medium with pH 13.
Relationship among time and concentration of curcumin in medium with pH 13 expressed
in nM was estimated by linear regression analysis. The slope of obtained trend line
represents degradation rate of curcumin at pH 13. Yield of suppression alkaline hydrolysis
was calculated using Equation 5 (4).
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(Equation 5)
3.7.2 Physical stability of DQAsomes
All formulations of curcumin loaded DQAsomes prepared by thin film method at 80°C and
purified without centrifugation were stored at room temperature, protected from light for
40 days. After that the size, PDI and ZP were measured as described in section 3.4.1. For
evaluation of drug loading and entrapment efficiency the samples were filtered once
through a sterile 0.45 μm filter to remove bigger aggregates and then analysed as described
in section 3.4.2.1.
3.8 ANTIOXIDANT PROPERTIES OF CURCUMIN LOADED DQASOMES
Antioxidant activity of curcumin loaded DQAsomes was analysed using slightly modified
ferric ion reducing antioxidant power (FRAP) assay described previously by Sessa et al.
(53). The method is based on reduction of ferric tripyridyl triazine complex to ferrous form
at low pH conditions, which results in intense blue colour. The formation of ferrous form
can be monitored by absorbance measurements at 593 nm. The sample absorbance is
directly related to the combined or ―total‖ reducing power of the electron donor
antioxidants present in the reaction mixture (54).
FRAP reagent mixture was prepared by mixing of acetate buffer, 10 mM solution of 2,4,6tripyridyl-s-triazine in 40 mM HCl, and 10 mM aqueous solution of FeCl3 x 6H2O in the
ratio 10:1:1, respectively. Acetate buffer with pH 3.6 was prepared by dissolving 3.1 g of
sodium acetate trihydrate and 16 ml of glacial acetic acid in 1 l of water.
Quercetin was used as an antioxidant standard. Stock solution of quercetin with
concentration 1 mM was prepared in ethanol and diluted further with ethanol to obtain
series of solutions with concentrations in range of 50–1000 µM.
The concentration of curcumin in DQAsome formulations (DQAsomes(2:1), DQAsomes(1:1)
and DQAsomes(1:2)) was spectrophotometricaly determined just after preparation and after
60 days using a microtiter plate reader at 428 nm.
To analyse antioxidant activity all DQAsome samples and curcumin stock solution in
methanol (1 mg/ml) were diluted either with water or methanol to the final concentration
of curcumin 500 µM. Curcumin solution was used as a reference standard.
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FRAP assay was carried out by addition of a samples (DQAsomes, quercetin or curcumin
solution) (30µl) to FRAP reagent (900 µl) and the reaction mixture was incubated for 30
min at 25ºC. Then 300 μl of obtained samples was transferred into a 96-well microtiter
plate and absorbance was measured at 593 nm. FRAP reagent mixture without any
additives was used as a blank. Standard curve of quercetin was generated and antioxidant
activity of DQAsome samples and curcumin solutions was compared to quercetin
antioxidant activity and expressed as μM quercetin equivalents.
3.9

AEROSOL

PROPERTIES

OF

CURCUMIN

LOADED

DQASOME

FORMULATION
Aerodinamic assessment of fine particles is used to determine the characteristics of fine
particles in aerosol cloud generated by preparations for inhalation (33). This method was
employed to determine characteristics of aerosol properties of our DQAsomes(2:1)
formulation using a TSI as an in vitro model of respiratory tract (Figure 6a). It consists of
two stages that represent the upper (Figure 6b) and lower (Figure 6c) respiratory tract with
a cut-off aerodynamic diameter between both stages of 6.4 μm at ﬂow rate 60 l/min (32,
33).
Before the nebulization experiment, 7 ml of water was introduced into upper (Figure 6b)
and 30 ml of water into lower stage (Figure 6c) of TSI. After that 2 ml of DQAsomes(2:1)
was introduced in a jet nebulizer (Figure 6d) attached to a compressor (Figure 6e) and
fitted to the throat (Figure 6f) of the TSI. The vacuum pump (Figure 6g) was switched on
10 s before nebulizer was run for 60 s, and the pump was switched off after additional 5 s.
Nebulised aerosol was captured in water filled in upper and lower stage. These dispersions
were further used for size and ZP measurements. All parts of the apparatus (nebulizer,
throat, upper and lower stage) were separately washed with methanol and the concentration
of curcumin was measured by HPLC. The total curcumin mass balance was calculated
using Equation 6 and amount of curcumin in each stage was compared to the applied dose
using Equation 7. The fraction of curcumin dose captured in each stage compared to total
dose captured in TSI was calculated using Equation 8.
(Equation 6)
(Equation 7)
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(Equation 8)

Figure 6: (a) TSI ((b) upper stage, (c) lower stage, and (f) throat) equipped with (d) a jet nebulizer, (e) a
compressor and (g) a pump after nebulization experiment using DQAsome(2:1) dispersion.

3.10 ABILITY OF DQASOMES TO TARGET MITOCHONDRIA
3.10.1 Cell culture
Caco-2 cells were cultured from passage 20 onwards and experiments were performed with
passages 45 to 55. Cells were seeded in 6-well plates at an initial seeding density of 3 x 104
cells/cm2 and cultured in an incubator at 37°C in an atmosphere of 95% air and 5% CO 2 at
constant humidity, replacing cell culture medium (fetal calf serum supplemented
Dulbecco’s modified eagle medium) every two days. Caco-2 cells differentiate to a fully
matured gastrointestinal tract phenotype 14-15 days post-seeding at which time
experiments were carried out.
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3.10.2 Evaluation of mitochondrial targeting via DQAsomes
On 14th day post seeding, cell culture medium was aspirated and cell monolayer washed
twice with sterile Dulbecco’s phosphate buffered saline (DPBS). Caco-2 cells were then
incubated for 2 h with serum-free minimum essential media (MEM) pH 5.8 adjusted with
10 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer supplemented with curcumin
DQAsomes (DQAsomes(2:1) and DQAsomes(14:1), 50 µM curcumin final concentration) to
allow cellular internalisation. Following incubation period medium was aspirated, cells
washed again with DPBS and incubated for 30 min with a 200 nM solution of red
fluorescent mitochondrial dye in MEM pH 5.8 adjusted with 10 mM MES buffer. Cell
monolayer was then washed twice with DPBS and fixed with 3.9% paraformaldehyde
solution. Cell nuclei were stained with a carbocyanine monomer nucleic acid stain. Cell
monolayers were examined under a confocal microscope to assess mitochondrial targeting
properties of curcumin loaded DQAsomes.
3.11 STATISTICAL ANALYSIS
The data are expressed as mean ± standard error mean. The paired t-test and one way
analysis of variance (ANOVA) followed by Turkey's post hoc test were used for statistical
analysis. p-values < 0.05 were considered as significant.
The paired t-test is commonly used to compare a sample group’s means before and after an
experiment to observe any influence of a tested parameter (55). Therefore, it was used for
statistical analysis of physical stability data, antioxidant activity data, and physical
characterisation of samples prior and after nebulisation.
Different molar ratios may significantly influence on size, ZP, PDI, drug loading and
entrapment efficiency. Composition of DQAsomes and length of storage may also
significantly affect antioxidant activity of formulations, which will be analysed with
ANOVA.
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4 RESULTS
4.1 PREPARATION AND PHYSICAL CHARACTERIZATION OF DQASOMES
Preliminary experiments with a solvent dialysis method revealed, that the method was
inappropriate for formulation of nanodelivery system loaded with curcumin. After
filtration the concentration of curcumin in the samples was below sensitivity limit for
quantification using HPLC. Based on the results it was assumed, the curcumin loaded
DQAsomes were not formed and consequently further characteristics were not determined.
Curcumin, however, was successfully incorporated in DQAsomes using the thin-film
method. Yields of plain DQAsomes formulation was 77.4 ± 4.2% at 25°C and 100% at
80°C. The characteristics of curcumin loaded DQAsome formulations prepared by thin
film method are presented in Table II.
Table II: Characteristics of curcumin loaded DQAsomes prepared by thin film method (mean ± S.D., n=3).

Sample

nDQA:ncur

DQAsomes25(2:1)

Size [nm]

PDI

ZP [mV]

DL [%]

EE [%]

1:1

176.1 ± 19.3 0.248 46.8 ± 1.5

9.2 ± 1.5

35.5 ± 5.7

DQAsomes25(1:2)

1:2

205.8 ± 8.0

DQAsomesC(2:1)

2:1

177.0 ± 10.8 0.262 56.3 ± 2.8 19.4 ± 1.7

75.1 ± 6.6

DQAsomesC(1:1)

1:1

216.1 ± 7.9

0.274 59.2 ± 1.3 27.4 ± 0.5

66.5 ± 1.2

DQAsomesC(1:2)

1:2

193.1 ± 21.2 0.303 54.6 ± 4.3 53.3 ± 1.2

91.5 ± 2.0

DQAsomesC(1:3)

1:3

232.7 ± 28.0 0.192 51.8 ± 2.2 45.9 ± 1.8

67.9 ± 2.6

DQAsomes(2:1)

2:1

160.7 ± 2.9

0.295 52.3 ± 1.7 22.5 ± 1.0

86.7 ± 3.9

DQAsomes(1:1)

1:1

173.2 ± 21.1 0.240 53.7 ± 1.9 38.1 ± 1.9

92.6 ± 4.6

DQAsomes(1:2)

1:2

203.2 ± 15.9 0.252 49.9 ± 6.5 53.4 ± 2.4

91.6 ± 4.1

DQAsomes(1:3)

1:3

203.5 ± 9.9

90.2 ± 3.0

0.268 48.6 ± 4.3 31.9 ± 5.5 54.8 ± 19.1

0.254 44.0 ± 2.0 61.0 ± 2.0

DQAsomes prepared at lower temperature had lower drug loading at certain molar ratios
than when prepared at 80°C. The particle charge expressed as ZP was approximately 50
mV irrespective to DQAsome composition (DQA:curcumin molar ratio) or temperature
used for their preparation. However, it was higher in case of samples, which were purified
by centrifugation. Generally, DQAsomesC were bigger and had lower drug loading and
entrapment efficiency compared to samples which were not centrifuged. DQAsomesC(1:2)
had the highest drug loading and entrapment efficiency among centrifuged DQAsomes.
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Size of DQAsomesC(1:1) and DQAsomesC(1:3) was bigger and entrapment efficiency was
lower compared to other samples.
The average particle size of DQAsomes prepared at higher temperature was between 170
and 200 nm, and drug loading increased with increasing particle size. DQAsomes(2:1) were
significantly smaller compared to DQAsomes(1:2) and DQAsomes(1:3) (p < 0.05). PDI was
in range of 0.240–0.295. ZP, PDI and entrapment efficiency did not significantly differ
(p > 0.05) between samples prepared with different molar ratios of DQA and curcumin.
Entrapment was approximately 90%, independent of molar ratio.
DQAsomes were not formed, if 0.9% saline was used for hydration of thin film.
4.2 CHARACTERISATION OF FREEZE-DRIED DQASOME FORMULATIONS
4.2.1 Effect of freeze-drying on DQAsome redispersibility
Effect of freeze-drying on redispersibility of freeze-dried DQAsomes(2:1) with or without
cryoprotectant was characterised after dispersion of powdered formulation in water and
subsequent filtration under different conditions. The results presented in Figure 7 are
expressed as redispersible fraction of DQAsome formulation. Only 0.83% of curcumin
loaded DQAsomes, determined based on curcumin quantification, was redispersed without

Redispersible fraction [%]

any additional treatment.

12
10
8
6
4
2

5%

0

2.5%
Heating

0%

Sonication

Control

Figure 7: Redispersible fraction of freeze-dried DQAsomes(2:1) containing different percentages of lactose
monohydrate as cryoprotectant. The samples were prepared under different conditions (heating, sonication or no
special treatment i.e. control).
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Heating of the sample was shown to be more efficient for particle redispersion compared to
sonication, but the redispersible fraction of the formulation was still very low (2.3%)
Redispersibility was slightly better in samples containing 2.5% or 5% of lactose
monohydrate as a cryoprotectant compared to formulations without any cryoprotectant.
The heating of resuspended sample and presence of 5% lactose improved respersibility,
however, redispersible fraction was not higher than 10.1%. To sum up, the freeze-drying
method employed in our study did not preserve the structure of our nanodelivery system;
therefore, additional studies are needed to develop suitable drying method for DQAsome
formulation.
4.2.2 XRD studies
XRD patterns of curcumin, DQA, their physical mixture and freeze-dried formulations of
DQAsomes(2:1) and DQAsomes(1:2) revealed the nature of DQA and curcumin in the freeze-

Intensity [ADUs]

dried DQAsomes (Figure 8).
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Figure 8: XRD patterns of (a) DQA, (b) curcumin, (c) physical mixture of curcumin and DQA in molar ratio 1:2,
(d) freeze-dried DQAsomes(2:1) and (e) freeze-dried DQAsomes(1:2).

The spectrum of DQA showed main peaks at 9.4, 22.5, 23.3, 23.5 and 25.6° indicating
high level of crystallinity (Figure 8a). The spectrum of curcumin showed the main peaks at
8.8, 12.0, 14.3, 17.2, 18.0, 20.9, 23.2, 24.4, 25.4, 27.2, and 28.8° (Figure 8b) also
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indicating high level of crystallinity. The physical mixture exhibit characteristic peaks of
both components with the intensity proportional to their portion in the mixture (Figure 8c).
The spectra of freeze-dried DQAsomes did not reveal any characteristic peaks, indicating
amorphous state of both components (Figure 8d, e).
4.2.3 DSC analysis
DSC analysis were performed to investigate thermal characteristics of curcumin, DQA,
their physical mixture and freeze-dried DQAsomes(2:1) and DQAsomes(1:2) (Figure 9). The
DSC curve of pure DQA exhibits a single endothermic peak at 337.96°C, due to its melting
and degradation (Figure 9a). The characteristic sharp endothermic melting peak of
curcumin can be seen at 176.11°C (Figure 9b). The physical mixture of DQA and
curcumin show broader melting peak at slightly lower temperature (170.12°C) (Figure 9c).
Freeze-dried samples of DQAsomes(2:1) and DQAsomes(1:2) display a glass transition at
101.91 and 96.68°C C revealed in second heating cycle after water was evaporated during
the first heating (Figure 9d, e).

Heat Flow [mW/g]

a
b

Tm = 176.11°C

c

Tm = 170.12°C

d

Tg = 101.91°C

e
Tg = 96.68°C
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Tm = 337.96°C
300
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Temperature [°C]

Figure 9: DSC curves of (a) DQA, (b) curcumin, (c) physical mixture of DQA and curcumin in a molar ratio of
1:2, (d) freeze-dried DQAsomes(2:1), and (e) freeze-dried DQAsomes(1:2).
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4.2.4 FTIR spectroscopy
FTIR was used to explore interactions between curcumin and DQA in DQAsomes. FTIR
spectra of DQA, curcumin, their physical mixture in molar ratios DQA:curcumin of 2:1,
1:1 and 1:2, and freeze-dried DQAsomes(2:1), DQAsomes(1:1), and DQAsomes(1:2) are
shown in Figure 10. The FTIR spectrum of DQA (Figure 10a) exhibit two absorption
peaks for primary amine at 3343 and 3268 cm-1 for asymmetric and symmetric N-H
stretch. The strong broad peak at 3085 cm-1 and sharp peak at 1609 cm-1 may be caused by
vibration of aromatic C=C bond. Peaks at 2929 and 2847 spectra could be due to stretching
and deformation of methyl groups. FTIR spectrum of curcumin (Figure 10b) show a sharp
peak at 3516 cm-1 and broad peak at 3292 cm-1 which indicate the presence of -OH group.
Vibrations of bonds C=C and C=O are combined in strong peak at 1629 cm -1. Strong band
at 1604 cm-1 is caused by symmetric aromatic ring stretching vibrations. Carbonyl group is
seen as a peak at 1508 cm-1, enol group at 1279 cm-1 and C-O-C fragment at 1024 cm-1.
Benzoate trans-CH vibrations are at 962 cm-1 and cis CH vibrations of aromatic ring are at
713 cm-1 (56).
The FTIR spectrum of the physical mixture exhibit peaks corresponding to both
components present in the mixture (Figure 10c, d, e). The signals corresponding to
curcumin were less intense, at lower molar ratio of DQA:curcumin. In case of freeze-dried
curcumin loaded DQAsomes a decrease in resolution of infrared features was observed
compared to the physical mixture (Figure 10f, g, h). Positions of peaks in FTIR spectra of
physical mixture or freeze-dried DQAsomes are at the same wavelength with deviation
of ± 1 nm independent of molar ratio of DQA and curcumin in DQAsomes. Positions of
characteristic peaks, which are shifted in case of freeze-dried DQAsome formulations, are
shown in Table III.
FTIR spectrum of freeze-dried DQAsomes exhibit less intense and sharp peaks between
1659 and 1604 cm-1 compared to FTIR spectrum of physical mixture. Peak corresponding
to phenol C-O bond of curcumin at 1427 cm-1 and peaks in the range 1235-1181 cm-1
disappeared or were less pronounced in freeze-dried DQAsome formulations. Small peaks
at 1316, 977 and 886 cm-1 are not visible in FTIR spectra of DQAsomes.
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Figure 10: FTIR spectra in range of (A) 3600-2800 cm-1 and (B) 1700-650 cm-1 for (a) DQA, (b) curcumin, physical
mixture of DQA and curcumin in molar ratio (c) 2:1, (d) 1:1, (e) 1:2, (f) freeze-dried DQAsomes(2:1), (g) freezedried DQAsomes(1:1) and (h) freeze-dried DQAsomes(1:2). Decrease in resolution and disappearance of
characteristic peaks is emphasized with rectangles and main shifts are marked with arrows.
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Table III: Comparison of characteristic peak positions in various samples, which were shifted in case of freezedried DQAsome samples compared to pure curcumin, DQA and their physical mixture. Values represented in the
table are average of analysed physical mixtures (DQA:curcumin molar ratios of 2:1, 1:1, and 1:2) or freeze-dried
DQAsomes(2:1), DQAsomes(1:1), and DQAsomes(1:2).

Curcumin

DQA
-1

Physical

Freeze-dried

mixture

DQAsomes

[cm-1]

[cm-1]

Peak assignment according to Kolarev et al.

[cm-1]

[cm ]

(57)

3508

/

3508

3331

OH stretching of phenol group

/

3056

3056

3100

Aromatic C=C

1626

/

1625

1621

C=O, C=C aromatic stretching

1505

/

1506

1509

1151

1155

1152

1122

1025

/

1025

1030

855

854

856

846

807

808

808

818

C=O stretching, C-C-C, C-C=O in plane
bending
C-O-C stretching, in plane bending of aromatic
and skeletal CCH
out of plane bending of CH3, in plane bending
of aromatic CCH
out of plane bending of aromatic and skeletal
CCH
out of plane bending of aromatic CCH

4.3 MORPHOLOGY OF DQASOMES
TEM was used for characterization of morphology of plain DQAsomes80 and curcumin
loaded DQAsomes(2:1) just after preparation and after 40 days (Figure 11). Plain
DQAsomes80 were spherical, with a mean size of 100–220 nm (Figure 11a). Pure DQA
formed, beside DQAsomes, also smaller particles of about 30 nm (Figure 11a, marked with
arrow). DQAsomes(2:1) exhibited different morphology: irregular spherics with wrinkles. It
was observed to be unchanged after 40 days of storage. Morphology of curcumin loaded
DQAsomes(2:1) was more diverse with average size around 200 nm. (Figure 11b, c).
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a

b

c

Figure 11: TEM images of (a) plain DQAsomes80 and micelles of DQA (marked with arrow) and DQAsomes(2:1) (b)
just after preparation and (c) after 40 days.

4.4 STABILITY STUDIES OF CURCUMIN LOADED DQASOMES
4.4.1 Chemical stability of curcumin in water and aqueous media with pH 1.2 and 13
The chemical stability of curcumin in DQAsomes was compered to chemical stability of
pure curcumin dispersed in water or aqueous medium with pH 1.2 or pH 13. The initial
concentration of curcumin in all samples was 13.9 ± 1.8 µg/ml. Figure 12 represents
absorption spectra of pure curcumin and curcumin in DQAsomes(2:1) in different media.
Absorption maximum of curcumin in alkaline medium (pH 13) is at higher wavelength
(470 nm) compared to its absorption maximum in water and medium with pH 1.2 (428
nm). Higher is also extinction coefficient of deprotonated curcumin (curcumin-3), which
prevails in alkaline medium, compared to its keto-enol form, which prevails in water. The
absorption of curcumin at pH 1.2 is lower compared to its absorption in water.
Contrary to curcumin in solution (Figure 12a), absorption spectrum of DQAsomes(2:1)
(Figure 12b) exhibits two absorption peaks. The broader one at higher wavelength
represents absorption of curcumin and the sharp one with maximum at 328 nm represents
the absorption of DQA (Figure 12b).
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Figure 12: The absorption spectra of (a) curcumin solutions and (b) DQAsome(2:1) dispersions in water and in
aqueous media with pH 1.2 and 13. Initial concentration of curcumin was approximately 14 µg/ml in all samples.

DQA absorption peak was confirmed by measurement of absorption spectrum of pure
DQA in methanol solution (Figure 13), which revealed similar shape and position of the
peak as observed in DQAsomes(2:1) absorption spectrum (Figure 12b).
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Figure 13: The absorption spectrum of DQA dissolved in methanol.

Temporal changes in absorption spectra of curcumin, DQAsomes(2:1) and DQAsomes(1:2) in
aqueous medium with pH 1.2 and water are shown in Figure 14.
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Figure 14: The absorbtion spectra of (a) curcumin, (b) DQAsomes(2:1), and (c) DQAsomes(1:2) in aqueous medium
at pH 1.2 and (d) curcumin, (e) DQAsomes(2:1), and (f) DQAsomes(1:2) in water measured at various time points.

Absorption of curcumin in aqueous medium with pH 1.2 and in water decreased with time.
After 22 h the sample absorbance was near detection limit and in the last investigated time
point absorption peak was not detected (Figure 14a, d). The changes in absorption
spectrum of DQAsomes(2:1) (Figure 14b, e) were much less prominent compared to
curcumin in solution. The absorbance of the DQAsomes(2:1) sample after 22 h was only
slightly decreased compared to the sample absorbance measured right after preparation of
DQAsomes(2:1), indicating curcumin stability in a such formulation in aqueous medium at
pH 1.2 and in water. The decrease in absorbance of DQAsomes(1:2) (Figure 14c) after 40 h
was comparable to decrease in absorbance of curcumin in solution at pH 1.2, indicating
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chemical instability of curcumin in DQAsomes(1:2) at tested pH. Curcumin in
DQAsomes(1:2) was stable in water (Figure 14f) opposite to pure curcumin in water.
However, the absorbance of curcumin in DQAsomes(1:2) decreased more with time
compared to DQAsomes(2:1).
Time profile of curcumin instability in water is shown with sigmoid curve in Figure 15.
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Figure 15: Time profile of curcumin instability in water determined by HPLC analysis.

Evaluation of chemical stability of curcumin in solution, DQAsomes(2:1) and
DQAsomes(1:2) at pH 13 is presented in Figure 16. The results show decrease in absorbance
(Figure 16a, b and c) and concentration of curcumin (Figure 16d, e and f) with time in all
tested samples, indicating chemical instability of curcumin in aqueous medium at pH 13.
Linear decrease in curcumin concentration with time was observed in all samples at pH 13.
(Figure 16d, e, and f). The rate of curcumin degradation was the fastest for curcumin in
solution (833 nM/h), followed by degradation rate of curcumin in DQAsomes(1:2) (755
nM/h) and DQAsomes(2:1) (584 nM/h). Yields of alkaline hydrolysis suppression for
curcumin in DQAsomes(2:1) and DQAsomes(1:2) were 29.9 and 9.4%, respectively.

36

Figure 16: The absorbtion spectra of (a) curcumin, (b) DQAsomes(2:1), and (c) DQAsomes(1:2) in aqueous medium
at pH 13 measured at various time points and corresponding time profile of curcumin degradation in (d) solution,
(e) DQAsomes(2:1), and (f) DQAsomes(1:2).

4.4.2 Physical stability of DQAsomes
DQAsome samples prepared by thin film method at 80°C were stored at room temperature
and after 40 days size, ZP, drug loading, and entrapment efficiency were measured (Figure
17). Average particle size significantly increased only in sample of DQAsomes(2:1) and the
only significant change in ZP was determined in case of DQAsomes(1:3). Drug loading and
entrapment efficiency were significantly decreased after 40 days. The decrease in
entrapment efficiency correlates with amount of curcumin in DQAsome formulation. In
formulation containing the highest amount of curcumin, namely DQAsomes(3:1), the
37

majority of drug precipitated during 40 days storage, resulting in ~80% decrease in
entrapment efficiency.

Figure 17: Average particle size, ZP, drug loading and entrapment efficiency of DQAsomes (2:1), DQAsomes(1:1),
DQAsomes(1:2), and DQAsomes(3:1) measured just after preparation and after 40 days storage. * denotes p < 0.05;
** denotes p < 0.001.

4.5 ANTIOXIDANT PROPERTIES OF CURCUMIN LOADED DQASOMES
Antioxidant activity of curcumin loaded DQAsomes was evaluated using FRAP test and
was compared to antioxidant activity of curcumin and qurcetin as a standard. Results are
shown in Figure 18. Antioxidant activity of pure curcumin in methanol at concentration
500 M was equal to 360.8  8.5 M quercetin equivalents and the antioxidant activity of
various curcumin loaded DQAsome formulations was in range 359.8-376.4 M quercetin
equivalents. Differences between DQAsome samples and curcumin solution were not
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significant (ANOVA, p  0.05). Antioxidant activity of pure curcumin in water at
concentration 500 M was equal to 197.7  8.5 M quercetin equivalents, however,
antioxidant activity of curcumin loaded DQAsomes in water was significantly higher
(324.2–342.3 M quercetin equivalents). The antioxidant activity of all curcumin loaded
DQAsome formulations was comparable (ANOVA, p  0.05). The antioxidant activity of
DQAsomes dissolved in methanol was significantly higher (9.4 ± 4.0%) compared to
antioxidant activity of the same formulation in water (paired t-test, p  0.001). Antioxidant
activity of curcumin dissolved in water was 45% lower compared to curcumin dissolved in
methanol and 40.7  1.6% lower compared to samples of DQAsomes in water. No
significant difference in antioxidant activity was observed between samples, just after
preparation and after 60 days either dissolved in methanol or dispersed in water. Plain
DQAsomes did not show any antioxidant activity.
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Quercetin equivalent [μM]
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Figure 18: Antioxidant activity of pure curcumin and curcumin loaded DQAsomes expressed in quercetin
equivalents. Samples were diluted with methanol or water to achieve 500 μM final concentration of curcumin.
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A dose of DQAsome(2:1) formulation used in nebulization experiment was 2 ml, however,
only a part the dose was delivered by the jet nebulizer into a TSI. Curcumin, which
remained in nebuliser, and dose fractions which were deposited in different parts of TSI
are presented in Table IV. The average total mass balance of three different samples was
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96.5 ± 5.5% (90.3, 99.1, and 100.2%), the value being within the pharmacopoean limit,
which is set to 75–125% of average delivered dose (33).
Table IV: Distribution of curcumin dose between nebuliser and various parts of TSI.

% of curcumin dose
Nebuliser

80.1 ± 4.9

Throat

0.7 ± 0.1

Upper stage

1.8 ± 0.2

Lower stage

14.0 ± 0.6

Sum

96.5 ± 5.5

More than 85% of the delivered curcumin was deposited in the lower stage of the TSI
(Figure 19), indicating the ability of air-jet nebulizer to produce aerosol droplets small
enough to reach the most distant part of TSI.

Fraction of delivered dose[%]

100
80
60
40
20
0
throat

upper stage

lower stage

Figure 19: Distribution of delivered dose of curcumin (DQAsomes(2:1)) in TSI.

TSI after nebulization of curcumin loaded DQAsome formulation is shown in Figure 6.
The colour of water medium in the upper stage was yelow and some precipitation was
observed. The water medium in the lower stage, where majority of delivered dose was
deposited, was brown-red in colour.
Size, PDI and ZP of DQAsomes(2:1) before nebulisation, DQAsomes(2:1), which remained in
device, and DQAsomes(2:1) deposited in upper and lower stage were measured. Results are
shown in Table V.
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Table V: Average size, PDI and ZP of DQAsomes(2:1) before nebulization and after nebulization and deposition in
different parts of TSI.

Size [nm]

PDI

ZP [mV]

Pre-nebulization

170.4 ± 4.8

0.249

59.0 ± 2.1

Device (nebulizer)

187.9 ± 27.6

0.353*

59.3 ± 1.3

Upper stage

276.0 ± 21.0*

0.402*

28.7 ± 0.9*

Lower stage

366.0 ± 14.2*

0.286*

49.6 ± 1.5*

No significant difference was found in the average size and charge of DQAsomes (2:1) in the
device before and after nebulization (p > 0.05). However, PDI was significantly higher
(p < 0.05) after nebulization. The average size and PDI of DQAsomes (2:1) in the upper and
lower stage was significantly bigger after nebulization compared to the formulation values
before nebulization. ZP of DQAsomes(2:1) deposited in upper and lower stage was
significantly smaller compared to ZP of DQAsomes(2:1) before nebulization.
The intensity size distribution of DQAsome samples before and after nebulisation is shown
in Figure 20. The results clearly show increase in average diameter of nebulised
DQAsomes(2:1).
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Figure 20: Intensity size distribution of DQAsomes(2:1) before nebulisation, DQAsomes(2:1), which remained in the
device, and DQAsomes(2:1) deposited in upper and lower stage. Each distribution represents average value of three
independent samples.
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4.7 ABILITY OF DQASOMES TO TARGET MITOCHONDRIA
DQAsomes(14:1) and DQAsomes(2:1) were tested to evaluate cell internalization and
mitochondrial targeting properties using Caco-2 cell line. The precipitation of
DQAsomes(2:1) was observed upon addition of dispersion to cell culture media, whereas
DQAsomes(14:1) did not precipitate. Confocal microscopy imaging revealed high cell
uptake and intracellular accumulation of curcumin in DQAsomes(14:1) (Figure 21a) and
poor uptake of curcumin in case of DQAsomes(2:1). Cell mitochondria (Figure 21b) and
nuclei (Figure 21c) were stained with specific fluorescent dyes (red and blue, respectively),
and merged images demonstrate specific accumulation of curcumin (green) in
mitochondria, which is seen as yellow stained areas around the cell nuclei (Figure 21d).

Figure 21: Mitochondrial targeting with DQAsomes: (a) DQAsomes(14:1), (b) mitotracker-stained cell mitochondria
(red), (c) nucleic acid stained cell nuclei (blue), (d) merged image, showing significant overlap of DQAsome(14:1)
and cell mitochondria fluorescence (yellow).
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5 DISCUSSION
5.1 PREPARATION AND PHYSICAL CHARACTERIZATION OF DQASOMES
Formulation of nanodelivery system was chosen as a new approach, which could
potentially improve bioavailability of curcumin. Two preparations methods were evaluated
for preparation of curcumin loaded DQAsomes. Application of the solvent dialyses method
was found to be unsuitable for the preparation of curcumin loaded DQAsomes.
Theoretically, DQA as a bola-amphiphilic molecule would react similar to amphiphilic
polymers. The addition of water, where only the hydrophilic part of amphiphilic copolymer
is soluble, to the dialysis tubing cause association of hydrophobic parts and incorporation
of water insoluble drug during the formulation process (58). The reason for unsuccessful
incorporation of drug in our case may be quick precipitation of curcumin, due to methanol
displacement with water inside dialysis tubing and too slow formation of DQAsomes.
Curcumin, however, was successfully incorporated in DQAsomes using the thin film
method. Other studies used this method for preparation of DQAsomes without drug and
with probe sonication (39) or with paclitaxel and sonication (41) for reducing the size of
DQAsomes.
In case of the same DQA to curcumin ratio used for DQAsome formulation, the increase in
sonication time from 5 to 20 min and increase in temperature from 25 to 80°C resulted in
smaller average particle size (Table II).
Centrifugation is easier and economically more reasonable way to remove precipitate
curcumin in bigger sample volumes compared to filtration with small 0.45 μm sterile
filters. Unfortunately, centrifugation at 3000 rpm for 10 min settled down beside
precipitated curcumin also some curcumin loaded DQAsomes resulting in lower
entrapment efficiency (Table II). Filtration through 0.45 m filter was efficient method for
removal of excess curcumin, which precipitated from the formulation duo to its poor
aqueous solubility (11 ng/ml) (3). The same purification method was previously used by
Mohan et al. for separation of soluble curcumin–cyclodextrin complexes from insoluble
curcumin (56).
The higher temperature (80oC) used in DQAsome preparation led to a significantly higher
curcumin entrapment efficiency and drug loading in DQAsomes than preparation at 25oC
(Table II). The increase in solubility of DQA at higher temperature may be an important
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factor contributing to the increased drug loading. The average size of DQAsomes increased
with drug loading, which is the consequence of higher amount of curcumin incorporated in
vesicles. DQAsomes showed a very high capacity for curcumin incorporation, with one
molecule of DQA in DQAsome entrapping three molecules of curcumin with ~90%
efficiency (DQAsomes(1:3)). No previous study has demonstrated drug loading as high as
61% (DQAsomes(1:3)) and resultant curcumin solubility of 9.3 mg/ml, as achieved in this
study. Yang et al. formulated micelles wherein curcumin was conjugated to poly(lactic
acid) via tris(hydroxymethyl) aminomethane, achieving an entrapment efficiency of
18.5 ± 1.3% (59), whilst a drug loading of 12.95 ± 0.15% curcumin was achieved using
monomethoxy poly(ethylene glycol)-poly(ε-caprolactone) micelles (60).
Preparation of DQAsomes by hydratation of thin film with 0.9% saline solution resulted in
formation of big aggregates visible by naked eye. The aggregates were removed by
filtration. The filtrate was clear colourless liquid. Preliminary test with addition of 5 ml of
0.9% saline to 5 ml of DQAsome(2:1) formulation in water or addition of DQAsomes(2:1) to
cell culture media (section 4.7) resulted in aggregation and precipitation, indicating
instability of the sample. Wessig et al. reported the same conclusion i.e. incapability of
DQA to form DQAsomes in the presence of salts. Furthermore, DQAsomes formed in salt
free media were sensitive to subsequent addition of sodium chloride to dispersion medium,
which caused enlargement of particles and formation of aggregates, eventually resulting in
precipitation (61). The aggregation process can be described by Derjaguin–Landau–
Verwey–Overbeek theory, which takes into account different parameters, including size,
surface charge, Hammaker constant, salt concentration, and the counterion valency, to
explain the stability of dispersed particles. Surface charge of DQAsomes can be modified
by binding of ions from the medium on the surface of particles. Therefore, the height of
energy barrier is reduced, which results in the formation of particle aggregates. The system
becomes unstable and coagulation occurs (62).
5.2 CHARACTERISATION OF FREEZE-DRIED DQASOME FORMULATIONS
The stability of nanoparticles in aqueous dispersion is often poor, therefore aggregation
and particle precipitation occur. Furthermore, nanoformulations may suffer from chemical
instability in water or buffer conditions or exert thermal instability. All these parameters
represent a hamper for their clinical use. The benefit of freeze-drying for nanodelivery
systems is improvement of their long-term stability (63). Therefore, the freeze-drying of
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DQAsome formulation was performed. However, characterisation of redispersed freezedried DQAsomes(2:1) showed only small amount of particles, which passed through 0.45
m filter. The results indicate instability of DQAsome formulation during freeze-drying,
resulting in irreversible particle aggregation. With addition of lactose monohydrate (5%) as
a cryoprotectant only 10% of total amount of curcumin loaded DQAsomes(2:1) was
preserved (based on curcumin determination), since they passed through the 0.45 m filter.
(Figure 7). Addition of lactose to DQAsome dispersion may preserve some DQAsomes,
since molecules of lactose isolate individual DQAsomes in the unfrozen fraction of sample
and preventing their aggregation before freezing (63). However, protective effect was very
limited. DQAsomes are known to be sensitive to the freeze-drying, which causes collapse
of plain DQAsomes (39). This may be a consequence of many stress factors, which are
generated during freeze-drying process. For example, the crystallization of ice may exert a
mechanical stress, a high concentration of particles can induce aggregation and irreversible
fusion in some cases. Collapse of DQAsomes may be prevented by using different
cryoprotectants or by modification of freeze-drying process (e.g. the duration of each stage
of the process, the pressure, and shelf temperature applied) (63).
XRD studies revealed crystalline form of pure curcumin (Figure 8b). The results were in
line with observations reported by Mohan et al (56). Thermal analysis was performed using
two heating cycles. The first heating up to 110°C caused water removal from the samples
and the second heating revealed the DSC curve of dry samples. DSC curve of curcumin
exhibits melting peak at 176°C (Figure 9b), as observed also in previous study (64). The
melting peak of curcumin in physical mixture with DQA was slightly broader and shifted
to lower temperature (170°C), since DQA behave like an impurity in curcumin (Figure 9c).
XRD and DSC studies confirmed amorphous state of curcumin in freeze-dried DQAsomes,
which could be a consequence of curcumin incorporation in DQAsome structure and/or
freeze-drying.
The drugs with logP below 1.7 are usually retained within aqueous stage of the liposome or
vesicles whereas lipophilic drugs (logP > 5) are incorporated within the bilayers (34). The
predicted logP of curcumin is 2.56 determined by program ChemBioDraw Ultra 13.0.
(Cambridgesoft Corporation. Cambridge. MA. USA). The drugs with logP values between
1.7 and 5 are more difficult for incorporation in vesicular system; therefore, a loss of drug
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from the vesicles can occur (34). According to low solubility of curcumin in water there is
a high probability that curcumin incorporates in DQA bilayer.
FTIR studies were used to investigate the localization of curcumin in DQAsomes. Shifts of
peaks observed in FTIR spectra can represent changes in conformation of substance, while
it interacts with other compounds present in the sample (65, 66). FTIR spectra of freezedried DQAsome formulations showed some differences compared to FTIR spectra of pure
curcumin or physical mixture of curcumin and DQA (Figure 10). Absorption peak at 3292
cm-1 and 3516 cm-1 for curcumin and physical mixture of curcumin and DQA was shifted
to 3331 cm-1 and the peak was broader in the case of freeze-dried curcumin loaded
DQAsomes (Table III). Li et al. observed that the peak broadens considerably if curcumin
is in amorphous state. The peak has a maximum at around 3400 cm-1 and a shoulder at
3500 cm-1,due to a difference in the molecular environment of the hydroxyl groups in
amorphous relative to crystalline curcumin (67). Peaks in DQAsome spectra at 3516 cm-1
and 3292 cm-1 are shifted to lower wavenumber (3331 cm-1) compared to pure amorphous
curcumin. The peak is closer to 3360 cm-1 where Kolev et al. confirmed hydrogen bonding
between hydroxyl group and nitrogen atom in acetonitrile used as a solvent (57).
Therefore, it suggests formation of hydrogen bonding between hydroxyl group in curcumin
and amino group in DQA.
The decrease in resolution, disappearance and decrease in intensity of some peaks in FTIR
spectra of all three freeze-dried DQAsome formulations compared to FTIR spectrum of
physical mixture of curcumin and DQA indicated incorporation of curcumin in
DQAsomes. Hydrophobic interactions between DQA and curcumin can be seen from a
shift of peak of aromatic C=C bond in FTIR spectrum of DQA from 3056 cm-1 to
3100 cm - 1 (Figure 10). There were several other shifts of aromatic and skeletal C-C-C,
C-H and C=C peaks observed, which indicate different conformation of lipophilic parts of
curcumin and DQA in freeze-dried DQAsomes compared to their conformation in physical
mixture (49, 66).
5.3 MORPHOLOGY OF DQASOMES
TEM imaging enables insight in the structure of particles. Plain DQAsomes were seen as
spherical aggregates with no substructure visible as also reported previously by Weissig et
al. (39). Attwood et al. concluded based on light scattering, surface tension and
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conductivity measurements that DQA forms micelles in aqueous environment (68), but
Weissig et al. observed DQA aggregates with a diameter between about 70 and 700 nm,
which were too big to be micelles (39). However, our TEM images confirmed presence of
both structures, bigger spherical aggregates and smaller micelles (Figure 11a).
Curcumin loaded DQAsomes showed specific new shape of particles (Figure 11b), which
is neither similar to plain DQAsomes nor to previously reported shape of paclitaxel loaded
DQAsomes, which measured 673 ± 19 nm and were rode like in shape (39, 41). ZP of all
curcumin loaded DQAsome formulations was ~50 mV, whereas the ZP of plain
DQAsomes was ~34 mV as reported by Vaidya et al. (41). The results indicate that
incorporation of curcumin results in increase ZP and, therefore, improved physical stability
of such formulation. Different morphology and increased ZP of curcumin loaded
DQAsomes compared to plain DQAsomes, high drug loading, presence of hydrophobic
interactions and hydrogen bonding indicates the formation of special interactions between
DQA and curcumin in DQAsomes. Determined size of DQAsomes(2:1) based on TEM
imaging was ~200 nm, which is in agreement with average size determined by photon
correlation spectroscopy (160.7 ± 2.9 nm).
5.4 STABILITY STUDIES OF CURCUMIN LOADED DQASOMES
5.4.1 Chemical stability of curcumin in water and aqueous media with pH 1.2 and 13
Chemical stability of pure curcumin and curcumin loaded DQAsomes was investigated in
water and aqueous media at pH 1.2 and 13. pH 1.2 was selected as a model for gastric acid
in case of oral delivery. On the contrary, pH 13 is not an extrapolation for physiological
conditions. According to literature, alkaline hydrolysis of curcumin can be measured at pH
13 (4). The addition of curcumin, or curcumin loaded DQAsomes may change the final pH
of the dispersions. The absorption of curcumin in water and pH 1.2 decreased more over
time in relation to a similar experiment at pH 13. Conversely, previous studies determined
rapid hydrolytic degradation of curcumin at pH above neutral (4). These observations can
be explained by the precipitation of curcumin investigated in water and aqueous media at
pH 1.2 due to its poor solubility, whereas curcumin in aqueous media at pH 13 was
dissolved as a result of ionisation but degraded over time.
Aqueous solubility of curcumin is only 3 x 10-8 M i.e. (3), but it is increased with addition
of methanol as a cosolvent. The HPLC measurements also showed rapid decrease in

47

curcumin concentration in water in the first 10 h (Figure 15) due to precipitation of
curcumin from the solution. Curcumin in DQAsomes was more stable in water compared
to pure curcumin, indicating solubilising power of DQA. Small decrease in absorption was
observed in case of DQAsomes dispersed in water. However, this could be due to slight
decrease in stability of DQAsomes upon dilution (38). DQAsomes(2:1) successfully
solubilise curcumin at pH 1.2 but curcumin and DQAsomes(1:2) were precipitated at pH
1.2. The lower solubility of DQAsomes(1:2) in aqueous media at pH 1.2 compared with
water may be duo to partial ionisation of curcumin in water.
The surplus of OH- (100 mM) at pH 13 enabled the total deprotonation (0.12 mM) and
hydrolyzation of curcumin. Curcumin degraded at pH 13 with rate 833 nM/h, which is in
line with the degradation rate 844 ± 104 nM/h published previously by Leung et al. (4).
This alkaline degradation can be suppressed by incorporation of curcumin in micelles of
cationic

surfactants

such

as

cetyl

trimethylammonium

bromide

(CTAB)

or

dodecyltrimethylammonium bromide (DTAB). Degradation of curcumin in CTAB
micelles at pH 13 was reduced for 87.4 ± 16.4% and 88.1 ± 16.2% in case of DTAB
micelles (4). DQA is also cationic surface active agent, which forms cationic vesicles,
which can incorporate curcumin and decrease its degradation at pH 13. The suppression of
alkaline hydrolysis with incorporation of curcumin in DQAsomes(2:1) was 29.9%.
However, it was smaller compared to incorporation of curcumin in CTAB or DTAB
micelles. Since the yield of alkaline hydrolysis suppression was lower in case of
DQAsomes compared to CTAB and DTAB micelles it indicates, that curcumin in
DQAsomes was less protected against alkaline conditions. The reason could be higher drug
loading in case of DQAsomes. In conclusion, DQAsomes(2:1) showed chemical and
physical stability in all tested media compared to pure curcumin and better stability profile
compared to DQAsomes with higher drug loading (DQAsomes(1:2)).
5.4.2 Physical stability of DQAsomes
The drug loaded DQAsomes were physically stable for at least 40 days, based on their size
and charge measurements, however, the curcumin released from DQAsomes precipitated
and adhered to the walls of glass container. Therefore, drug loading decreased on storage,
depending on DQA:curcumin ratio. Formulations with higher drug loading showed lower
stability over the storage period. This may be due to the relatively fewer molecules of
DQA present in DQAsomes to protect incorporated curcumin.
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5.5 ANTIOXIDANT PROPERTIES OF CURCUMIN LOADED DQASOMES
FRAP test was used is some previous studies to evaluate antioxidant activity of curcumin
(69, 70). In this study, FRAP test was carried out either in water or methanol. The structure
of DQAsomes, which were diluted with water, was preserved, whereas DQAsomes, which
were diluted in methanol, were disintegrated. Antioxidant activity of DQAsomes and pure
curcumin dissolved in methanol was not significantly different, indicating that
incorporation of curcumin in DQAsomes and interactions between DQA and curcumin did
not change antioxidant activity of curcumin. Plain DQAsomes did not show antioxidant
activity and consequently curcumin loaded DQAsomes dissolved in methanol did not
increase antioxidant activity compared to pure curcumin. The antioxidant activity of
DQAsomes in water was 90% of antioxidant activity of pure curcumin or DQAsomes
dissolved in methanol, indicating high antioxidant potential of curcumin in DQAsomes,
even before its release from nanodelivery system. The antioxidant activity was
significantly improved with curcumin incorporation in DQAsomes compared to pure
curcumin in water. The increase of antioxidant activity of curcumin in nanoparticulate
system was previously reported by Yen et al. (71). Different ionisation of pure curcumin in
water or curcumin in DQAsomes may influence on antioxidant activity. The antioxidant
activity of DQAsomes after 60 days was comparable to antioxidant activity of the sample
immediately after preparation.
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The positive results with dry powder inhalation formulation of curcumin were previously
published by El-Sherbiny et al. (29). Therefore, our group prepared a novel curcumin
loaded inhalation formulation for mitochondrial targeting. Based on the results of physical
and chemical stability the DQAsomes(2:1), which were the most stable among the
investigated formulations, were chosen for nebulisation experiments. Results of the present
study, in which aerosolization was achieved using a jet nebulizer, have demonstrated that
the curcumin loaded DQAsomes were largely delivered in the form of fine droplets, which
were predominantly deposited in the lower stage of the TSI. Nebulization resulted in an
increase in the mean diameter and polydispersity of DQAsomes, an effect that has
previously been reported to be a result of aggregation, in case of other nebulized systems,
such as liposomes (72).
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The decrease in ZP of DQAsomes dispersed in the lower and upper stage was most
probably due to the change in the composition of DQAsomes. The sample in upper stage
was yellow (Figure 6b), due to the presence of low concentration of curcumin. Dispersion
of curcumin loaded DQAsomes was red, comparable to the dispersion in the lower stage of
TSI (Figure 6c). The ZP of DQAsomes dispersed in the upper stage was 28.7 ± 0.9 mV and
comparable to the ZP of plain DQAsomes 34.22 ± 1.26 mV reported by Vaidya et al. (41).
5.7 ABILITY OF DQASOMES TO TARGET MITOCHONDRIA
DQAsomes with smaller drug loading are more stable in buffers and consequently their
cellular uptake is higher. Results indicated that curcumin loaded DQAsomes demonstrated
the ability to specifically target the cellular mitochondrial membrane. Similar images of
confocal microscopy for mitochondrial targeting were obtained by Marrache and Dhar.
The same study investigated the influence of size and charge for mitochondrial uptake. The
higher uptake may be reached with decrease in DQAsome size down to ideal size of about
80–100 nm but high ZP of DQAsomes increased uptake duo to negative membrane
potential of mitochondrion (31). This experiment assumed similar localisation of
DQAsomes in the Caco-2 cells, which is a continuous line of human epithelial colon
adenocarcinoma cells, compared to the localization in respiratory epithelial cells. In the
future, the study on the respiratory cell line should be performed. However, the curcumin
loaded DQAsomes may increase also bioavailability of curcumin after oral administration,
since curcumin in DQAsomes was shown to be stable at pH 1.2.
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6 CONCLUSIONS
In this study a novel nanodelivery system was developed and characterized as a potential
carrier system for pulmonary delivery of curcumin. Curcumin was incorporated in
DQAsomes with high drug loading (up to 61%) and high entrapment efficiency (~90%).
The vesicles had average size between 160 and 200 nm, with a ZP of approximately 50
mV. The instability of DQAsomes in 0.9% saline is a drawback, however, the stability may
potentially be improved by addition of other polymers which may stabilise DQA.
Freeze-dry curcumin loaded DQAsomes showed only 10% redispersibility in water,
indicating adverse effect of the freeze-drying on the structure of curcumin loaded
DQAsomes. Collapse of DQAsomes may be prevented by using different cryoprotectants,
or by modification of freeze-drying process (e.g. the duration of each stage of the process,
the pressure and shelf temperature). Curcumin entrapped in DQAsomes was in an
amorphous state as determined by thermal analysis. FTIR study showed hydrogen and
hydrophobic bonding between DQA and curcumin.
The lower drug loading in DQAsomes resulted in better physical stability of formulation in
aqueous medium at pH 1.2 and in water, and the alkaline hydrolysis of curcumin was more
supressed in this formulation as compared to DQAsomes with higher drug loading. Size
and surface charge remained unchanged over 40 days, but drug loading decreased by
minimum of 20%. To achieve better formulation stability, drug loading should be further
reduced and DQAsome formulation should be stored under refrigeration.
Nebulization using a jet nebulizer resulted in more than 85% curcumin deposition in the
lower stage of TSI, indicating very good aerosol properties of curcumin loaded DQAsome
formulations. In further studies lactose can be added to the DQAsome dispersion to adjust
its tonicity, preventing bronchospasm by conferring hypotonic properties to the nebulised
formulation.
Curcumin loaded DQAsomes enhanced antioxidant activity of curcumin and this remained
unchanged even after 60 day storage. Preliminary studies in human epithelial cell line
Caco-2 confirmed mitochondrial targeting of curcumin delivered via DQAsomes.
Bioevaluation of DQAsomes should be carried out on a respiratory cell line in further
studies.
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The high loading efficiency, enhanced solubility and stability, successful nebulization,
retention of antioxidant activity and potential for mitochondrial targeting demonstrate
curcumin loaded DQAsomes as a novel and promising therapeutic approach for pulmonary
delivery of curcumin.
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8 SUPPLEMENT
8.1 VALIDATION OF HPLC METHOD
8.1.1 Methods
System suitability test: The chromatogram for the standard solution with a concentration
of 20 µg/ml was used for calculation of the retention factor (capacity factor) (k), resolution
(RS), symmetry factor (tailing factor) (AS) and theoretical plates (N)1.
Linearity: Methanol stock solution of curcumin with concentration 1 mg/ml was diluted
with methanol to achieve the final curcumin concentration of 0.5, 1, 2, 4, 8, 12, 16, and 20
µg/ml. Diluted solutions were injected three times into the HPLC system and the area
under the curve was recorded. The relationship between the concentrations and average of
their areas under the curve was estimated by regression analyses. Correlation coefficient of
obtained trend line was used as a parameter of linearity.
Accuracy: Solutions of curcumin in methanol with concentrations 2, 4, 10, and 16 µg/ml
were prepared in triplicate from three separately prepared curcumin stock solutions in
methanol with concentration 1 mg/ml. Each solution was then analysed once and the bias
of each sample was calculated using Equation S1.
( )

(Equation S1)

cmeasured – concentration of curcumin in solution determined by HPLC analysis
cnominal – theoretical concentration of curcumin in solution
The average of bias for samples at each concentration represents accuracy of the method at
each concentration.
Repeatability: Solutions of curcumin in methanol with concentrations 2, 4, 10, and
16 µg/ml were injected 6 times into HPLC system. The relative standard deviation (RSD)
of 6 measurements (areas under the curve) was calculated for each concentration.
Intermediate precision: Solutions of curcumin in methanol with concentrations 2, 4, 10,
and 16 µg/ml were prepared 6 times from the same curcumin stock solution in methanol (1
1

Chromatographic separation techniques 2.2.46. European Pharmacopoeia, 7 th ed., Volume 1, Directorate of

the quality of Medicine & HealthCare of the Council of Europe (EDQM). Strasbourg 2010: 70-77.
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mg/ml). Each solution was injected once into HPLC system. The RSD of 6 measurements
(areas under the curve) was calculated for each concentration.
The concentration range of HPLC method i.e. lower and upper concentration limit should
meet the following criteria:


linearity: correlation coefficient > 0.999,



accuracy: recovery < 2%,



repeatability: RSD < 1%, and



intermediate precision: RSD < 2%.

Specificity: Plain DQAsomes were dissolved in methanol to reach a theoretical
concentration of curcumin 400 µg/ml. The sample was injected 3 times into HPLC system
and obtained chromatograms were inspected for presence of any signals (peaks) nearby
curcumin retention time2,3.

2

Validation of analytical procedures: text and methodology Q2(R1). International Conference on

Harmonization (ICH) 2005: 6-10.
3

Shabir GA: Validation of high-performance liquid chromatography methods for pharmaceutical analysis.

Understanding the differences and similarities between validation requirements of the US Food and Drug
Administration, the US Pharmacopeia and the International Conference on Harmonization. J Chromatogr A
2003; 987(1-2): 57-66.
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8.1.2 Results
The quantification of curcumin in DQAsomes was made by HPLC. Chromatogram of
curcumin at concentration 20 μg/ml showed 3 peaks with retention times 9.120, 9.866 and
10.690 min as shown in Figure S1. The retention time of the solvent (methanol) was at
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1.905 min.
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Figure S1: Chromatogram of curcumin methanol at concentration of 20 μg/ml.

Recommended and calculated system suitability parameters are presented in Table SI.
Table VI: Recommendations and calculated values for system suitability parameters for HPLC method.

Recommendations4

Calculated values

Retention factor (k)

k>2

k = 4.6

Resolution (RS),

RS > 2

RS = 3.0

Symmetry factor (AS)

AS ≤ 2

AS = 1.0

Theoretical plates (N)

N > 2,000

N = 21,250

Calibration curve was prepared in concentration range 0.5–20 μg/ml of curcumin in
methanol and it was determined based on HPLC measurements (area under the curve)
(Figure S2).

4

Reviewer Guidance: Validation of Chromatographic Methods. Center for Drug Evaluation and Research.

US Food and Drug Administration. 1994.
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Figure S2: Calibration curve of curcumin in methanol measured by HPLC.

The validation parameters at 4 different concentrations are presented in Table SII.
Table VII: Validation parameters of HPLC method at different concentrations of curcumin.

c(curcumin) [µg/ml]
2

4

10

16

2.43

1.35

1.12

0.94

Repeatability [%]

1.29

0.62

0.53

0.23

Intermediate precision [%]

5.34

2.15

1.58

0.77

Precision

Accuracy [%]

0.9996

Linearity

Based on the results shown in Table SII, the concentration range of HPLC method for
curcumin quantification was confirmed to be 10-16 µg/ml. 2 µg/ml does not meet any
criteria with exception of linearity. Accuracy, repeatability and linearity were confirmed
for concentration 4 µg/ml of curcumin in methanol, but the intermediate precision was
slightly over the limit (2.15%  2.0%). However, we decided that the method was
acceptable for us in the concentration range 4-16 µg/ml.
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Chromatogram of plain DQAsomes dissolved in methanol with concentration 400 g/ml
did not show any peaks with exception of solvent peak, indicating that HPLC method used
is specific for detection of curcumin.
8.1.3 Discussion
Chromatogram

shows

three

separated

peaks

for

bisdemethoxycurcumin,

demethoxycurcumin and curcumin (Figure S1) in the order of elution5.
Accuracy, precision and repeatability at lower concentrations could be enhanced with
increased injection volume but it may lower resolution at higher concentration, therefore,
we used primary described method without any additional changes.

5

Tonnesen HH. Karlsen J: High Liquid Chromatography of Curcumin and Related Compounds. J Chrom

1983; 259: 367-371.
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