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of curcumin-in-modified
b-cyclodextrins into liposomes using
a transmembrane pH gradient†
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Rula Buqaien,b Said Ismail,cd Abdalla Awidibc and Abeer Al Bawabae

Curcumin (CRM) is a natural polyphenol with antioxidative, anti-inflammatory, and anticancer therapeutic

properties. However, CRM therapeutic potential is limited by low water solubility and bioavailability.

Intraliposomal remote loading describes the retention of drugs in liposome cores in response to

transmembrane pH gradient. The current study describes for the first time the remote loading of CRM

into liposomes using secondary (E-bCD) and tertiary (D-bCD) amino-modified b-cyclodextrins (bCDs) as

carriers and solubilizers. bCDs were chemically modified to prepare the ionizable weak base functional

group followed by forming a guest-host complex of CRM in the modified bCDs hydrophobic cavities via

a solvent evaporation encapsulation technique. These complexes were then actively loaded into

preformed liposomes, composed of DPPC/cholesterol (65/35 molar ratio) via pH gradient. The formation

of CRM-bCDs inclusion complexes was characterized using UV-Vis spectroscopy, thermal analysis, and

NMR spectroscopy. The complex stoichiometric ratio was determined to be 1 : 1 of CRM-bCDs based on

Job's plot which was also confirmed by the modified Benesi–Hildebrand equation with increasing

probability of forming the 1 : 2 ratio of CRM-bCDs. The apparent formation constants (Kf) of 51.6, 100.9

and 55.4 mM�2 were determined for CRM-bCD, CRM-E-bCD, and CRM-D-bCD complexes, respectively.

Liposome size, charge and polydispersity index indicate the presence of a homogeneous population

before and after active loading. The encapsulation efficiencies of CRM-bCD complexes into pH gradient

preformed liposomes were 16.5, 51.1, and 41.7 for CRM-bCD, CRM-E-bCD, and CRM-D-bCD,

respectively, showing more than 5 fold increase compared to normal liposomes. The current study

provides a novel remote loading approach utilizing chemically modified cyclodextrins to incorporate

hydrophobic drugs into liposomes.
1. Introduction

The poor aqueous solubility of hydrophobic drugs is limiting
their therapeutic applications in the clinic. Many clinically
effective drugs are hydrophobic and suffer from low water
solubility and bioavailability.1 Therefore, different strategies
have been developed to overcome these limitations thereby
improving therapeutic potency. One important strategy is the
incorporation of hydrophobic drugs into carriers such as
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cyclodextrins and nanoparticles to enhance their solubility and
bioavailability.2,3 Liposomes, consist of one or more lipid bila-
yers enclosing an aqueous core, are considered as one of the
most successful drug delivery systems due to their biocompat-
ibility, stability, easy to synthesize and high drug loading effi-
ciency.4,5 Liposomal drug loading can be achieved by either
passive or active methods.6 Liposomal passive loading is per-
formed during the formation of the lipid bilayer vesicles. This
approach can encapsulate the hydrophilic drug in the lipo-
somes aqueous core, while water-insoluble drugs will accumu-
late in the small-sized hydrophobic lipid bilayer (�5 nm
thickness).6–9 However, the passive loading of hydrophobic
drugs into the bilayer of liposomes is limited by bilayer desta-
bilization, high lipid/drug ratio, and rapid drug release.10

Therefore, methods to solubilize hydrophobic drugs such as
complexation with cyclodextrins (drug-in-cyclodextrins) were
successfully applied and permitted the loading of hydrophobic
molecules into the liposomes aqueous core, hence forming
drug-in-cyclodextrins-in-liposomes delivery system.11 Cyclodex-
trins are truncated cone shape macrocyclic oligosaccharides
This journal is © The Royal Society of Chemistry 2019
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consisting of six, seven and eight glucopyranose units for a,
b and g-cyclodextrins, respectively. Structural studies have
revealed that cyclodextrins have a hydrophobic central cavity
and a hydrophilic outer surface.12,13 Therefore, cyclodextrins
have the ability to form complexes with specic water insoluble
drug molecules via physical interactions in their hydrophobic
cavities (guest–host interaction). These characteristics make
them invaluable in the elds of pharmaceutics and drug
delivery.14,15 Moreover, the hydroxyl groups of cyclodextrins are
chemically reactive and can be modied with different func-
tional groups that can improve pharmaceutical applications.16,17

Active or remote loading has been developed to ensure high
intraliposomal drug concentrations and minimal loss of
precious chemotherapeutic agents.18 Remote loading can be
achieved through loading drug molecules into preformed lipo-
somes using pH gradient and/or ionic potential differences
across liposomal membranes.7,10 There are two main factors
that direct the success of intraliposomal active loading, (i) the
water solubility of the drug, and (ii) the presence of ionizable
functional group in its structure which can facilitate active
loading and accumulation of drugs inside liposomes.17,19

Curcumin (CRM) (Fig. S1†), bis(4-hydroxy-3-methoxyphenyl)-
1,6-diene-3,5-dione, is a polyphenol molecule derived from the
rhizome of the plant Curcuma longa. Currently, CRM has
important attention in medicine for the wide range of its
pharmacological applications such as anti-inammation, anti-
microbial, anti-oxidant, anti-parasitic, anti-mutagenic and
anti-cancer.20,21 CRM can be a good candidate for active loading
into liposomes. However, CRM is missing the requirements for
liposomal active loading, including its low solubility in aqueous
solution (z20 mgmL�1) and not bearing an ionizable functional
group.17 Moreover, applying chemical modications to this
natural active compound can alter it's biological and chemical
properties. Since incorporating drug-cyclodextrin complexes
into liposomes were limited to passive loading,3,8,22 modied
cyclodextrins, bearing ionizable groups (Fig. S2†), may act as
a promising carrier to actively load water-insoluble drugs in
liposomes core, avoiding the drug chemical modication
risk.17,23 In the current work, we suggest a method for remote
loading of CRM hydrophobic molecule into the aqueous core of
liposomes through chemically modied b-cyclodextrins (bCDs)
as carriers. In order to do so, we synthesized and characterized
newly modied bCDs with weak bases as ionizable functional
groups. Then, CRM was complexed with the modied bCDs and
the resulting CRM-in-bCDs inclusion complexes were charac-
terized by thermal analysis, spectroscopic proton nuclear
magnetic resonance (1H-NMR) and UV-visible spectrophoto-
metric techniques. Finally, the ability of the modied bCDs to
complex and remote loading of CRM into the core of liposomes
was assessed using transmembrane pH gradient method.

2. Materials and methods
2.1. Chemicals

b-Cyclodextrin (bCD), curcumin, bis(4-hydroxy-3-
methoxyphenyl)-1,6-diene-3,5-dione (CRM) and p-toluene-
sulfonyl chloride (TsCl) were purchased from Sigma (St. Louis,
This journal is © The Royal Society of Chemistry 2019
MO, USA). 1-Ethanol-2-amine (ethanolamine) and N,N-diethyl-
amine (diethyl amine) were purchased from TEDIA (Faireld,
OH, USA). 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
and cholesterol (CHOL) were obtained from Avanti Polar Lipids,
Inc. (Alabaster, Alabama, USA). Phosphate buffer saline (PBS) and
[4-(2-hydroxyethyl)-piperazino]-ethanesulfonic acid (HEPES) were
obtained from LONZA® (USA). Deuterated dimethylsulfoxide (d6-
DMSO) (99.9% atom) was used for NMR analysis and was
purchased from Aldrich (USA). Vinylec K was purchased from
Aldrich, USA. Uranyl acetate reagent from Electron Microscopy
Science (USA). Acetone, methanol, ethanol, acetonitrile, and 1-
propanol were obtained from carbon group (England). All other
chemicals and solvents were of analytical grade. All reagents and
chemicals were used without further treatment.
2.2. Synthesis of mono amino-modied bCDs

The amino-modied bCDs, mono-6-deoxy 1-ethanol-2-amine-
bCD (E-bCD) andmono-6-deoxy-N,N-diethylamine-bCD (D-bCD)
were synthesized as illustrated in Scheme 1. Firstly, mono(6-O-
p-tolylsulfonyl)-bCD, 6-OTs-bCD was synthesized by tosylation
of bCD with p-toluenesulfonyl chloride (TsCl) in basic aqueous
solution according to literature procedure with minor modi-
cations,24 where bCD (1.477 g, 1.3 mmol) and TsCl (0.429 g, 2.25
mmol) was dissolved in 35 mL of deionized water and stirred at
room temperature for 3 h. Thereaer, sodium hydroxide, NaOH
(0.60 g, 15 mmol) in 7 mL of deionized water was added and the
mixture was stirred for 10 min. Unreacted TsCl was removed by
ltration through a grade 4 sintered glass funnel. The ltrate
was brought to pH �7.5 by the addition of NH4Cl (1.3 g), then
refrigerated overnight at 4 �C. The resulting white precipitate
was recovered by ltration, and dried for 24 h at 80 �C. A pure
white solid was obtained (47.52% yield).

The amino-modied bCDs, E-bCD and D-bCD, were synthe-
sized by nucleophilic substitution of 6-OTs-bCD with an excess of
the corresponding aliphatic amines, 1-ethanol-2-amine (ethanol-
amine) andN,N-diethylamine (diethyl amine). A solution of 6-OTs-
bCD (0.30 g, 0.235 mmol) in an excess ethanol amine
(17.625 mmol, 1.064 mL) was stirred at 70 �C for 18.0 h, then
cooled to room temperature. Distilled water (1 mL) was added to
dilute the mixture, the resultant solution was poured into
a mixture of acetone (10 mL) and ethanol (10 mL) slowly, forming
white precipitate immediately. The white precipitate was collected
by suction ltration and recrystallized three times in hot water (3
� 1 mL), 0.2217 g of E-bCD was produced (80.01% yield).25

17.625 mmol, 1.822 mL excess amount of diethyl amine was
added to 0.30 g, 0.235 mmol of 6-OTs-bCD, the solution stirred
at 40–50 �C for four days. The excess diethylamine was removed
under vacuum. The product (D-bCD) was obtained by recrys-
tallization from hot water (3 � 1 mL), yielding 0.2 g (71.55%) as
a white crystal.

These products were characterized by proton nuclear
magnetic resonance (1H-NMR) analysis using Bruker Avance III
500 mHz instrument (Bruker BioSpin, Switzerland) and by high-
resolution mass spectroscopy with electrospray ionization
method operating HRMS (ESI) using ESI-apex-IV Bruker Mass
spectrometry.
RSC Adv., 2019, 9, 37148–37161 | 37149
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Scheme 1 Schematic synthesis of the modified b-cyclodextrin (E-bCD and D-bCD).
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2.3. Preparation of encapsulated complexes

The preparation of inclusion complexes of CRM with different
bCDs was performed via solvent evaporation encapsulation
technique.26 A 1 : 2 drug to cyclodextrin ratio (0.044 mmol, 16.8
mg) of CRM dissolved in methanol (nearly saturated �1 mL)
and appropriate cyclodextrin (0.022 mmol, 25, 26.2 and 26.1 mg
for bCD, E-bCD, and D-bCD, respectively) dissolved in deionized
water (�2 mL). The methanolic solution of the CRM was then
added dropwise into the cyclodextrin solution in 5 mL round
bottom ask. This solution was then mixed by shaking, without
a cap to evaporate the methanol, at 300 rpm and 40 �C for 36 h.
The complex solution was used aer ltration, to remove the
particulate matter, for spectrophotometric and active loading
investigation or dried in the fume hood overnight and
completely dried using vacuum oven at 35 �C for 2 h for further
characterization.17,21
2.4. Spectrophotometric studies

Spectroscopic studies were carried out to determine the
absorption spectrum, stoichiometry, and formation constant of
the inclusion complexes. Absorption spectra were recorded in
the range of 300 to 500 nm using Nanodrop 2000 UV-Vis spec-
trophotometer (Wilmington, DE, USA).27

2.4.1 Absorption spectra. The absorption spectra and the
effect of increasing concentration of bCDs on the absorption
spectra of CRM were recorded for different inclusion complexes
with a constant concentration of CRM and increasing concen-
tration of bCDs from 1 to 3 molar ratio.

2.4.2 Determination of the complexation stoichiometry.
Continuous variation method (Job's method) was used to
determine the complexation stoichiometry.28,29 The experiments
were performed using solutions of equimolar concentrations of
the CRM and bCDs. The samples were prepared by mixing
37150 | RSC Adv., 2019, 9, 37148–37161
different volumes of these two solutions so that the total
concentration remains constant and the molar fraction of the
drug, X varies in the range from 0–1. The absorbance differ-
ences, in presence of bCDs with respect to the value for the free
CRM, were recorded at different molar ratios at maximum
wavelength (lmax) ¼ 420 nm.30 The variation of the absorbance
differences (DAbs) multiplied by CRM concentration is plotted
versus CRM mole fraction (X). The value of X for which the plot
presents the maximum deviation gives the stoichiometry of the
inclusion complex (X¼ 0.5 for 1 : 1 or 2 : 2 ratio complexes; X ¼
0.33 for 1 : 2 ratio complexes).31

2.4.3. Determination of formation constants. The binding
constant of drug-cyclodextrin inclusion complex was deter-
mined by Benesi–Hildebrand equation.28 The concentration of
CRM was kept constant and bCD and the modied bCDs
concentration was varied from 1–3.5 molar ratio. Eqn (1) used
for 1 : 1 complexation and eqn (2) for 1 : 2 complexation.32

1

A� Ao
¼ 1

A0 � Ao
þ 1

K
�
A0 � A

�½bCD� (1)

1

A� Ao
¼ 1

A0 � Ao
þ 1

K
�
A0 � A

�½bCD�2 (2)

where Ao is absorbance of the guest without bCD, A is the
absorbance with a particular concentration of bCD, A0 is the
absorbance at the maximum concentration of bCD. The
formation constant (K) is calculated from the Benesi–Hilde-
brand equation,33 aer plotting (1/A � Ao) against (1/[bCD]) or
(1/[bCD]2):

Formation constant ðKÞ ¼ 1=ðAo � AÞ
1
��

A0 � Ao
� (3)
This journal is © The Royal Society of Chemistry 2019
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2.5. Differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA)

The complexed nanoparticles were analyzed on Netzsch DSC
204 F1 instrument (Germany). The DSC patterns of the samples
were obtained from 20 �C to 300 �C at a heating rate of
10 �C min�1, under a constant ow (100 mL min�1) of nitrogen
gas. The samples weights were in the range of 3–6 mg.

The TGA analysis was performed on Mettler Toledo Instru-
ment (TGA/DSC 2, Switzerland) from 25 �C to 500 �C with
a heating rate of 10 �C min�1. Alumina (aluminum oxide, ALU)
crucibles, holding 1–2 mg of each sample, were used.
2.6. 1H-NMR spectroscopy

All NMR spectra were performed in d6-DMSO (99.0% atom,
Across Organics, USA) using Bruker Avance III 500 mHz
instrument (Bruker BioSpin, Switzerland) with a Broadband
Observe (BBO) probe equipped with z-gradient and the
temperature was controlled using a variable temperature unit
(VTU) and held constant at 300 K. Chemical shi in parts per
million (ppm) were referenced to tetramethylsilane (TMS) as an
internal reference. Data processing and analysis of the data
were performed with topspin framework (Bruker Biospin
GmbH, Version 3.6.0).
2.7. Mass spectrometry

High-resolutionmass spectra (HRMS) were acquired (in positive
or negative mode) using electrospray ion trap (ESI) technique by
collision-induced dissociation on a Bruker APEX-4 (7 Tesla)
instrument. The samples were infused using a syringe pump at
a ow rate of 2 mL min�1.
2.8. Liposomes preparation and active loading

2.8.1. Preparation of transmembrane pH gradient
conventional liposomes. Liposomes were prepared using the
conventional thin-lm hydration technique.34,35 Briey, 4.78 mg
of DPPC, 1.36 mg cholesterol (65 : 35 molar ratio) were dis-
solved in 3–4 mL chloroform, which was then evaporated under
reduced pressure, down to 100 mbar (IKA RV 05 Basic Rotary
Evaporator combined with VacuuBrand CVC2000, Germany) at
20 rpm and 35 �C water bath until a dried, homogeneous thin
lm was obtained. The lm was then hydrated with 2 mL of
300 mM citrate buffer, pH 4.0 at �50 �C for 30–60 min with
vigorous vortexing every 2–3 min.17 The vesicle suspension was
extruded successively through a polycarbonate membrane
(100 nm, Whatman®) using Mini-Extruder (Avanti Polar Lipids,
Inc. USA) at 50 �C for 13 times to obtain the nal liposomes with
low polydispersity and the desired size, which were stored at
4 �C for further use. The transmembrane pH gradient was
achieved by re-dispersing the liposomes pellets, aer
15 300 rpm centrifugation at 4 �C for 1.5 h, with an external
20 mM (pH ¼ 10.5) HEPES buffer.

2.8.2. Remote loading protocol into liposomes. A 200 mL of
CRM: bCD complex (0.17 mM) incubated in 400 mL (5.0 mM) of
freshly prepared pH gradient liposome for 1.0 h at 65 �C.17 The
suspension was le to cool at room temperature and then
This journal is © The Royal Society of Chemistry 2019
centrifuged at 9000 rpm, 4 �C for 1.0 h to remove CRM: bCD
complex that had not been loaded into the liposomes. The
liposomes pellets were then disrupted with 500 mL methanol by
3 min vortexing followed by 15 300 rpm and 4 �C centrifugation
for 15 min. The supernatant was measured on UV-Vis spectro-
photometer at 420 nm for the loaded CRM: bCD complexes.17,36

2.8.3. Nanoparticle size and zeta potential. The average
size, charge and polydispersity index (PDI) for liposomes before
and aer active loading were measured by dynamic light scat-
tering experiments on a Zetasizer, Nano-ZS (Malvern Instru-
ments Ltd., Malvern, UK). Liposomal samples were diluted with
deionized water in order to yield an appropriate counting rate.
All samples were placed into the specimen holder of a Zeta-sizer
for 60 s prior to the measurement in order to allow room
temperature equilibrium.36

2.8.4. Transmission electron microscopy (TEM). TEM
analysis of different liposomes were performed using negative
staining method.37 First, 200 mesh formvar copper grids (SPI
supplies, USA) were coated with carbon under low vacuum Leica
EM ACE200 glow discharge coating system (Leica, Austria).
Then, the carbon-coated grids were further coated with 1.5%
vinyl K solution in chloroform. A drop of deionized water-
diluted liposomes suspension was placed on the 200 mesh
formvar copper grid followed by air-drying. The loaded grids
then stained with 3% (v/v) of aqueous solution of uranyl acetate
for 20 min at room temperature. Aer incubation, grids were
washed with distilled water and dried at room temperature
before imaging with Versa 3D (FEI, Netherlands) TEM operating
system at an acceleration voltage of 30 kV.11

2.8.5. Liposomes encapsulation efficiency (EE%). The
encapsulation efficiency of CRM: bCD complex into liposomes
was expressed as the percent of drug complex encapsulated
inside liposomes and calculated using the following equation:37

Encapsulation efficiency ðEE%Þ ¼ ½Entrapped CRM complex�
½Total CRM copmlex�

� 100

(4)

3. Results and discussion
3.1. Characterization of modied b-cyclodextrins

The formation of mono-6-deoxy-6-(p-tolylsulfonyl)-b-cyclodex-
trin (6-OTs-bCD) (Fig. S3†) was conrmed using 1H-NMR and
mass spectrometry. HRMS (ESI) on the negative mode ([M �
H]�) conrmed 6-OTs-bCD (C49H75O37S) synthesis, where the
calculated and the found values are 1287.37134 and 1287.29928,
respectively, in addition to the isotope peaks (Fig. S4†).

Compared to 1H-NMR spectrum of bCD (Fig. S5†), new
doublet peaks of the proton signal appeared around 7.45 and
7.77 ppm, which belongs to the C9-H and C8-H proton of the
aromatic ring, respectively (Fig. S6†). A singlet peak arises at
2.45 ppm for the para-methyl group (C11-3H) of the aromatic
ring.

1H NMR (d6-DMSO, d, ppm) for 6-OTs-bCD: 2.45 (s, 3H,
–CH3), 3.23–3.38 (m, 14H, H-2,4), 3.60–3.75 (m, 28H, H-3,5,6),
4.79 (d, 2H, H-1), 4.86 (t, 5H, H-1), 5.74 (m, 14H, OH-2,3), 7.45
(d, 2H, H-9), 7.77 (d, 2H, H-8).
RSC Adv., 2019, 9, 37148–37161 | 37151
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Fig. 1 Mass spectrum of (a) E-bCD and (b) D-bCD one the positive mode.

Fig. 2 1H-NMR spectrum of E-bCD in the d6-DMSO solvent.
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The preparation of the two modied amino bCDs, mono-6-
deoxy ethanolamine-bCD (E-bCD) and mono-6-deoxy diethyl-
amine-bCD (D-bCD) were also conrmed using 1H-NMR and
mass spectrometry (Fig. 1a and b). Positive mode HRMS (ESI)
([M � H]+) for E-bCD (C44H76NO35) gives a calculated and found
values of 1178.41924 and 1178.42008, respectively. The
37152 | RSC Adv., 2019, 9, 37148–37161
calculated and found values for D-bCD (C46H80NO34) in the
HRMS (ESI) positive mode ([M � H]+) were 1190.45563 and
1190.45450, respectively.

Fig. 2 shows a new peaks of the proton signal appeared
around 2.75 and 2.85 ppm belongs to the C80-H and C70-H
proton, and other peaks at 2.0 and 3.35 ppm for N–H and O90-H
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 1H-NMR spectrum of D-bCD in the d6-DMSO solvent.
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proton, respectively, of the ethanolamine substitution in E-bCD
compared to 1H-NMR spectrum of bCD (Fig. S5†).

1H NMR for E-bCD (d6-DMSO, d, ppm): 2.01 (m, 1H, N–H),
3.35 (m, 1H, O0–H) 2.75 (d, 2H, H-80), 2.85 (d, 2H, H-70), 3.23–
3.38 (m, 14H, H-2,4), 3.60–3.75 (m, 28H, H-3,5,6), 4.79 (d, 2H, H-
1), 4.86 (t, 5H, H-1), 5.74 (m, 14H, OH-2,3).

New triplet peak of the proton signal appeared around
0.848 ppm belongs to the C800-H proton of the methyl
substituted in D-bCD in addition to the quartet peak around
2.450 ppm for the C700-H (Fig. 3).

1H NMR for D-bCD (d6-DMSO, d, ppm): 0.848 (m, 3H, H-800),
2.45 (m, 2H, H-700), 3.23–3.38 (m, 14H, H-2,4), 3.60–3.75 (m,
28H, H-3,5,6), 4.79 (d, 2H, H-1), 4.86 (t, 5H, H-1), 5.74 (m, 14H,
OH-2,3).
3.2 Absorption spectra

Spectroscopy is one of the methods usually used to conrm
inclusion complex formation. bCD has no absorption in the
range of 300–500 nm, while CRM has a maximum absorption at
420 nm (Fig. S7†), hence this wavelength was used for the study.
The absorption spectra of CRM, bCDs and their corresponding
complexes were studied in accordance with the procedure
mentioned above.

The effect of increasing the concentration of bCDs (0.00–0.63
mM) on the absorption spectrum of CRM was studied with
Fig. 4 Job's plot for (a) CRM-bCD, (b) CRM-D-bCD and (c) CRM-E-bCD

This journal is © The Royal Society of Chemistry 2019
a constant concentration of CRM (0.18 mM). As a result of the
complexation, the chromophore, CRM, is transferred from the
aqueous environment into the hydrophobic environment of the
cyclodextrin's cavity. Hypsochromic or bathochromic shi, as
well as increased absorption, are the commonly reported effects
of the complex formation.38

Fig. S8† shows a remarkable increase in CRM absorbance
upon continuous addition of bCD. This is maybe attributed to
the transference of the two aromatic rings (chromophores) in
CRM from the aqueous medium to the non-polar cavity of the
bCD. In addition, shielding of the excited species from non-
radiative processes occurring in the bulk solution and may be
due to the increase in the molar absorption coefficient of the
inclusion complexes.39 The same results were obtained for CRM
absorption spectrum in the complexes formed with E-bCD and
D-bCD as shown in Fig. S8b and c.†
3.3. Determination of the complexation stoichiometry and
formation constants

Continuous variation method (Job's method) was employed to
determine the complexation stoichiometry. Job's plots are
shown in Fig. 4, where the CRM mole fraction (c) was varied
from 0.0 to 1.0 and plotted against c multiplied with absor-
bance difference. As shown in Job's plot the maximum peak was
, where x is the mole fraction of CRM.

RSC Adv., 2019, 9, 37148–37161 | 37153
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Fig. 5 Benesi–Hildebrand plot of (a) 1/DA versus 1/[1/bCD] and (b) 1/DA versus 1/[1/bCD]2 for CRM – bCD different complexes.
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obtained at c ¼ 0.5, which points to a 1 : 1 inclusion complex
between CRM with native and modied bCDs.

The stoichiometry of the complexes was also determined
using the Benesi–Hildebrand equations (Eqn (1) and (2)). A
linear dependence of the type 1/(A� Ao) vs. 1/[CD]n, with n¼ 1 or
2, indicates the presence of complexes of 1 : 1 or 1 : 2 stoichi-
ometry, respectively.32 Fig. 5a and b represent the Benesi–Hil-
debrand plot of 1/DA versus 1/[bCD] and 1/[bCD]2 for native and
modied CRM-bCD. A good linear correlation was obtained for
plotting 1/DA versus 1/[bCD], which indicates a 1 : 1 stoichi-
ometry with a formation constant (Kf) equal to 1.3, 5.2 and 1.4
mM�1 for CRM-bCD, CRM-E-bCD and CRM-D-bCD complexes,
respectively. Another good linear correlation with a possibility
of 1 : 2 stoichiometry appears from plotting of 1/DA versus 1/[1/
bCD]2 with a Kf of 51.6, 100.9 and 55.4 mM�2 for CRM-bCD,
CRM-E-bCD, and CRM-D-bCD complexes, respectively. These
result are consistent with Jahed et al. and Patro et al. conclu-
sions of 1 : 1 or 1 : 2 stoichiometry based on phase solubility
diagram, NMR results and molecular modelling calcula-
tions.40,41 In addition, 1 : 2 ratio of CRM with hydroxyl propyl
derivatives of bCD (HP-bCD) also strongly reported based on
NMR studies.42 Moreover, CRM forms strong 2 : 1 host : guest
inclusion complexes with bCD and HP-bCD, according to
37154 | RSC Adv., 2019, 9, 37148–37161
Baglole et al., without eliminating the occurrence of 1 : 1 stoi-
chiometry as conrmed by the uorescence enhancement
titration study of CRM upon complexation with increasing
ratios of CDs.43 Thus the formation of inclusion complexes with
1 : 2 (guest : host) stoichiometry is possible as well as the 1 : 1
complexes. The presence of the two stoichiometric possibilities
may be due to solvent effects (buffer type) and CRM quality, but
either ratios will not affect the spectrophotometric investiga-
tions of the inclusion complex.44 Therefore, the 1 : 2 stoichi-
ometry is more acceptable regarding higher formation constant
and due to the large structure of CRM with two identical
terminal aromatic rings that can be entrapped in two bCD
molecules. The stoichiometric data show clearly that the
modication on bCD did not affect it's guest–host interaction
modes with CRM, and hence can be used in remote loading into
liposomes.

3.4. Differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA)

DSC method was used to determine the phase changes in the
bCDs melting temperature due to the inclusion of CRM. Table
S1† represents a summary of DSC endothermic peaks of CRM
with various bCD complexes. CRM, bCD, E-bCD and D-bCD
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 DSC thermograms for (a) CRM-bCD, (b) CRM-E-bCD, and (c) CRM-D-bCD compared to their precursors and physical mixtures.
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have shown individual exothermic peaks at 177.3, 131.7, 96.6
and 96.0 �C, respectively, due to their melting points. DSC
curves of CRM, bCDs, their physical mixture, and the inclusion
This journal is © The Royal Society of Chemistry 2019
complex were shown in Fig. 6. The thermal prole of the
physical mixture was actually a combination of characteristics
of CRM and different bCDs without noticeable alteration in the
RSC Adv., 2019, 9, 37148–37161 | 37155
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Fig. 7 The conformational structure bCD, (a and b). The major hydrogen atoms of bCD, (c). The chemical structure of curcumin, (d).
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bCDs endothermic peaks and CRM showed a sharp endo-
thermic peak around 177.3. In contrast, the thermograms of
CRM-bCDs inclusion complexes did not show any peak of CRM
in the 177.3 region and mainly showed features of bCDs with
a decreasing in the melting points of CRM-bCD, CRM-E-bCD
and CRM-D-bCD to 122.0, 93.6 and 86.7, respectively. These
data should conrm the formation of the inclusion complex
and CRM molecules being included in the bCDs cavities by
replacing water molecules, and this behavior is an indication of
stronger interactions between CRM and bCDs in the solid-state.

The thermal stability of CRM-bCD, CRM-E-bCD and CRM-D-
bCD complexes were studied using TGA.45 Fig. S9† shows the
thermograms of the weight loss curves for CRM-bCD, CRM-D-
bCD, CRM-E-bCD and their precursors in the temperature range
of 25–600 �C. bCD, D-bCD, and E-bCD start to decompose at
289, 261 and 224 �C, respectively. The chemical modication on
bCD decrease the decomposition temperature of bCD. The
thermal change occurred between 40 to 75 �C in different bCDs
due to the endothermic behavior which corresponded to the
loss of water molecules in bCDs cavities. CRM exhibited a major
Fig. 8 Standard curves (STD) of different CRM-bCD complexes.

37156 | RSC Adv., 2019, 9, 37148–37161
weight loss at 230.3 �C. CRM inclusion complexes underwent
weight loss in two major stages. The rst stage is due to the
dehydration of water molecules between 40 to 60 �C, while the
second stage is due to decomposition of the complexes. More-
over, TGA thermograms (Fig. S9†) show a 63.5% weight loss and
slight degradation of CRM at 600 �C and almost complete
degradation with 91.02% weight loss for native bCD compared
to the higher stability of modied bCD, E-bCD and D-bCD with
73.81 and 78.03% weight loss respectively, at 600 �C. In addi-
tion, the inclusion complexes enhance the thermal stability of
CRM and decrease the weight loss of bCD, E-bCD and D-bCD to
78.34, 61.41 and 63.77%, respectively, which is probably due to
the formation of CRM inclusion complexation with various
bCDs.
3.5. 1H-NMR spectroscopy

The complexation pattern was further evaluated by 1H-NMR
spectroscopy. This technique provides direct evidence of
inclusion complex formation. Chemical shi (d) changes, either
for the host or the guest, can verify due to the formation of
This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Active loading of modified b-cyclodextrin using a transmembrane pH gradient. (a and b) represent the absorbance of CRM-E-bCD and
CRM-D-bCD complexes, respectively, in absorption unit loaded into liposomes with a pH gradient (citrate liposomes) compared with that of the
same complex loaded into liposomes in the absence of a pH gradient (PBS liposomes). (b) Absorbance of CRM-bCD, CRM-E-bCD and CRM-D-
bCD complex in absorption unit loaded into liposomes with a pH gradient (citrate liposomes).
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inclusion complex in solution.11,46 Fig. 7 represents the chem-
ical structure of bCD and CRM with all hydrogen atoms that
may be involved in complex formation. An overview of the
complexation induced 1H-NMR chemical shis of hydrogen
atoms of free native, modied bCDs and CRM in d6-DMSO
compared to their respective complexes are presented in Tables
S2–S4† and their corresponding detailed 1H-NMR spectrum are
shown in Fig. S10–S12,† respectively. CRM has two terminal
This journal is © The Royal Society of Chemistry 2019
aromatic rings that, theoretically, supposed to involve in the
complex formation with the hydrophobic cavity of bCDs. The
major shis of Hd and Hg prove this hypothesis. In addition,
CRM specic peaks between 6 and 7.5 ppm show low intensity
and secondary hydroxyl proton, Hf, almost invisible which is
a typical pattern of inclusion complexes.21 Another noticeable
chemical shi for CRM was for Hc which suggests the inclusion
may go beyond the aromatic rings of CRM toward nearby atoms.
RSC Adv., 2019, 9, 37148–37161 | 37157
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Fig. 10 Size distribution by DLS and TEM micrographs (a) pH ¼ 4 blank liposomes, (b) pH gradient blank liposomes, (c) CRM -bCD loaded
liposomes, (d) CRM-E-bCD loaded liposomes and (e) loaded CRM-D-bCD liposomes.

37158 | RSC Adv., 2019, 9, 37148–37161 This journal is © The Royal Society of Chemistry 2019
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Table 1 Liposome characterization; average diameter, PDI, zeta potential and encapsulation efficiency. (mean � SD, n ¼ 3)

Liposome Complex type
Average particle size
(Zavg) (d nm � SD) (PDI � SD) Zeta potential (mV � SD) (EE% � SD)

PBS liposome Free 139.39 � 3.00 0.05 � 0.04 �0.70 � 2.94 —
CRM-E-bCD 146.13 � 2.20 0.08 � 0.01 �1.78 � 2.60 10.74 � 2.27
CRM-D-bCD 148.07 � 2.49 0.09 � 0.01 �4.74 � 0.72 7.72 � 2.33

Citrate liposome Free 151.33 � 2.03 0.04 � 0.02 �7.00 � 0.74 —
CRM-bCD 151.13 � 1.42 0.03 � 0.02 �8.93 � 3.34 16.56 � 7.38
CRM-E-bCD 152.40 � 3.22 0.05 � 0.02 �12.33 � 0.21 51.16 � 6.19
CRM-D-bCD 163.20 � 1.05 0.04 � 0.04 �18.07 � 0.21 41.73 � 1.53
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The variation in the values of chemical shis differences, and
whether the shi occurs in the high or low eld region, indi-
cates the different types of bCD host.

Obvious chemical shis for native and modied bCDs
occurred at H3 and H5, as expected since these atoms are
located inside the cavity of the bCD, which conrms the
formation of an inclusion complex.40 A noticeable chemical
shi in H2 and H4, especially in the modied cyclodextrin,
indicate the effect of these modied fragments (ethanol amine
or diethyl amine) that located outside the cavity of bCD on the 6-
position (easily rotate towered H2 and H4) on the chemical shis
of outside bCD protons. The large size of CRM may partially
contact the outside protons of the nearby bCD and alter their
chemical shis. Cross-peaks observed in some cases also with
the outside cyclodextrin proton H4 were ascribed to intra-
molecular scalar spin saturation transfers from the cyclodextrin
protons H3 and/or H5.47 These observations may give evidence
of the formation of partial or complete inclusion since H5

showed higher shis than H3 for all complexes. All these data
indicate the successful formation of inclusion complexes
between CRM with native or modied bCD.
3.6. Liposome characterization and active loading

Following the chemical modications of bCDs and the
complexation with CRM, we have investigated the encapsula-
tion of CRM into liposomes by active loading via trans-
membrane pH gradient. The liposomes were prepared by
hydrating lipid lms with 300 mM citrate buffer (pH 4), or with
PBS (pH 7.4) for comparison. To achieve a pH gradient lipo-
somes, the citrate liposomes were centrifuged and the lipo-
somes pellets were then dispersed in 20 mM HEPES buffer (pH
10.5), then the CRM-bCD complexes were incubated with the
preformed liposomes at 65 �C for 1 h for entrapment.17 The
unloaded CRM complexes were removed by centrifugation fol-
lowed by liposomes disruption to measure the encapsulation
efficiency using UV spectroscopy (Fig. 8). Two types of control
experiments were performed, the modied bCD complexes with
PBS buffer liposome and native bCD with citrate pH gradient
liposome.

In the absence of a pH gradient, there was little entrapment
into the liposomes using native bCD complex as shown in Fig. 9.
Dynamic light scattering experiments showed that free lipo-
somes diameter was in the ranging 139.39–151.33 nm with
This journal is © The Royal Society of Chemistry 2019
a narrow PDI (<0.10). Complex loading just slightly increased
the diameter up to 163 nm, without affecting the PDI (Fig. 10).
Table 1 represents liposome characteristics before and aer
active loading with different liposomes and CRM complexes.
The zeta potential also varied among different formulations.
The decreasing in zeta potential was due to the effect of external
buffer and the capacity of modied amino bCD to alter phos-
pholipids ionization.

TEM, the most frequently used imaging method for the
evaluation of the structure of nanoparticles,11,48 was employed
to conrm the size and morphological characteristics of lipo-
somes before and aer active loading. TEM observations
(Fig. 10) revealed that the liposomes were homogeneously
formed in the intended formulation. The prepared liposomes
almost maintained their spherical shape with uniformed
dispersion and showed good stability in citrate buffer over the
wide transmembrane pH gradient range. No noticeable changes
or disruption were observed aer liposomes active loading at
65 �C.49

Encapsulation efficiency is an expression of the amount of
drug complex incorporated into the liposome and is normally
dened as the percentage of drug complex entrapped in lipo-
somes relative to the total amount of drug complex. Different
factors affect the encapsulation efficiency such as pH gradient,
aqueous media type, buffer concentration and the type of the
ionized functional group.50 We found that CRM-E-bCD complex
showed higher encapsulation efficiency in pH gradient lipo-
somes compared to other formulation. E-bCD, with its
secondary amine, has a moderate pKa that enables them to be in
neutral form outside the liposome prior active loading. While in
the case of D-bCD, with its tertiary amine, the external 10.5 pH
maybe not high enough to neutralize all the tertiary amino
groups of D-bCD, and some of them were protonated prior
active loading which limited their active loading.
4. Conclusions

In conclusion, our results support the new active loading
strategy for hydrophobic drugs into liposomes. This approach
uses modied cyclodextrins with ionizable groups as a carrier
and solubilizer. We have encapsulated a promising pharma-
ceutical agent, CRM, into the modied bCDs. The stoichiometry
of 1 : 1 or 1 : 2 of the inclusion complex was determined by job's
plot and modied Benesi–Hildebrand equation as well as the
RSC Adv., 2019, 9, 37148–37161 | 37159
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formation constant of complexes. Entire complex characteriza-
tion was also done, which conrms predominantly that the
aromatic rings of the CRM have entrapped into the bCD cavity.
This inclusion allowed CRM to be remotely loaded into lipo-
somes and masking the undesirable characteristics of CRM
with high encapsulation efficiency. Previous studies to incor-
porate CRM with liposomes were limited to passive loading.
Passive loading oen leads to undesirable membrane incorpo-
ration, lowering liposome stability, and is much less efficient
than active loading. Since most promising drugs are hydro-
phobic, this strategy will enhance the solubility and the selec-
tivity of drug delivery systems despite each drug requires
a different approach to manage all of its properties. The type of
cyclodextrin modication plays an important role in encapsu-
lation efficiency in addition to the pH gradient range and the
incubation temperature. This strategy opens the way for the
entrapment of various hydrophobic drugs into the biocompat-
ible liposomes with high entrapment efficiency. Our study
brings the idea to support the use of bCDs as a key tool to
improve CRM characteristics for using this widely available
natural product into effective drugs. Other forms of cyclodex-
trins, as g-CD, have a pocket of larger size, can be used to
encapsulate larger or additional compounds.
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