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bCentro de Qúımica (CQUM), Universidade

Braga, Portugal
cCentro de Investigação Montanha (CIMO)

Campus de Sta Apolónia, 5301-855 Braganç
dIFIMUP/IN – Instituto de Nanociência e Na

Porto, Portugal

† Electronic supplementary information (E
SMLs obtained by DLS; SEM image of DP
cell lines. See DOI: 10.1039/c7ra00447h

Cite this: RSC Adv., 2017, 7, 15352

Received 11th January 2017
Accepted 23rd February 2017

DOI: 10.1039/c7ra00447h

rsc.li/rsc-advances

15352 | RSC Adv., 2017, 7, 15352–15361
es as carriers for promising
antitumor thieno[3,2-b]pyridin-7-arylamines:
photophysical and biological studies†
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Magnetoliposomes containing superparamagnetic manganese ferrite nanoparticles were tested as nanocarriers

for two new promising antitumor drugs, a N-(3-methoxyphenyl)thieno[3,2-b]pyridin-7-amine (1) and a N-(2-

methoxy-phenyl)thieno[3,2-b]pyridin-7-amine (2). The fluorescence emission of both compounds was

studied in different polar and non-polar media, evidencing a strong intramolecular charge transfer character

of the excited state of both compounds. These in vitro potent antitumor thienopyridine derivatives were

successfully incorporated in both aqueous and solid magnetoliposomes, with encapsulation efficiencies

higher than 75%. The magnetic properties of magnetoliposomes containing manganese ferrite nanoparticles

were measured for the first time, proving a superparamagnetic behaviour. Growth inhibition assays on several

human tumor cell lines showed very low GI50 values for drug-loaded aqueous magnetoliposomes,

comparing in most cell lines with the ones previously obtained using the neat compounds. These results are

important for future drug delivery applications using magnetoliposomes in oncology, through a dual

therapeutic approach (simultaneous chemotherapy and magnetic hyperthermia).
Introduction

The high potential of magnetic nanoparticles for biomedical
applications has been widely recognized due to their unique size
and physicochemical properties. Nanoparticles with super-
paramagnetic behavior are preferred in biomedicine, as they
exhibit a strong magnetization only when an external magnetic
eld is applied.1,2

Liposomes entrapping magnetic nanoparticles (magneto-
liposomes) are of large importance in drug delivery, as they can
be guided and localized to the therapeutic site of interest by
external magnetic eld gradients and used in cancer treatment
by hyperthermia.3,4 Magnetoliposomes have been proposed as
T2 contrast agents (negative contrast enhancement) in MRI,5

while in therapy they have been used as a chemotherapy
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SI) available: Size distribution of DPPC
PC SMLs; inhibitory activity of SMLs in
alternative through magnetic-controlled drug delivery and
thermotherapy.6–8 Considering the wide applications of mag-
netoliposomes, much attention has been paid to the synthesis
of different kinds of magnetic nanoparticles9–11 and
liposomes.12–15

Magnetoliposomes are specially promising as nanocarriers for
potential antitumor drugs. Thienopyridine derivatives have been
reported as possessing antiangiogenic,16–21 antitumor,21–29 or both
activities.30 Among the potential antitumor di(hetero)arylamines in
the thieno[3,2-b]pyridine series, prepared earlier by some of us, the
ones with an o-methoxy or m-methoxy groups relative to the NH
(compounds 1 and 2, Fig. 1) presented the lowest growth inhibi-
tory concentration (GI50) values in several human tumor cell lines,
between 0.09 and 0.31 mM for compound 1 and between 1.40 and
5.91 mM for compound 2.29Compound 1 revealed to bemore active
Fig. 1 Structure of compound 1, N-(3-methoxyphenyl)thieno[3,2-b]
pyridin-7-amine, and compound 2, N-(2-methoxyphenyl)thieno[3,2-
b]pyridin-7-amine.

This journal is © The Royal Society of Chemistry 2017
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than the well-known anticancer agent ellipticine against the cell
lines MCF-7 (breast adenocarcinoma), NCI-H460 (non-small cell
lung carcinoma), HepG2 (hepatocellular carcinoma), HCT15
(colon adenocarcinoma), and HeLa (cervical carcinoma), while
compound 2 showed the lowest GI50 against HeLa cells. However,
these compounds also presented low GI50 values in non-tumor
PLP2 cells (1.94 mM for compound 1 and 6.56 mM for compound
2).29

Considering future applications of these new compounds as
antitumor drugs, they were incorporated in magnetoliposomes,
either aqueous or solid, containing manganese ferrite nano-
particles, suitable for biomedical applications.31

Magnetoliposomes may constitute ideal nanocarrier systems
for encapsulation and transport of these drugs, as they can be
guided and localized in tumor cells by amagnetic eld gradient,
and act simultaneously as chemotherapy/hyperthermia agents
in a synergistic approach, reducing drug dosage due to the dual
therapeutic effect.
Experimental

All the solutions were prepared using spectroscopic grade
solvents and ultrapure water (Milli-Q grade).
Preparation of magnetoliposomes

Manganese ferrite nanoparticles (NPs) were synthesized by the
coprecipitation method, as previously described.31 For magneto-
liposomes preparation, the lipids egg yolk phosphatidylcholine
(Egg-PC), dipalmitoylphosphatidylcholine (DPPC) and cholesterol
(Ch), from Sigma-Aldrich, were used. For aqueous magneto-
liposomes preparation, a 10 mM lipid solution in ethanol was
injected, under vigorous vortexing, to an aqueous solution of
magnetic nanoparticles, above the melting transition temperature
of the lipids (ethanolic injection method).32 Aer encapsulation,
the ferrouid was washed with water and puried by ultracentri-
fugation to remove all the non-encapsulated NPs.

Solid magnetoliposomes (SMLs) were prepared by a method
previously developed.33 First, 10 mL of the synthesized MnFe2O4

NPs were dispersed in 3 mL of water and centrifuged. Then, the
deposited particles were dispersed in 10 mL of water in an
ultrasonicator, for one minute at 189 W, and 3 mL of chloro-
form were added to the aqueous dispersion of NPs. Aer
vigorous agitation, 165 mL of a 20 mM solution of dipalmitoyl-
phosphatidylcholine (DPPC) were added under vortexing, to
form the rst lipid layer of the SMLs. The particles were washed
twice by magnetic decantation with pure water, in order to
remove the lipid that was not attached to the NPs. The second
lipid layer was then formed by the injection of 165 mL of DPPC
(20 mM), under vortexing, in a 3 mL aqueous dispersion of the
particles with the rst layer. The resulting SMLs were then
washed and puried with ultrapure water by centrifugation.

Compounds 1 and 2 were incorporated into aqueous magne-
toliposomes by the co-injection method, as already described.34 In
solid magnetoliposomes, the diarylamines 1 and 2 were incorpo-
rated by injection of an ethanolic solution together with the
formation of the second lipid layer.
This journal is © The Royal Society of Chemistry 2017
Spectroscopic measurements

General methods. Absorption spectra were recorded in
a Shimadzu UV-3101PC UV-Vis-NIR spectrophotometer. Fluo-
rescence measurements were performed using a Fluorolog 3
spectrouorimeter, equipped with double monochromators in
both excitation and emission and a temperature controlled
cuvette holder. Fluorescence spectra were corrected for the
instrumental response of the system.

The uorescence quantum yields, Fs, were determined by
the standard method (eqn (1)),35,36

Fs ¼ [(ArFsns
2)/(AsFrnr

2)]Fr (1)

where A is the absorbance at the excitation wavelength, F the
integrated emission area and n is the refraction index of the
solvents. Subscripts refer to the reference (r) or sample (s)
compound. The absorbance value at excitation wavelength was
always less than 0.1, in order to avoid inner lter effects.

Fluorescence anisotropy measurements. The steady-state
uorescence anisotropy, r, is calculated by

r ¼ IVV � GIVH

IVV þ 2GIVH
(2)

where IVV and IVH are the intensities of the emission spectra
obtained with vertical and horizontal polarization, respectively
(for vertically polarized excitation light), and G ¼ IHV/IHH is the
instrument correction factor, where IHV and IHH are the emis-
sion intensities obtained with vertical and horizontal polariza-
tion (for horizontally polarized excitation light).

FRET measurements. The formation of a DPPC bilayer
around manganese ferrite nanoparticles was investigated by
Förster Resonance Energy Transfer (FRET), using the labeled
lipids NBD-C6-HPC (1-palmitoyl-2-{6-[(7-nitro-2-1,3-benzox-
adiazol-4-yl)amino]hexanoyl}-sn-glycero-3-phosphocholine)
and rhodamine B-DOPE (N-(lissamine rhodamine B sulfonyl)-
1,2-dioleoyl-sn-3-phosphatidylethanolamine (ammonium
salt)), both from Avanti Polar Lipids (Fig. 2).

FRET efficiency, FRET, dened as the proportion of donor
molecules that have transferred their excess energy to acceptor
molecules, can be obtained by taking the ratio of the donor
integrated uorescence intensities in the presence of acceptor
(FDA) and in the absence of acceptor (FD) (eqn (3)),37

FRET ¼ 1� FDA

FD

(3)

The distance between donor and acceptor molecules can be
determined through the FRET efficiency (eqn (4)),

rAD ¼ R0

�
1� FRET

FRET

�1=6
(4)

where R0 is the Förster radius (critical distance), that can be
obtained by the spectral overlap, J(l), between the donor emis-
sion and the acceptor absorption, according to eqn (5) and (6)
(with R0 in Å, l in nm, 3A(l) in M�1 cm�1),37

R0 ¼ 0.2108[k2F0
Dn

�4J(l)]1/6 (5)
RSC Adv., 2017, 7, 15352–15361 | 15353

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra00447h


Fig. 2 Structure of the labeled lipids NBD-C6-HPC and rhodamine B-
DOPE.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 3
/3

/2
02

6 
11

:2
7:

20
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
JðlÞ ¼
ðN
0

IDðlÞ3AðlÞl4dl (6)

where k2 ¼ 2/3 is the orientational factor assuming random
orientation of the dyes, F0

D is the uorescence quantum yield of
the donor in the absence of energy transfer, n is the refraction
index of the medium, ID(l) is the uorescence spectrum of the

donor normalized so that
ðN
0
IDðlÞdl ¼ 1, and 3A(l) is the molar

absorption coefficient of the acceptor.
For determination of uorescence quantum yield of NBD-C6-

HPC (energy donor) in magnetoliposomes, this uorescent
labeled lipid incorporated in lipid membranes was used as
reference, Fr ¼ 0.32 at 25 �C, as reported by Invitrogen.38

Compound encapsulation efficiency

The encapsulation efficiency, EE (%), of antitumor compounds
was determined through uorescence emission measurements.
Aer preparation, drug-loaded magnetoliposomes (MLs) were
subjected to centrifugation at 11 000 rpm for 60 minutes. The
supernatant was pipetted out and its uorescence was
measured, allowing to determine the compound concentration
using a calibration curve previously obtained. Three indepen-
dent measurements were performed for each system and stan-
dard deviations (SD) were calculated. The encapsulation
efficiency of compounds 1 and 2 was determined using the
following equation:

EE ð%Þ ¼
ðtotal amount� amount of non encapsulated compoundÞ

total amount
� 100

(7)

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) images of solid magneto-
liposomes were recorded using a Scanning Electron Microscope
FEI – Nova 200 NanoSEM. For the negative staining procedure,
a 2% aqueous solution of ammonium molybdate tetrahydrate
was prepared. Then, 20 mL of sample and 20 mL of staining
15354 | RSC Adv., 2017, 7, 15352–15361
solution were mixed and a drop of this mixture was placed onto
a Formvar grid, held by tweezers. Aer 20 seconds, almost all
the solution was removed with lter paper and le dry.

Magnetic properties of magnetoliposomes

Magnetic measurements were performed at room temperature
in a Superconducting Quantum Interference Device (SQUID)
magnetometer (Quantum Design MPMS5XL), using applied
magnetic elds up to 5.5 T.

The magnetization hysteresis loop measurements were per-
formed by xing the temperature and measuring the magneti-
zation at a series of different applied magnetic elds. This type
of study gives information about the saturation magnetization,
the degree at which the sample remains magnetized when the
applied eld is removed, and how easily the sample magneti-
zation can be reversed, the so-called coercive eld. The
magnetization was corrected for the diamagnetic contribution
from the lipids and water and normalized by the mass of the
samples, which was determined aer drying them.

Growth inhibitory activity of drug-loaded AMLs on human
tumor cell lines and on porcine liver primary cells

Two types of aqueous magnetoliposomes with different compo-
sitions (100% Egg-PC and 95 : 5 Egg-PC : DSPE-PEG2000-Folate,
from Avanti Polar Lipids) were loaded with compound 1 or
compound 2, with different compound concentrations (0.03 mM
to 7.5 mM). In vitro cytotoxicity evaluation was assessed for four
human tumor cell lines, namely MCF-7 (breast adenocarcinoma),
NCI-H460 (non-small cell lung cancer), HeLa (cervical carcinoma)
and T3M4 (pancreatic cancer). The cell line PLP2 (non-tumor
cells) was used to evaluate the toxicity to healthy tissues. The
cell lines were obtained from Leibniz Institute DSMZ – German
Collection of Microorganisms and Cell Cultures.

The cells were routinely maintained as adherent cell cultures
in RPMI-1640 medium containing 10% heat-inactivated FBS, at
37 �C, in a humidied air incubator containing 5% CO2. Each
cell line was plated at an appropriate density (1.0 � 104 cells per
well) in 96-well plates and allowed to attach for 24 h. The cells
were then treated for 48 h with the different solutions.
Following this incubation period, the adherent cells were xed
by adding cold 10% TCA (100 mL) and incubated for 60 min at
4 �C. Plates were then washed with deionized water and dried. A
sulforhodamine B (SRB) solution (0.1% in 1% acetic acid, 100
mL) was then added to each plate-well and incubated for 30 min
at room temperature. Unbound SRB was removed by washing
with 1% acetic acid. The plates were air-dried and the bound
SRB was solubilized with 10 mM Tris–HCl buffer (200 mL, pH ¼
7.4). The absorbance was then measured at 540 nm in a micro-
plate reader.39,40 The results were expressed in GI50 values
(concentration that inhibited 50% of net cell growth).

Results and discussion
Photophysical properties in homogeneous solution

The promising antitumor properties of the di(hetero)aryl-
amines 1 and 2 (Fig. 1)29 inspired us to study the photophysical
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (A) Absorption spectra of 2 � 10�5 M solutions of compound 1
in dichloromethane and ethanol, as examples. (B) Normalized fluo-
rescence spectra (lexc ¼ 310 nm) of 3 � 10�6 M solutions of
compound 1 in several solvents.
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behaviour of these compounds in homogeneous solution, as
they exhibit intrinsic uorescence. Thus, the absorption and
uorescence properties of the thieno[3,2-b]pyridine derivatives
1 and 2were studied in several solvents of different polarity. The
maximum absorption (labs) and emission wavelengths (lem),
molar absorption coefficients and uorescence quantum yields
are shown in Table 1. The normalized uorescence spectra are
displayed in Fig. 3 and 4 (examples of absorption spectra are
also shown).

The thieno[3,2-b]pyridines 1 and 2 present moderate to high
absorption coefficient values (3 $ 7 � 103 M�1 cm�1) in all
solvents, having also very reasonable uorescence quantum
yields (Table 1), a similar behaviour to that observed in other
thienopyridine derivatives previously studied.26,34,42,43

Additional common features with other thienopyridines are
the negligible uorescence in protic media (due to hydrogen
bonding with this type of solvents), the red shis in emission
and band enlargement with increasing solvent polarity,26,34,42,43

usually attributed to an intramolecular charge transfer (ICT)
character of the excited state.37 The effect is more pronounced
for compound 2, exhibiting larger bathochromic shis in polar
solvents (a red shi of 120 nm between cyclohexane and
dimethylsulfoxide, Table 1).

The signicant sensitivity of the emission of diarylamines 1
and 2 to their environment can be useful to understand their
behaviour in magnetoliposomes of different compositions.
Magnetoliposomes formulations

Both aqueous (AMLs) and solid (SMLs) magnetoliposomes con-
taining manganese ferrite nanoparticles were prepared. The
inuence of lipid membrane uidity in AMLs was investigated
using egg-phosphatidylcholine (Egg-PC), a uid phosphatidylcho-
line mixture at room temperature,44 dipalmitoylphosphatidylcho-
line (DPPC), with a melting transition temperature of 41 �C,45 and
Egg-PC/cholesterol 7 : 3, the latter mixture usually being used as
model of biological membranes.46,47 Neat Egg-PC and Egg-
PC : cholesterol aqueous magnetoliposomes containing lauric
acid coated MnFe2O4 nanoparticles were also previously prepared
by Pradhan and coworkers,48 the Egg-PC : cholesterol 2 : 1 being
Table 1 Maximum absorption (labs) and emission (lem) wavelengths, mo
the thieno[3,2-b]pyridine derivatives 1 and 2 in several solvents

Solvent

labs (nm) (3/104 M�1 cm�1)

1 2

Cyclohexane 292 (1.29); 312 sh 283 sh; 31
Dioxane 300 (1.67) 282 sh; 31
Ethyl acetateb 293 sh; 302 (1.01) 284 (1.30
Dichloromethane 293 sh; 310 (1.54) 283 sh; 31
N,N-Dimethylformamide 312 (2.09) 313 (0.78
Acetonitrile 294 sh; 312 (2.03) 283 sh; 31
Dimethylsulfoxideb 311 (1.96) 313 (1.39
Ethanol 313 (1.77) 287 sh; 31

a Relative to anthracene in ethanol (Fr ¼ 0.27).41 Error about 10%. b So
dimethylformamide: 275 nm. sh: shoulder.

This journal is © The Royal Society of Chemistry 2017
the most promising formulation for hyperthermia treatment of
cancer.

Here, DPPC was used for the rst time in the preparation of
solid magnetoliposomes containing manganese ferrite NPs.
The interest of this phospholipid is its melting transition
temperature slightly above the physiological temperature, thus
being promising for the release of drugs enhanced by the phase
transition in combined chemotherapy/hyperthermia strategies.
In fact, several studies have demonstrated that the thermal
enhancement of the cytotoxic activity of many anticancer agents
is maximized at mild hyperthermia temperatures (40.5–43 �C).49

The formation of the double DPPC bilayer around a cluster of
magnetic nanoparticles was investigated by FRET assays. Thus,
the NDB labeled lipid NBD-C6-HPC was included in the second
lipid layer of SMLs (NBD acting as the energy donor), while the
labeled lipid rhodamine B-DOPE (energy acceptor) was incor-
porated in the rst lipid layer. The emission of SMLs containing
both donor and acceptor labeled lipids was measured exciting
only NBD, and was compared with the emission of SMLs labeled
with only the energy donor (Fig. 5). Comparing the uorescence
spectra of the two systems, a decrease in the NBD emission
lar absorption coefficients (3) and fluorescence quantum yields (FF) for

lem (nm) FF
a

1 2 1 2

4 (0.77) 363 366 0.37 0.42
2 (1.17) 428 436 0.35 0.30
); 315 (1.18) 431 450 0.60 0.59
2 (1.15) 444 461 0.53 0.39
) 457 476 0.43 0.40
8 (1.01) 459 485 0.30 0.18
) 461 486 0.48 0.36
3 (1.06) — — — —

lvents cut-off: ethyl acetate: 265 nm; dimethylsulfoxide: 270 nm; N,N-

RSC Adv., 2017, 7, 15352–15361 | 15355
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Fig. 4 (A) Absorption spectra of 2 � 10�5 M solutions of compound 2
in dichloromethane and ethanol, as examples. (B) Normalized fluo-
rescence spectra (lexc ¼ 310 nm) of 3 � 10�6 M solutions of
compound 2 in several solvents.
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band and the presence of a pronounced rhodamine emission is
observed in SMLs containing both uorophores, evidencing the
energy transfer from the excited NBD to rhodamine B.

A FRET efficiency of 85% was calculated from eqn (3) to (6),
with a corresponding donor–acceptor distance (r) of 5.3 nm.
Considering that a cell membrane presents a thickness of 7 to
9 nm,50 it can be concluded that the labeled lipids rhodamine-
DOPE and NBD-C6-HPC are located in the rst and second lipid
layer, respectively, around the nanoparticle clusters, conrming
the synthesis of the solid magnetoliposomes.

Analogous results were obtained for SMLs of DPPC : cholesterol
2 : 1. These results are also similar to the ones already reported for
SMLs of the phospholipid DOPG containing manganese ferrite
nanoparticles,31 indicating that the method previously developed
by us for the preparation of DOPG solid magnetoliposomes33 can
also be employed for different lipids. Size distributions of 124 �
23 nm (by number) and of 141 � 38 nm (by intensity) were ob-
tained through Dynamic Light Scattering measurements for SMLs
Fig. 5 Fluorescence spectra (lexc ¼ 470 nm, no rhodamine excitation)
of SMLs with DPPC bilayer labeled with only NBD-C6-HPC and SMLs
labeled with both NBD-C6-HPC and rhodamine B-DOPE.

15356 | RSC Adv., 2017, 7, 15352–15361
of phospholipid DPPC (Fig. S1 in ESI†), showing an appropriate
size for biomedical applications. SEM images of these SMLs also
evidence structures with diameters lower than 150 nm (Fig. S2 in
ESI†), in accordance with DLS data.
Magnetic properties of magnetoliposomes

Previously synthesized manganese ferrite nanoparticles have
shown to be superparamagnetic at room temperature.31 Here,
the magnetic hysteresis cycles of aqueous magnetoliposomes
and solid magnetoliposomes were measured at 316 K and are
displayed in Fig. 6. The hysteresis loop of neat MnFe2O4 NPs is
also shown, for comparison.

In terms of hysteresis, both nanosystems present a similar
behaviour to the one of neat NPs, with small coercive elds of
4.22 Oe and 8.43 Oe for SMLs and AMLs, respectively (Fig. 6).
Table 2 summarizes the magnetic data obtained from the loops.
The presence of superparamagnetic behaviour can be evidenced
by determining the magnetic squareness value, which is the
ratio between the remnant magnetization, Mr, and the satura-
tion magnetization, Ms. Magnetic squareness values indicative
of superparamagnetism are of the order or below 0.1, meaning
the loss of more than 90% of the magnetization upon removal
of the applied magnetic eld.51,52 The magnetic squareness
values for AMLs and SMLs clearly indicate the presence of
a superparamagnetic behaviour (Table 2).

As previously reported for magnetoliposomes based on iron
oxide nanoparticles,53,54 the saturation magnetization of the
manganese ferrite nanoparticles decreases aer encapsulation
into liposomes, this decrease being much more pronounced in
the case of AMLs. For SMLs, the saturation magnetization is
close to the one of neat MnFe2O4 nanoparticles, while for AMLs
a strong decrease is observed (Table 2). This is due to the lower
molar ratio between magnetic NPs and lipids for AMLs, when
compared to SMLs and bare NPs samples, which contributes to
an overall lower saturation magnetization of the combined lipid
+ nanoparticles system. On the other hand, on AMLs and SMLs,
Fig. 6 Magnetization hysteresis cycles, measured at 316 K, of neat
MnFe2O4 nanoparticles, DPPC SMLs and Egg-PC AMLs containing
MnFe2O4 NPs.

This journal is © The Royal Society of Chemistry 2017
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Table 2 Coercive field (Hc), saturation magnetization (Ms), remnant
magnetization (Mr) and ratio Mr/Ms for manganese ferrite NPs and
magnetoliposomes

System Hc (Oe) Ms (emu g�1) Mr (emu g�1) Mr/Ms

MnFe2O4 NPs
29 6.30 36.00 0.58 0.016

SMLs (DPPC) 4.22 34.16 0.90 0.03
AMLs (Egg-PC) 8.43 1.17 0.08 0.07
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a more clear saturation of the hysteresis loops is observed as
compared to the bare NPs (Fig. 6). This indicates an increased
degree of clustering of the nanoparticles encapsulated in lipo-
somes, which enhances the interparticle magnetic interaction
and favors the alignment of their magnetic moments, as is more
clearly observed at higher applied magnetic elds.
Fluorescence studies in (magneto)liposomes

The thienopyridine derivatives 1 and 2 were encapsulated in
magnetoliposomes, both aqueous (AMLs) and solid (SMLs). For
comparison, studies in liposomes (without magnetic nano-
particles) of the same lipid compositions were also performed.

Examples of uorescence emission spectra of compounds 1
and 2 in magnetoliposomes are shown in Fig. 7 (maximum
emission wavelengths are presented in Table 3). Emission in
liposomes (without magnetic nanoparticles and with the same
concentration of compound) is also shown for comparison. A
quenching effect of compounds emission by the magnetic
nanoparticles is observed, proving the incorporation of these
potential drugs in the magnetic nanocarriers. As expected, the
uorescence quenching is signicantly more pronounced in
solid magnetoliposomes, where the magnetic nanoparticles are
closer to the antitumor compounds. This behaviour is similar to
the previously observed with another antitumor thienopyridine
derivative in AMLs and SMLs containing MnFe2O4 NPs.31
Fig. 7 Normalized fluorescence spectra of compounds 1 and 2 (3 �
10�6 M) in liposomes andmagnetoliposomes (Egg-PC AMLs and DPPC
SMLs), at room temperature (lexc ¼ 310 nm). (A) Compound 1; (B)
compound 2.

This journal is © The Royal Society of Chemistry 2017
Relevant information about the location of these antitumor
compounds in (magneto)liposomes can be obtained through
uorescence anisotropy (r) measurements, as the r value
increases with the rotational correlational time of the uores-
cent molecule (and, thus, with the viscosity of the environment,
eqn (8))37

1

r
¼ 1

r0

�
1þ s

sc

�
(8)

where r0 is the fundamental anisotropy, s is the excited-state
lifetime and sc is the rotational correlation time.

The uorescence (steady-state) anisotropies of these diaryl-
amines in the several systems are displayed in Table 3. For
comparison, the uorescence anisotropy values in the highly
viscous solvent glycerol (h ¼ 993.4 cP at 25 �C)55 at room
temperature were also measured (Table 3). Upon temperature
increase, the excited-state lifetime of these molecules is pre-
dicted to decrease, due to the increment of the non-radiative
deactivation pathways (mainly the rate constant for internal
conversion S1 / S0). According to eqn (8), an increase of the
uorescence anisotropy is expected from a diminution of the
excited-state lifetime. The anisotropy values for 1 and 2 in
DPPC-based systems decrease signicantly at 55 �C (Table 3)
and this behaviour can be attributed to a decrease in the rota-
tional correlation time of the uorophore. This originates from
the decrease of membrane microviscosity upon changing from
the gel to the liquid-crystalline phase of DPPC above 41 �C
(melting transition temperature).

The differences in anisotropy values between the
compounds incorporated in lipid systems and in glycerol at
room temperature can also be attributed to the distinct envi-
ronment viscosities, as lipid membranes, exhibiting viscosity
values around 100–200 cP,56,57 are much less viscous than glyc-
erol. These results indicate that both compounds are mainly
located in the lipid bilayers.

The effect of cholesterol (Ch) in Egg-PC membranes, as re-
ported by uorescence anisotropy values, is different for
compounds 1 and 2 (a slight increase in uidity reported by
compound 2 and a diminution for compound 1). However, this
effect is small and may be related with slightly different loca-
tions of these compounds in membranes. From the values of
maximum emission wavelengths in AMLs and SMLs, an envi-
ronment with polarity similar to dioxane or ethyl acetate is
anticipated (Tables 1 and 3).

It was reported that membrane viscosity decreases from the
outside to inside the membrane58,59 and this may justify, besides
possible differences in compound excited-state lifetimes, the lower
anisotropies for both compounds in solid magnetoliposomes,
when compared to AMLs. Maximum emission wavelength values
point to less polar environments felt by compounds in SMLs
(Table 3), corroborating that these potential drugs are deeply
located in SMLs membranes.

The encapsulation efficiencies of both compounds in AMLs
and SMLs are presented in Table 4. Values of encapsulation
efficiency are larger than 75%, the lowest EE% being observed
for compound 2 in aqueous magnetoliposomes.
RSC Adv., 2017, 7, 15352–15361 | 15357
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Table 3 Steady-state fluorescence anisotropy (r) values and maximum emission wavelengths (lem) for diarylamines 1 and 2 in several liposome
and magnetoliposome formulations, at 25 �C and 55 �C

Lipid formulation T (�C)

lem (nm) r

1 2 1 2

Liposomes (without NPs) Egg-PC (100%) 25 432 433 0.195 0.222
Egg-PC : Ch (7 : 3) 25 433 434 0.212 0.202
DPPC (100%) 25 432 433 0.200 0.222

55 430 431 0.141 0.101
AMLs Egg-PC (100%) 25 432 433 0.191 0.230

Egg-PC : Ch (7 : 3) 25 433 435 0.220 0.201
DPPC (100%) 25 432 433 0.202 0.287

55 432 432 0.153 0.140
SMLs DPPC (100%) 25 430 427 0.159 0.135

55 428 424 0.101 0.051
Glycerol — 25 — — 0.304 0.321
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These high encapsulation efficiencies point to a promising
use of these nanocarriers in magnetically-guided transport of
compounds 1 and 2, and as agents for simultaneous chemo-
therapy and hyperthermia in oncological therapy. These
potentialities will allow reducing the blood circulating time of
the drugs and lowering side effects, which is especially
important as both compounds are hydrophobic and present
some cytotoxicity for normal PLP2 cells, with low GI50 values of
1.94 � 0.16 mM for compound 1 and 6.56 � 0.2 mM for
compound 2.29
Growth inhibitory activity of drug-loaded AMLs on human
tumor cell lines and on porcine liver primary cells

The tumor cell growth inhibitory activity of AMLs containing
compounds 1 and 2 was evaluated in four human tumor cell
lines, specically MCF-7 (breast adenocarcinoma), HeLa
(cervical carcinoma), T3M4 (pancreatic cancer) and NCI-
H460 (non-small cell lung cancer). Moreover, the toxicity of
the drug-loaded AMLs towards non-tumor cells was studied
using porcine liver primary cells (PLP2). This allowed the
determination of the GI50 values (mM), corresponding to the
compound concentration which inhibited 50% of cell
growth (Table 5). Besides the neat Egg-PC AMLs, the inu-
ence of 5% PEG-folate in AMLs formulation was also inves-
tigated, as folate receptors are generally overexpressed in
tumor cells.

Both aqueous and solid magnetoliposomes (without
compounds) evidenced no inhibitory activity on the same cell
Table 4 Encapsulation efficiencies (EE%) of compounds 1 and 2 in
magnetoliposomes (SD: standard deviation)

System

EE% � SD

Compound 1 Compound 2

AMLs (Egg-PC) 89.0 � 4.5 75.9 � 6.8
SMLs (DPPC) 88.1 � 4.9 82.1 � 6.1

15358 | RSC Adv., 2017, 7, 15352–15361
lines, including the non-tumor PLP2, when tested in the same
conditions used with the drug-loaded systems. From the
results obtained (Table 5), it can be concluded that the drug-
loaded AMLs are efficient in inhibiting tumor cells, present-
ing GI50 values similar to the ones determined previously
using only the compounds,29 except for compound 2 in these
formulations, that presents very much low GI50 values for the
NCI-H460 lung cancer cell line. The presence of folate has
only a signicant effect for compound 1 in HeLa tumor cell
line. For compound 2, the presence of folate in magneto-
liposomes does not inuence noticeably the results (Table 5).
Nevertheless, the GI50 values clearly show that aqueous
magnetoliposomes are able to release the encapsulated
compounds 1 and 2 and to inhibit the growth of tumor cells.
It is also noteworthy the very low GI50 values obtained with
compounds 1 and 2 using the pancreatic tumor cell line
T3M4, where the single compounds had not been previously
tested.

In general, the results in PLP2 cells (Table 5) show that the
encapsulated compounds are not toxic for the GI50 values in
all tumor cell lines, apart from the compound 2-loaded
systems in MCF-7 cells, that present GI50 values higher than
for PLP2.

The low GI50 values obtained for non-tumor PLP2 cells
reinforce the importance of using a magnetic eld gradient to
guide and target these nanosystems for tumors in vivo, taking
also advantage of hyperthermia capability.

Unfortunately, for the drug-loaded DPPC solid magneto-
liposomes (SMLs), no satisfactory results were obtained, with
very high GI50 values (above 7.5 mM) in all tumor cell lines
(Table S1 in ESI†). This is possibly due to the fact that the
phospholipid DPPC is in the rigid gel phase at room
temperature, thus preventing the release of the compounds.
The addition of 5% DSPE-PEG-Folate did not improve the
results (Table S1†). Other lipid formulations for SMLs will be
tested in the near future, as well as assays at mild hyper-
thermia temperatures will be carried out. Also, confocal
microscopy measurements will be performed to assess
internalization of magnetoliposomes in cells.
This journal is © The Royal Society of Chemistry 2017
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Table 5 Growth inhibitory activity of drug-loaded aqueous magnetoliposomes on various human tumor cell lines and non-tumor porcine liver
primary cells (PLP2)

Cell line

GI50 values
a (mM) for compound 1 GI50 values

a (mM) for compound 2

Only compound 1
(ref. 29)

Egg-PC AMLs with
compound 1

Egg-PC/PEG-Fol (95 : 5)
AMLs with compound 1

Only compound 2
(ref. 29)

Egg-PC AMLs with
compound 2

Egg-PC/PEG-Fol (95 : 5)
AMLs with compound 2

HeLa 0.09 � 0.00 0.15 � 0.02 0.09 � 0.01 1.40 � 0.06 1.32 � 0.15 1.44 � 0.07
MCF7 0.25 � 0.03 0.45 � 0.01 0.44 � 0.0003 5.88 � 0.86 5.67 � 0.62 5.56 � 0.11
T3M4 — 0.26 � 0.02 0.30 � 0.002 — 1.56 � 0.05 1.68 � 0.07
NCI-H460 0.28 � 0.03 0.37 � 0.03 0.35 � 0.07 5.40 � 0.89 1.66 � 0.22 1.79 � 0.12
PLP2 1.94 � 0.16 1.46 � 0.03 1.37 � 0.14 6.56 � 0.2 3.48 � 0.25 3.46 � 0.13

a GI50 values correspond to the concentration which inhibited 50% of cell growth. Results are from three independent experiments (performed in
triplicate), and are expressed as mean � standard deviation (SD).
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Conclusions

In this work, the uorescence emission of two new promising
antitumor compounds, aN-(3-methoxyphenyl)thieno[3,2-b]pyridin-
7-amine 1 and a N-(2-methoxyphenyl)thieno[3,2-b]pyridin-7-
amine 2, was studied in different environments. These in vitro
potent antitumor thienopyridin-7-arylamine derivatives were
successfully incorporated in both aqueous and solid magneto-
liposomes based on superparamagnetic manganese ferrite
nanoparticles, with high encapsulation efficiencies. The
intrinsic uorescence of the potential antitumor drugs was used
as a tool to obtain information about compounds location in
magnetoliposomes.

The magnetic properties of the manganese ferrite-based mag-
netoliposomes were measured for the rst time, evidencing
a superparamagnetic behaviour.

Growth inhibitory concentrations on tumor cell lines ob-
tained with aqueous magnetoliposomes with encapsulated
compounds 1 and 2 point to promising future drug delivery
applications of these anticancer compounds in vivo, using
magnetoliposomes simultaneously as drug nanocarriers and
hyperthermia agents, to increase the efficacy of anticancer
therapies.
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