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Abstract: Superparamagnetic iron oxide nanoparticles (SPIONs) with multifunctional properties
have shown great promise in theranostics. The aim of our work was to compare the effects of
SPIONS on the fluidity and phase transition of the liposomal membranes prepared with zwitteri-
onic phosphatidylcholine lipids. In order to study if the surface modification of SPIONs has any
influence on these membrane properties, we have used four types of differently functionalized
SPIONS, such as: plain SPIONSs (primary size was shown to be ~11 nm), silica-coated SPIONS,
SPIONSs coated with silica and functionalized with positively charged amino groups or negatively
charged carboxyl groups (the primary size of all the surface-modified SPIONs was ~20 nm).
Small unilamellar vesicles prepared with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
lipids and multilamellar vesicles prepared with 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
lipids were encapsulated or incubated with the plain and surface-modified SPIONSs to determine
the fluidity and phase transition temperature of the bilayer lipids, respectively. Fluorescent
anisotropy and differential scanning calorimetric measurements of the liposomes that were either
encapsulated or incubated with the suspension of SPIONs did not show a significant difference
in the lipid ordering and fluidity; though the encapsulated SPIONs showed a slightly increased
effect on the fluidity of the model membranes in comparison with the incubated SPIONs. This
indicates the low potential of the SPIONSs to interact with the nontargeted cell membranes,
which is a desirable factor for in vivo applications.

Keywords: encapsulated SPIONs, incubated SPIONs, zwitterionic liposomes, membrane
integrity, phase behavior

Introduction

Liposomes encapsulating nanoparticles (NPs), bearing magnetic properties, called
magnetoliposomes, have gained in popularity in the recent past owing to their potential
applications especially in magnetic hyperthermia,’ targeted drug delivery” and magnetic
resonance imaging (MRI).> Among the various magnetic NPs, superparamagnetic
iron oxide nanoparticles (SPIONs) with improved surface properties are an excellent
choice for in vivo applications due to their biocompatibility, nontoxicity, and are thus
appropriate to be considered in nanotheranostics.*® These NPs with a small, single-
domain core size (<20 nm) possess superparamagnetic properties and do not exhibit
any spontaneous magnetic moments in the absence of an applied magnetic field.*'
When the NPs approach a cell, they interact with the plasma membrane, which acts as
a barrier to separate the internal contents of the cell from the external environment.'!
A strong interaction of NPs with the liposomal membranes induces phase separa-
tion and fusion between the adjacent liposomes leading to a reduced stability of the
vesicles.!>* Since fluidity and phase behavior of the bilayer lipids influences various
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membrane-related properties as well as functions, it is vital
to study the effect of different types of NPs and their mode
of interactions with the model liposomal membranes.

To improve the stability of the SPIONs during in vivo
applications, they are usually coated with different materials
such as silica, polyethylene glycol, dextran, and citrate.'>!¢
Among the various coating materials, SPIONs coated with
silica are widely used for bio-imaging and bio-sensing
purposes due to their transparent matrix that allows the
efficient passage of excitation and emission light through
them.!”!¥ Hence, to explore the potential applications of
silica coating and to compare the effects of silica-coated
SPIONs with that of uncoated SPIONs, we have used plain
SPION:S, silica-coated SPIONS, and surface-modified silica-
coated SPIONSs in the present work. For the efficient and safe
in vivo applications of SPION:S, it is important that they do
not alter the characteristics of the cell membranes.®!7"* There
are numerous literature data on the low reactivity of SPIONs
against lipid membranes.?*?? Few reports have demonstrated
that all types of SPIONS are not suitable for potential in vivo
applications as some of them have a strong potential to alter
the membrane properties based on different factors like sur-
face charges, state of aggregation, and the nature of coating
material.** Therefore, it becomes essential to investigate the
effect of SPIONs with different coating materials and surface
charges on liposomes, prior to the in vivo applications.

Few studies have reported that the interaction of encapsu-
lated and incubated NPs caused disturbances in the ordering
of bilayer phospholipids, leading to an altered membrane
structure and functions.?*?* But none of them have explained
in detail the effect of SPIONS treated from the exterior and
interior of the lipid bilayer. Hence, to get a clear under-
standing about the mechanisms of interactions between the
SPIONs and model membranes, we have used two different
methods. In the first method, the suspension of SPIONs was
added during the hydration process of liposome formation, so
that the SPIONSs could be encapsulated inside the liposomes
and has more probability to interact directly with the inner
leaflet of the bilayer. In the second method, the SPIONs were
incubated with the preformed vesicles so that presumably
they interact more likely with the outer leaflet of the bilayer.
In our previous works, we have investigated the effect of
encapsulated SPIONs bearing different surface charges on
the fluidity of zwitterionic liposomal membranes.?2% In the
present study, we would like to extend our work further by
comparing the effects of plain- and surface-modified SPIONs
treated from the inner and outer side of the liposomes. In
addition to fluidity measurements, we have measured the

phase transition profile of 1) liposomes encapsulated with
the SPIONs and 2) liposomes incubated with the SPIONs
to bring a correlation and to gain more knowledge about the
changes induced in the thermodynamic state of the membrane
lipids. For this purpose, we have measured the membrane
fluidity of small unilamellar vesicles (SUVs) prepared from
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
lipid (Figure 1A) and phase transition temperature of mul-
tilamellar vesicles (MLVs) prepared from 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC) lipid (Figure 1B). By
using the very similar zwitterionic phospholipids POPC and
DPPC, but with different phase transition characteristics,
the effects of SPIONs on liposomal membranes existing in
two different states, that is, at the liquid crystalline phase in
POPC vesicles and gel crystalline phase in DPPC vesicles,
were investigated. We have discussed that if the encapsulated
SPIONSs do not cause a significant alteration in the fluidity
and phase transition temperature of the membrane lipids, then
these NPs are suitable to be considered for encapsulation in
liposomes for biomedical applications. Although the nature
of artificial liposomes is far from the in vivo conditions with
real biological membranes, phospholipid vesicles represent
a widely used and a convenient model system for the assess-
ment of interactions of different materials such as proteins,
peptides or NPs with the membrane.”'? If the incubation of
SPIONs with the liposomes has a negligible effect on the
above-mentioned properties, it is evident that their poten-
tial to interact with the nontargeted cell membranes is low,
which is a desirable factor for in vivo applications such as
magnetic separation, drug delivery, hyperthermia, and MRI
contrast agents.

Materials and methods

The chemicals were reagent grade from commercial sources.
Iron (IIT) sulfate hydrate, iron (II) sulfate heptahydrate
(99+%), citric acid (99+%), tetracthoxysilane (99.9%), 3-(2-
aminoethylamino)propylmethyldimethoxysilane (97%), N,N-
dimethylformamide (99%), and succinic anhydride (99%)
were purchased from Alfa Aesar, Ward Hill, MA, USA. The
acetone (AppliChem GmbH, Darmstadt, Germany), ethanol
absolute (Carlo Erba, Val de Reuil, France, reagent — USP),
NH,OH (aq) (Fluka, pa, 25%), and HCl 1 M (pa, Riedl-
de-Haén) were used as received. The lipids POPC and DPPC
were purchased from Avanti Polar Lipids Inc., Alabaster,
AL, USA. The fluorophores 1,6-diphenyl-1,3,5-hexatriene
(DPH), (1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-
hexatriene p-toluenesulfonate) (TMA-DPH) and other chem-
icals such as 4-(2-hydroxyethyl) piperazine- 1 -ethanesulfonic
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Figure | Structural formulas of the phospholipids and the fluorescent probes employed.
Notes: Structural formulas of (A) I-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), (B) |,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), (C) I,6-diphenyl-
1,3,5-hexatriene (DPH), and (D) (I-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene p-toluenesulfonate) (TMA-DPH).

acid (HEPES), sepharose CL-4B, potassium thiocyanate
(KSCN), Triton X-100, chloroform and methanol were
obtained from Sigma-Aldrich Chemie GmbH (Steinheim,
Germany).

Synthesis of surface modified SPIONs

The superparamagnetic NPs of the iron oxide maghemite
were synthesized using co-precipitation from aqueous
solutions. Since the synthesized SPIONs show a strong
tendency to agglomerate, they have to be dispersed in an
aqueous medium prior to their coating with silica. The
preparation of a stable aqueous suspension of NPs using
citric acid as the surfactant has been described elsewhere.?
In brief, the synthesized SPIONs were incubated in a sus-
pension containing citric acid, at 80°C for 90 minutes at a
pH value of 5.2. After adsorption of the citric acid onto the
SPIONs’ surfaces, the pH value was raised to 10.2 using
ammonia solution. After the excess citric acid was removed
by ultrafiltration, the suspension was colloidally stable, that
is, ferrofluid. Due to the charged carboxyl groups of citric
acid, the NPs show strong negative surface charge, which
electrostatically prevents the NPs from agglomeration.

The SPIONSs in the stable aqueous suspension were further
coated with an approximately 5 nm thick layer of silica
by the hydrolysis and polycondensation of TEOS in the
presence of an alkaline catalyst, as described elsewhere.?
In brief, the suspension of the citric acid-stabilized SPIONs
was first diluted with ethanol (1:1 vol), and the pH was
set to 11.0 using ammonia. Afterward, TEOS was added,
and the mixture was magnetically stirred for 3 hours. The
silica-coated SPIONs were then washed with ethanol
twice using centrifugation (14,000x g, 15 minutes). The
formed silica heterogeneously nucleates and grows as a
uniform layer on the surfaces of the SPIONs. To modify
the surface charge of the silica-coated SPIONS, they were
functionalized with amino and carboxyl groups. The
amino-functionalized SPIONs were prepared by grafting
3-(2-aminoethylamino)propylmethyldimethoxysilane
onto the surfaces of the silica-coated SPIONs.*' To pre-
pare the carboxyl-functionalized SPIONs, the amino-
functionalized SPIONs were further functionalized with a
ring-opening elongation reaction of the nonreacted surface
amines with succinic anhydride providing the carboxyl
functionalization.*?
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Preparation of MLVs and SUVs

MLVs and SUVs were prepared by thin film method using
the rotary evaporator.* Briefly, the SUVs were prepared
by dissolving the POPC lipid in chloroform (2 mg/mL) in
a round bottomed flask and argon gas was allowed to pass
through the lipid-chloroform mixture to avoid the oxidation
of lipids. The organic solvent was removed from the flask
using the rotary evaporator (Buchirotavapor R-114; Biichi
Labortechnik, Flawil, Switzerland) under very low pressure
(1.7 kPa), until a thin lipid film was formed at the bottom of
the flask. The dried lipid film was then hydrated with 1 mL
of 10 mM HEPES buffer at pH 7.0. In order to encapsulate
the SPIONS in liposomes, thin lipid films were prepared in
a similar way and hydrated with the different suspensions
of SPIONSs containing 0.05 mg of plain and surface-modi-
fied SPIONs/mL in 10 mM HEPES buffer (the ratio between
the SPIONSs and the phospholipids was assessed to be ~2.4:1
(n(Fe,0,):n(POPC)). A small amount of silanized glass
beads was added to the flask and the sample was vortexed
for 10 minutes to form MLVs. The obtained MLVs were
then sonicated for 30 minutes total time with 10 seconds
on—off cycles at 40% amplitude using a Vibracell Ultra-
sonic Disintegrator VCX 750 (Sonics and Materials Inc.,
Newtown, CT, USA) to form SUVs. The nonencapsulated
SPIONs were separated from the sample by size exclu-
sion chromatography (SEC) using sepharose gel (CL-4B
column, 2.5x1.5 cm) and eluted with 10 mM HEPES at pH
7.0. The separated liposomes were collected by a Retriever
500 fraction collector tube. To avoid the possibility of
aggregated SPIONs with larger size to be co-eluted with
the SUVs during the SEC method, the free SPIONs were
treated by the same procedure used for liposome prepara-
tion without adding lipids and analyzed by SEC. The SUVs
prepared by the above method were incubated individually
with each type of SPIONs suspension (0.05 mg Fe,O,/mL)
for 50 minutes. The samples were then purified as men-
tioned above and used for analysis.

In addition to the SUVs prepared from POPC lipid,
MLVs used in the differential scanning calorimetry (DSC)
analysis were prepared from a stock solution of DPPC lipid
in chloroform (10 mg/mL) in an identical way under the
same conditions as for POPC MLVs, but with a final DPPC
concentration of 0.5 mg/mL. For both the encapsulation and
incubation of DPPC MLVs with SPIONSs, the same SPION
dispersions were used following the same experimental
procedures, but the final ratio between the SPIONs and
phospholipids was reduced to ~1:1 (n(Fe,O,):n(DPPC)) for
DSC analysis.

Characterization of SPIONs and

liposomes

The SPIONs were characterized by transmission electron
microscopy (TEM, JEOL 2100, JEOL, Tokyo, Japan) coupled
with energy-dispersive X-ray spectroscopy (EDS). For TEM
investigations, the SPIONs were deposited by drying the
suspension of NPs on a copper grid-supported, perforated,
transparent carbon foil. The NP size distribution was deter-
mined as an equivalent diameter from the TEM images using
DigitalMicrograph™ software. The statistical analyses of the
NP size distributions were based on the measurements of the
300 SPIONS for each sample. The X-ray diffractometry (XRD)
analysis of the precipitated SPIONs was performed using PAN-
alytical X’Pert PRO diffractometer. The suspensions of SPIONs
and SUVs were monitored with electro-kinetic measurements of
the {-potential (ZetaPALS, Brookhaven Instruments Corpora-
tion, Holtsville, NY, USA). The hydrodynamic size distribution
of the SUVs and SPIONS in their aqueous suspensions was
obtained using dynamic light scattering (DLS) (ANALYSETTE
12 DynaSizer, Fritsch, Oberstein, Germany).

In order to visualize the magnetoliposomes using the
TEM analysis, control DPPC MLVs and DPPC MLVs encap-
sulated with silica-coated SPIONs were prepared following
the same procedure as described above. To avoid the excess
of SPIONs in TEM samples, the molar ratio of DPPC:Fe O,
was 4:1. A droplet (5 uL) containing diluted suspensions of
MLVs of each specimen (1:100 in 10 mM HEPES buffer)
was spread onto the formvar/carbon-coated grids (UV-treated,
5 minutes). The samples were allowed to dry (during the
night, room temperature) and then a droplet (5 uL) of freshly
prepared 1% ammonium molybdate solution in dH,O (pH
4.7) was spread over the samples for 2 minutes, washed three
times in dH,O and left until dried (following the procedure
above, the DPPC lipids were in the fully hydrated state).

Assay of phospholipids

The concentration of phospholipids in SUVs and MLVs
was determined by a spectrophotometric test based on the
enzymatic reaction, as described by the manufacturer (Wako
Phospholipids C Assay, Wako Pure Chemical Industries,
Richmond, Japan). In brief, the color reagent was prepared by
dissolving the chromogen substrate in Good’s buffer (pH 7.5).
To this, an appropriate amount of the standard phospholipid
solution was added to achieve the final phospholipids’ con-
centrations such as 150 mg/dL, 300 mg/dL and 596.1 mg/dL,
respectively. Approximately 10 UL of the sample liposomes
were treated with 1.5 mL of buffer containing the color reagent
and incubated at 37°C for 5 minutes. The enzymes present in

submit your manuscript

6092

Dove

International Journal of Nanomedicine 2015:10


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Low potential of iron oxide nanoparticles on phospholipid membranes

the color reagent react with the phospholipids to produce a
blue-colored product, the absorbance of which was measured
at 600 nm and 700 nm, using Hewlett Packard 8453E UV—vis
spectrophotometer (Hewlett-Packard, Waldbronn, Germany).
A calibration curve was plotted to measure the final lipid
concentration by comparing the known values of standard
phospholipids in the kit under the same conditions.

Encapsulation efficiency of

magnetoliposomes

The encapsulation efficiency (EE%) of liposomes denotes the
amount of the cargo that is loaded inside the vesicles. The
EE% was determined by measuring the ratio of iron per mole
of'the phospholipid present in the liposomes before and after
the purification process. To check if the surface charge of
SPIONSs has any influence on the encapsulation yield, we
have measured the EE% of magnetoliposomes encapsulated
with negatively charged silica-coated SPIONs and positively
charged SPIONs functionalized with amino groups. The
iron content in magnetoliposomes was calculated using a
colorimetric method.*** In brief, approximately 60 uL of the
SEC purified and nonpurified liposome suspensions were
treated with 15 puL of the surfactant TritonX-100 (1% [v/V]
in final solution) to disrupt the vesicles and release the
encapsulated SPIONs. To this mixture, 0.675 mL of 37%
HCI and 0.750 mL of 50 mM KSCN color reagent was
added. The sample was vortexed, and the absorbance was
read at 480 nm (Hewlett Packard 8453E UV—vis spectropho-
tometer, Hewlett-Packard). A calibration curve was plotted
with aqueous suspensions of both types of SPIONs in the
presence and absence of surfactants and lipids to determine
the accuracy of this method for magnetoliposomes.

Fluorescence anisotropy measurements

The effect of SPIONs on the membrane fluidity of POPC
SUVs was investigated by the fluorometric method using the
fluorescent probes, DPH (Figure 1C) and its cationic deriva-
tive TMA-DPH (Figure 1D). To study the effect of SPIONs on
membrane fluidity, we have prepared SUVs encapsulated with
SPIONs and SUVs incubated with SPIONs for 50 minutes.
Temperature-dependent fluorescence anisotropy measure-
ments of the probes incorporated in the liposomal membranes
were performed in 10-mm-path-length cuvettes using a Cary
Eclipse fluorescence spectrophotometer (Varian, Mulgrave,
Australia). In the cuvettes, either 10 uL of DPH or TMA-DPH
was added to 2.5 mL 100 uM solutions of SUVs to obtain a
final concentration of 0.5 uM DPH and 1.0 uM TMA-DPH.
The anisotropy values of SUVs were measured within the

temperature ranging from 15°C to 50°C, by increasing the
temperature by 5°C for every measurement, with a time
interval of 15 minutes with constant mixing. Varian autopo-
larizers with slit widths with a nominal band-pass of 5 nm
were used for both excitation and emission. DPH and TMA-
DPH fluorescence anisotropy values were measured at the
excitation wavelength of 358 nm and emission wavelength of
410 nm. The anisotropy {r) values were calculated as shown
in Equation 1 using the built-in software of the instrument:

]H_GIL

(ry=———-
1,+2GI,

(1

where, /, and /| are the emission intensities with polarizers
parallel and perpendicular to the direction of the polarized
exciting light, respectively. The values of the G-factor (ratio
of'the sensitivities of the detection system for vertically [[HV]
and horizontally [THH] polarized light) were determined
separately for each sample. Applying Equation 2, the lipid-
order parameter S values were calculated from the anisotropy
values using the following expression:

2
12| Dles| D) | -1+ L
7’":) rO rO

0=

S:

2)

where 7, is the fluorescence anisotropy of DPH in the absence
of any rotational motion of the probe. The order parameter
values of the samples were compared with the control SUVs
without SPIONSs to study the effect of SPIONs from inside
and outside of the membrane.

Differential scanning calorimetry

The DSC is a very sensitive and convenient technique for
monitoring phase transition behavior of lipid membranes and
allows the detection of even minor changes in the state of the
membrane lipids.***” Since DPPC is a widely used long chain
phospholipid with a well-characterized gel to liquid phase
transition state (7 ~41°C), we have used them to study the
alterations in the phase transition temperature using a Nano DS
series 11 calorimeter (Calorimetry Science, Provo, UT, USA).
The samples loaded into the calorimetric cell were heated and
cooled repeatedly in the temperature ranging from 10°C to
70°C, with the heating rate of 1°C min™'. The first DSC scan
was used to determine the temperature of the gel-to-liquid
crystalline phase transition temperature (7)) of the lipids and
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the calorimetric enthalpy (AH ) as explained previously.*®
The subsequent scans were used to determine the reversibil-
ity of the lipid-phase transitions. The OriginPro 8.1 software
(OriginLab Corporation, Northampton, MA, USA) was used to
evaluate the enthalpies and transition temperatures of the lipids
from the DSC thermograms.

Results

Characteristics of SPIONSs, liposomes,
and lipid assay

The particle size of the plain SPIONs measured from TEM
The

images was found to be 11.6+2.7 nm (Figure 2A).

amorphous layer of silica appears to be homogeneous with
a fairly constant thickness, close to 5 nm (Figure 2B-D).
XRD of the plain SPIONs showed a single spinel phase
(Figure 2E), whereas the chemical analyses showed that there
was less than 3% of iron present in the oxidation state 2+,
confirming that the NPs were composed of maghemite.*
The changes in the surface charge of the SPIONs were
followed by the zeta ({) potential measurements of their
aqueous suspensions (pH 7.4) and in 10 mM HEPES buf-
fer (pH 7.0). The {-potential values of the plain SPIONS,
silica-coated SPIONs, SPIONSs functionalized with amino or
carboxyl groups are presented in Figure 2F. The suspensions

(311)

Intensity (au)

50

30

20 60

Figure 2 Characteristics of SPIONs and SPION suspensions.

F
HEPES buffer Water
201 pH 7.0 pH 7.4
iSPION-amino
— 101
PION-ami
E ol *S © 'ammo}Plain SPION
© 6.6 6.8 7 7.2 7.4 7.6 7.8
£ 10, Plain SPION
Q
° 20 SPION-carboxyl
& SPION-Si
-301 SPION-Si
SPION-carboxyl
—40-

pH

Notes: TEM images of (A) plain SPIONSs, (B) silica-coated SPIONS, (C€) SPIONSs functionalized with amino groups, (D) SPIONs functionalized with carboxyl groups, (E) the
XRD pattern of the plain SPIONs, and (F) {-potential measurements of all types of SPIONSs in water and in 10 mM HEPES buffer (pH 7.0).
Abbreviations: TEM, transmission electron microscopy; HEPES, 4-(2-hydroxyethyl) piperazine- | -ethanesulfonic acid; SPIONs, superparamagnetic iron oxide nanoparticles;

XRD, X-ray diffractometry.
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of the plain SPIONs showed a relatively low absolute value
of the {-potential close to neutral pH, since the isoelectric
point (IEP) of the as-synthesized SPIONs pH value was
approximately 7.0.3! A low absolute value of the {-potential
usually correlates with the poor colloidal stability of such sus-
pensions. The silica-coated SPIONs show a relatively acidic
character, because its structure is terminated with negatively
charged hydroxyl groups for the whole range of considered
pH values. The amino functionalization provides the positive
surface charge at neutral pH values due to the shift of the
IEP to a higher pH value of approximately 8.0. Due to the
acidic character of the surface carboxyl groups, the carboxyl
functionalization displays the IEP at a pH value of approxi-
mately 4.0 providing negative {-potential at the neutral pH
values.* The presence of salts in the HEPES buffer solution
influences the {-potential of SPIONs and consecutively
alters the colloidal stability of the suspensions. Usually, the
presence of salts lowers the absolute value of the {-potential
due to the screening of the colloidal surface charge and thus
makes the electrostatic repulsions less pronounced, which
normally results in an impaired colloidal stability.

The average hydrodynamic sizes of SPIONs in their
aqueous suspensions and in the experimental buffer (10 mM
HEPES) were measured using DLS and are listed in Table 1.
The plain SPIONs without coating formed agglomerates,
whereas silica — coated and carboxyl group-functionalized
SPIONs were well dispersed. Though amino-functionalized
SPIONs formed some agglomerates in HEPES buffer,
they did not sediment in the suspension as fast as the plain
SPIONs. The hydrodynamic size measured before any vis-
ible sedimentation was significantly larger for the SPIONs
in the HEPES buffer compared to the SPIONSs in water. The
increase in the hydrodynamic size is the consequence of

Table | Characterization data of the plain and surface modified
SPIONs

Sample Primary Hydrodynamic Hydrodynamic
particle size in water  sizein 10 mM
size (nm); (nm); PDI HEPES (nm);
diameter = SD PDI

Plain SPIONs I1.6+2.7 : :

Silica-coated 20.7+4.2 26 nm; 0.12 30 nm; 0.14

SPIONs

Carboxyl groups 20.7+4.2 38 nm; 0.18 33 nm; 0.18

functionalized

SPIONs

Amino groups  20.7+4.2 47 nm; 0.22 173 nm; 0.48

functionalized

SPIONs

Note: “The result was not reliable due to intensive agglomeration.
Abbreviations: PDI, polydispersity index; HEPES, 4-(2-hydroxyethyl) piperazine-|-
ethanesulfonic acid; SPIONs, superparamagnetic iron oxide nanoparticles.

the lower absolute value of their {-potential in the HEPES
buffer due to increased salinity and increased buffer pH
value (pH 7.0) that is close to the IEP of the amino-func-
tionalized SPIONS. In contrast, the presence of the HEPES
buffer did not significantly affect the hydrodynamic sizes of
both suspensions containing the silica-coated SPIONs and
the carboxyl-functionalized SPIONSs, despite of decreased
absolute values of their {-potential. The IEPs of both sus-
pensions were at much lower pH values and thus even the
presence of salts did not significantly impair the colloidal
stability.??

The TEM micrographs of DPPC MLVs encapsulated
with silica-coated SPIONs in 10 mM HEPES buffer (pH 7.0)
were depicted in Figure 3A. The images show the interaction
of SPIONs with the membranes of DPPC MLVs. Further,
the colocalization of SPIONs (encapsulated dark material)
and the organic material was confirmed using energy EDS
(Figure 3B). The EDS analysis, capturing the whole region
(Figure 3A), confirmed the presence of SPIONs (black
material) and that the surrounding gray area corresponds to
the organic matter/phospholipids. Apart from the elements,
such as phosphorous, carbon, nitrogen, and oxygen, which
indicate the presence of organic material, the EDS spectra
has also shown the peaks corresponding to molybdenum
in the contrasting agent and to both the elements Fe and Si
which confirms the presence of silica-coated SPIONs in the
liposomes.

The size range of the sonicated control SUVs without
SPIONs and SUVs encapsulated with SPIONs was found
to be between 60 nm and 150 nm using DLS, with a poly-
dispersity index 0of 0.10+0.01. The initial lipid concentration
used to prepare the SUVs was 2 mg/mL. The phospholipid
assay results revealed a final lipid concentration of SUVs to
be 1.8 mg/mL, which indicates that there was not much lipid
loss during the entire procedure. Based on this value, the lipid
concentration was adjusted for all other measurements.

The {~potential value of control SUVs without SPIONs
was found to be —4.0£0.4 mV and the values for SUVs
encapsulated with plain, silica-coated SPIONs and those
functionalized with amino and carboxyl groups were
found to be —6.74£3.4 mV, -7.243.0 mV, —6.9+1.8 mV,
and —10.7£1.9 mV, respectively. The results have depicted
that the SPIONs decreased the {-potential values of magne-
toliposomes probably due to their interaction with the bilayer
lipid chains. The amino functionalized SPIONs decreased the
{-potential values of magnetoliposomes comparably to the
negatively charged silica-coated SPIONs and those SPIONs
functionalized with carboxyl groups. But they did not cause
positive {-potential values of magnetoliposomes, presumably
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Figure 3 TEM micrograph and the corresponding elementary composition of DPPC multilamellar vesicles, encapsulated with silica-coated SPIONs.

Notes: (A) TEM micrograph of DPPC MLVs with silica-coated SPIONSs. The scale bar is 500 nm. (B) Elementary composition of the selected area, including both silica-coated
SPION’s and adjusting organic material (amorphous material). Both elements Fe and Si confirm presence of silica-coated SPIONs (remark: presence of Si is characteristic also
for the background signal). Observed elements P, C, N, and O confirm presence of organic material (phospholipids, though C is also spread on the Cu-grids). Observed the

presence of Mo is a consequence of ammonium molybdate used as a contrast agent.

Abbreviations: TEM, transmission electron microscopy; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; MLVs, multilamellar vesicles; SPIONs, superparamagnetic iron

oxide nanoparticles; POPC, |-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine.

due to their very low positive surface charge (4.1£3.1 mV)
in the relevant medium (HEPES buffer). Another reason
could be that the inclusion of positively charged iron oxide
NPs decreased the {-potential values of zwitterionic lipo-
somes and the association of NPs caused a decrease in the
exposure of positive charges of the lipid headgroups, pos-
sibly due to the reorganization of bilayer lipids as a result
of NPs interaction with the membrane as demonstrated by
Philosof-Mazor et al.*’

Encapsulation efficiency

The iron content in the magnetoliposomes was determined
spectrophotometrically using the KSCN reagent, and the
EE% was measured by calculating the ratio between iron and

lipid in magnetoliposomes before and after SEC purification.
The EE% of magnetoliposomes loaded with silica-coated
SPIONs and SPIONs functionalized with amino groups is
shown in Table 2. The results have shown a variation in EE%
corresponding to the initial proportion of SPIONs encapsu-
lated in SUVs. Before purification, the quantity of iron in
the magnetoliposomes suspension was high that was reduced
comparatively after purification by the efficient removal of
the nonencapsulated SPIONs using SEC.

The highest encapsulation percentage of 78% was
achieved for silica-coated SPIONs loaded magnetolipo-
somes with the lowest initial iron content of 0.01 mg Fe/mL,
whereas the lowest encapsulation percentage of 54% was
achieved for the SPIONSs functionalized with amino groups

Table 2 Encapsulation efficiency of MLs loaded with surface modified SPIONs

Initial iron Concentration of iron in MLs Concentration of iron in MLs Percentage of EE%

concentration  before purification after purification

in MLs (g Fe/mol POPC) (g Fe/mol POPC)

(mgFe/mL)  Misloaded with MLsloaded with MLs loaded with  MLs loaded with  MLs loaded with  MLs loaded with
silica-coated amino groups silica-coated amino groups silica-coated amino groups
SPIONs functionalized SPIONs functionalized SPIONSs functionalized

SPIONs SPIONs SPIONs

0.01 51.4+2.1 43.1£1.8 40.1+£2.9 30.7+2.3 78+6.5 71£6.1

0.05 57.1+3.4 54.2+1.7 42.3+3.9 35.3+2.4 74+8.1 65+4.9

0.2 67.844.1 67.8+2.3 46.8+5.2 41.4+3.7 69+8.7 61+5.8

0.5 80.3+6.5 81.613.1 52.243.2 48.2143.6 6516.6 59+4.9

1.0 162.1£0.1 167.5+2.3 98.9+1.3 95.5+0.3 61£7.9 57+7.4

2.0 330.5+2.8 339.244.7 188.4+4.3 183.245.7 57+4.9 54452

Notes: Encapsulation efficiency of MLs loaded with SPIONSs functionalized with amino groups and silica-coated SPIONs was determined from the percentage of iron content
in magnetoliposomes before and after the purification process. EE% values (+ SD) are the mean of five calculations.
Abbreviations: MLs, magnetoliposomes; POPC, |-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; EE%, encapsulation efficiency; SPIONs, superparamagnetic iron oxide

nanoparticles.
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loaded magnetoliposomes with the highest initial iron con-
tent of 2.0 mg Fe/mL. It has been reported that the Fe** and
Fe’* ions have a strong affinity to bind with the negatively
charged phosphate groups of the membrane lipids and their
subsequent encapsulation in the vesicles.?”**#! Increasing
the initial iron concentration further up to 5 mg/mL did not
show a considerable increase in the encapsulation of SPIONs
in magnetoliposomes (data not shown) which is in line with
other reports.**?

Effects of SPIONS on membrane fluidity

The comparison of the order parameter (S) values of POPC
SUVs encapsulated and incubated with all four types of
SPIONs is shown in Figure 4A-D. As the temperature
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increased, a gradual decrease in the order of parameter
values of the bilayer lipids was observed for the SUVs
encapsulated and incubated with all the types of SPIONs
using the probes DPH and TMA-DPH. In comparison with
the control, a little increase in the S value was noted for the
SUVs encapsulated with all types of tested SPIONs using
DPH and TMA-DPH (Figure 4A and B). The initial S value
for control SUVs at 15°C was found to be 0.51+0.04. The
highest S value of 0.65+0.03 and 0.7520.01 were observed
using DPH and TMA-DPH for the SUVs encapsulated with
SPIONs functionalized with amino groups, respectively,
at the same temperature. Among the SUVs incubated
with the SPIONs (Figure 4C and D), the highest S value
of 0.63+£0.03 and 0.74+0.01 was recorded at 15°C using
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Figure 4 Comparison of the order parameter of the POPC SUVs either encapsulated or incubated with the suspensions of the SPIONs.

Notes: Panels (A and B) show the order parameter values of SUVs encapsulated with the SPIONSs, assessed using the probes (A) DPH, and (B) TMA-DPH. Panels (C and D)
show the order parameter of SUVs incubated with SPIONSs, using (C) DPH and (D) TMA-DPH (—m— Control SUVs without SPIONs; —~O— SUVs with plain SPIONs; —A— SUVs
with silica-coated SPIONs; —X— SUVs with carboxyl groups functionalized SPIONs; —J- SUVs with amino groups functionalized SPIONs). The order parameter values are
the mean of two measurements. The error value denotes the standard errors (+ SD) of sample mean values during the analysis.

Abbreviations: SD, standard deviation; SUV, small unilamellar vesicle; SPIONs, superparamagnetic iron oxide nanoparticles; DPH, |,6-diphenyl-1,3,5-hexatriene; TMA-DPH
(1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene p-toluenesulfonate).
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DPH and TMA-DPH for the SPIONs functionalized with
amino groups, respectively. However, in this case, higher
discrepancies in S values were observed at lower tempera-
tures using DPH probe and at higher temperatures using
TMA-DPH probe. This suggests that the interaction of the
tested SPIONs was higher at the initial stages of incubation
and at higher temperatures where the fluidity of the mem-
brane was high. In comparison with the control, the order
parameter values for both the encapsulated and incubated
SUVs increased in the order of plain, silica-coated SPIONS,
SPIONSs functionalized with carboxyl groups, and SPIONs
functionalized with amino groups using both the probes
(DPH and TMA-DPH).
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Effects of SPIONs on the lipid phase

transition profile
Comparison of DSC thermograms of DPPC MLVs encapsu-
lated and incubated with all types of SPIONs suspended in
10 mM HEPES buffer (pH 7.0) is shown in Figure SA-D. All
heating profiles presented with respect to the control sample
(pure DPPC MLVs) are in good agreement with the reported
characteristic values.’®*# The thermodynamic profile
(T, and AH) of control and DPPC MLV treated by the incu-
bated and encapsulated SPIONSs is reported in Table 3.
Incubation of DPPC MLVs with the plain SPIONs did not
induce any alterations in the position of the main transition
temperature peak (Table 3) with respect to the control, instead
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Figure 5 DSC thermograms (A-D) showing the interactions DPPC MLVs encapsulated with SPIONSs (grey dashed line) and DPPC MLVs incubated with the same type of

SPIONSs (black dotted line).

Notes: Panels A-D show DSC thermograms for individual SPIONs (encapsulated or incubated) with respect to control SPIONSs: (A) plain SPIONSs, (B) silica coated SPIONS,
(C) SPIONSs functionalized with carboxyl groups, and (D) SPIONs functionalized with amino groups.
Abbreviations: MLVs, multilamellar vesicles; SPIONs, superparamagnetic iron oxide nanoparticles; DSC, differential scanning calorimetry; DPPC, |,2-dipalmitoyl-sn-glycero-

3-phosphocholine; Cp, heat capacity.
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Table 3 Thermodynamic profile of the phase transitions of the
DPPC MLVs incubated or encapsulated with the plain and surface
modified SPIONs at pH 7.0

DPPC MLVs DPPC MLVs DPPC MLVs
with incubated with encapsulated
SPIONs SPIONs
AHcal Tm Achl Tm
(kJ/mol) (°C) (k)/mol) (°C)
Control 33.7434  41.610.2 324432 41.5+0.2
Plain SPIONs 40.4+3.4 415102 26.7432 41.31£0.2
Silica-coated SPIONs 33.6£3.4 41.5+0.2 31.243.2 41.310.2
Carboxyl group 32.0+3.4 41.6+0.2 30.2+3.2 4].5+0.2
functionalized SPIONs
Amino group 38.8+3.4 415102 252432 41.5+0.2

functionalized SPIONs

Note: Data are represented as mean * standard deviation.
Abbreviations: DPPC, |,2-dipalmitoyl-sn-glycero-3-phosphocholine; MLVs, muiltila-
mellar vesicles; SPIONSs, superparamagnetic iron oxide nanoparticles; AH_, calorimetric

cal’

enthalpy change of the main phase transition; T, phase transition temperature required
to change the membrane lipids from gel to liquid crystalline phase.

the peak height increased (Figure 5A, dashed line), which sug-
gests liposomal membranes incubated with plain SPIONs were
subjected to slight stabilization by the adsorbed SPIONSs. The
heating curve also exhibited slight undulations under 30°C,
probably as a consequence of the sedimentation of SPIONs
in the suspension during the measurement (Figure 5A, dashed
line). In the case of encapsulated plain SPIONs, the main
transition peak was broadened, decreased, and slightly shifted
toward lower temperature, while the pretransition peak was
almost eliminated (Figure 5A, short dotted line). Similarly,
encapsulated silica-coated SPIONs slightly broadened and
decreased the main transition peak (Figure 5B, short dotted
line), whereas incubation with the same particles (Figure 5B,
dashed line) did not show noticeable changes in the shape of
DSC thermograms with respect to the control (Figure 5B,
straight line). The carboxyl groups functionalized SPIONs did
not induce alterations in the shape of DSC thermogram both
when incubated and encapsulated (Figure 5C, dashed and short
dotted line, respectively). The incubation of DPPC vesicles
with amino groups functionalized SPIONs (Figure 5D, dashed
line) induced, similarly to the plain SPIONS, an increase in the
height of the main transition peak in comparison with the con-
trol, but the SPIONs encapsulated inside the vesicles caused
a slight decrease in both the main and the pretransition peak;
the latter was also moved slightly toward lower temperatures
(Figure 5D, dashed line). Therefore, from the above results
we conclude that among all types of SPIONs, the SPIONs
functionalized with carboxyl groups (correspondingly higher
negative {-potential values) have the lowest observed effect
on the phase transitions of the DPPC MLVs.

Discussion

We have compared the effects of plain and surface-modified
SPIONSs on the fluidity and phase transition of the zwitterionic
phosphatidylcholine liposomal membranes by two different
approaches: 1) SPIONs encapsulated inside the liposomes
and 2) SPIONs incubated with the liposomes. The fluores-
cence anisotropy of POPC SUVs with the encapsulated and
incubated SPIONs was measured to assess the fluidity of
liposomal membranes. As a complementary method for the
assessment of alterations in membrane integrity, calorimetric
technique DSC was used to study the effects on the phase
transition of DPPC MLVs exposed to SPIONs using the same
above-mentioned approaches.

Since the size of the SPIONs exceeds the thickness of the
bilayer (primary size of the SPION core was approximately
11 nm and the silica-coated SPIONs ranges approximately
20 nm), we did not expect the incorporation of SPIONSs inside
the membrane. However, we anticipated that the SPIONs
will be encapsulated inside the liposomes. TEM images and
the corresponding EDS analysis (Figure 3) have confirmed
the presence of silica-coated SPIONS in the liposomes. We
assume that during the process of drying the suspension of
magnetoliposomes on the grids under vacuum, membrane
rupture could have occurred which could most probably be
the reason for the invisibility of the multilayer membranes
of the MLVs.

Encapsulation efficiency

It is a prerequisite to have a high EE% of magnetic NPs in
the liposomes to achieve effective targeting, imaging, and
therapeutic results. In comparison with the plain SPIONSs,
silica-coated SPIONs are widely used for in vivo applica-
tions due to enhanced stability and biocompatibility. Since
they are negatively charged, we have used positively charged
SPIONSs functionalized with amino groups to compare if the
variation in the surface charge of SPIONSs has any influence
on the EE%. The EE% of magnetoliposomes was calculated
using the method described by Frascione et al* and Skouras
et al.*? Our results (Table 1) have shown that EE% of POPC
magnetoliposomes loaded with silica-coated SPIONs was
comparatively higher than the magnetoliposomes loaded
with SPIONSs functionalized with amino groups. These results
coincide with the results obtained in our previous work?%?’
where we have demonstrated that due to electrostatic attrac-
tions, the negatively charged SPIONs were significantly
attracted toward the terminal positive amino group of the
POPC liposomal membranes. A lot of reports have also
shown that the electrostatic attraction between the NPs and
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the lipid membrane is an important factor to increase both
the EE% of NPs in liposomes and the internalization ratio of
NPs in cells.**4¢# The findings of our present study have also
shown that EE% decreased proportionally with the increase in
the concentration of both types of surface-modified SPIONs
in magnetoliposomes. The results are in agreement with the
results reported earlier, where the authors have demonstrated
reduced EE% with increased initial iron content.**?

Liposomal membrane fluidity

Lipid ordering parameter, S, is a measure of membrane fluidity
of both the biological membranes and the artificial liposomal
membranes. We have assessed the lipid ordering parameter
of liposomes encapsulated or incubated with the SPIONS.
The two common fluorescent probes DPH and TMA-DPH,
as shown in Figure 4A-D, were used. The DPH molecules
orient loosely between the hydrophobic tails throughout the
lipid bilayer and lie parallel to the axis of lipid acyl chains.*
TMA-DPH is a cationic derivative of DPH and is located near
the phospholipid heads at the membrane-water interface.*
Among all the cases depicted in Figure 4A-D, in compari-
son with the control SUVs, there is a slight increase in the
Svalues of SUVs treated with SPIONSs by both the methods,
that is, encapsulation and incubation. Figure 4A shows the
S'values of control SUVs, SUVs encapsulated with plain and
surface-modified SPIONs using DPH. The S values decreased
steadily for all the samples with a corresponding increase in
the temperature, and there was a little difference between the
control SUVs and SUVs encapsulated with SPIONSs. Since
DPH is a hydrophobic probe, the result indicates that all
types of the encapsulated SPIONs used in this study caused
a slight alteration in the lipid order parameter. Figure 4B
shows that the difference in S value between the control
SUVs and SUVs encapsulated with SPIONs was almost
negligible, which indicates there were not many significant
changes in the fluidity level at the membrane lipid heads as
detected by TMA-DPH. Figure 4C shows a considerable dif-
ference between the control SUVs and SUVs incubated with
SPIONS till 30°C. As the temperature increased above 30°C,
the difference was almost negligible, which might be due to
the sedimentation of larger SPION aggregates. Figure 4D
does not show a notable difference in S values between the
control SUVs and SUVs incubated with SPIONs and all
tested SPIONs using TMA-DPH. On the other hand, the
DPH probe (Figure 4C) showed considerable larger dif-
ferences among the tested SPIONS at lower temperatures.
This observed difference in S value between Figure 4C
and D is attributed to two major reasons, the variation in

the interaction level of the incubated SPIONs with the
membrane lipids at different temperatures, and the nature of
the probes. DPH is a very sensitive hydrophobic probe that
intercalates itself between the lipid tails of the membrane and
responds even to very small alterations in the fluidity level
of the membrane interior, whereas TMA-DPH is a surface
probe and is less sensitive to temperature.’' From the overall
results shown in Figure 4A—D, we have observed only slight
deviations and no significant changes in S values for both the
probes DPH and TMA-DPH, suggesting a general negligible
effect of the tested SPIONs on both the hydrophobic lipid
tails and the hydrophilic lipid heads. Moreover, among the
encapsulated and incubated SPIONS, the amino group func-
tionalized SPIONs showed a slightly higher effect on fluidity
than the other types of SPIONs. Due to the little negative
surface potential of the prepared liposomes (pure POPC
SUVs (control); —4 mV), the positively charged amino group
modified SPIONs would have attracted more toward the lipid
bilayer leading to increased interactions with the membrane
lipids, thereby causing significant differences in the lipid
ordering. Goertz et al*? have reported that the cationic NPs
tend to bend the head group over, expand the lipid bilayer
by enhancing the area occupied per head group and cause
alterations in lipid ordering and induce phase transition of
the bilayer lipids. Though our results have indicated that all
types of the studied SPIONS treated by both approaches did
not alter the fluidity of the lipid membrane to a significant
extent. A similar result was reported by Frascione et al using
the polyethylene glycol-coated sterically-stabilized magnetic
liposomes treated with the ultrasmall superparamagnetic
iron oxide (USPIOs) NPs.* The results have shown that the
anisotropy values of POPC liposomes encapsulated with
the dextran-coated USPIOs (<50 nm) were higher than the
liposomes incubated with dextran-coated USPIOs. They have
explained that this difference was due to the confinement of
high concentration of encapsulated NPs in a small volume
of water in the hydrophilic region of liposomes, leading to
increased interaction of NPs with the inner layer of membrane
causing bilayer rigidification and subsequently contributed
to increased anisotropy values.

In our previous works,?* 2 we have compared the influence
of electrostatic forces between the positively charged amino
group functionalized SPIONs and negatively charged citric
acid-coated cobalt ferrite (CoFe,0,) NPs (1 mg/mL suspended
in 20 mM HEPES buffer) on zwitterionic 1-stearoyl-2-oleoyl-
sn-glycero-3-phosphocholine (SOPC) liposomes and mea-
sured the membrane fluidity. The results have shown that the
attractive electrostatic forces between the negatively charged
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CoFe,0, NPs and the terminal positive amino group of the
SOPC lipid enhanced the interaction of NPs with the mem-
brane lipids causing slight alterations in the fluidity level.
On the other hand, due to electrostatic repulsion between the
positively charged SPIONSs and the terminal positive amino
group of the SOPC lipid, the approach and interaction of
the SPIONs with the lipid membrane was less leading to no
noticeable differences in the fluidity level.

To take our work to the next level, we have compared
the effect of encapsulated and incubated SPIONs with dif-
ferent surface charges on the fluidity of POPC zwitterionic
liposomes. Since lower concentrations of NPs are commonly
used for clinical applications to avoid unwanted side effects,
we have used low concentrations of SPIONs (0.05 mg/mL
suspended in 10 mM HEPES buffer) in this work, hoping
that these results can be considered for our future works on
cell membrane fluidity using these SPIONSs. In the present
study, the fluidity measurements that were not significantly
affected by the encapsulated or incubated SPIONs were in
line with our expectations. Our results have further confirmed
the previous reports!®4¢-3-33 that there was no major difference
in the membrane fluidity level due to the surface-modified
SPIONSs and hence they are suitable to be used for in vivo
applications.

Phase transition of liposomal membrane

The phase transition temperature denotes the temperature
(T ) at which an alteration in the phase of membrane lipids
occurs, from the ordered gel phase to the disordered liquid
crystalline phase. In the gel phase, the hydrocarbon chains
are completely extended and tightly packed, whereas they
are loosely packed and more fluid in the liquid crystalline
phase.*® When the length of the hydrocarbon chain increases,
the strength of the van der Waals interactions also increases.
To disrupt the packing order of the lipid chains, a greater
amount of energy is required and thus the 7 increases.”"*"*
We have observed no major alterations in the thermal stability
of DPPC vesicles, since the T of fully hydrated DPPC MLV
detected at 41°C did not change neither with the encapsu-
lated nor with the incubated SPIONs. We have observed
some alterations in the DPPC peak shapes in the interaction
of encapsulated SPIONs with DPPC. The encapsulation of
plain SPIONs and SPIONs functionalized with amino groups
exhibited a higher main transition peak with respect to the
control (ie, pure DPPC MLVs in 10 mM HEPES buffer at
pH 7.0), which can be explained as a slight stabilization of
the membrane upon contact between SPIONSs and the charged
groups of the membrane. The shape of the main transition

peak (higher, narrower) suggests that the phospholipids pos-
sess higher lipid order after incubation with the SPIONs func-
tionalized by amino group which is in line with the fluidity
results showing the plain SPIONSs (Figure 4A; empty squares)
and broadened main transition peaks to a small extent
(Figure 5A and B, respectively); the pre-transition peak was
almost eliminated in MLVs incubated with plain SPIONs
(Figure SA; dashed line). Generally, the incubation of DPPC
with SPIONSs has a noticeable effect on DSC thermograms:
lowered, broadened, and moved toward lower temperatures
with plain, silica-coated, and functionalized with amino
group (Figure 5A, B, and D, respectively), but also slightly
lowered with incubated SPIONs functionalized with carboxyl
group (Figure 5C). On the other hand, the fluidity results for
the encapsulated amino-functionalized SPIONs (Figure 4)
are not in line with the observation. The DPPC membranes
were observed to be the most intact and unaffected by
the SPIONs functionalized with carboxyl groups using
both the encapsulated and incubated SPIONs (Figure 5C).
In line with the measured {-potential values in the HEPES
buffer at pH 7.0 (Table 1), the silica-coated SPIONs, pos-
sessing the largest negative surface charge (-24.3 mV),
caused a notable effect on the phase transition profile of
DPPC MLVs, stronger than the plain SPIONs (—5.0 mV)
and SPIONs functionalized amino groups (+4.1 mV), and the
SPIONSs functionalized with carboxyl group (—18.4 mV); the
latter were observed to have the lowest effect on the phase
transition of DPPC. However, based on our observations,
we cannot make very straightforward conclusions as, for
instance, demonstrated by Chen et al.* They have reported
on the embedding of SPIONs within DPPC lipid bilayers on
the basis of both the main transition peak broadening and the
shift of main transition temperature peak to higher tempera-
tures. Moreover, changes in the thermodynamic state of lipid
membranes can also be provoked due to the NP dissolution
in aqueous dispersions.*” The chemical characterization data
and magnetic measurements of the SPIONs in our present
study showed no or very subtle particle dissolution (data not
shown), which suggests that the observed slight alterations
in the thermodynamic profile are due to mechanical rather
than chemical mechanisms.”” The {-potential value of DPPC
MLVs prepared under the same experimental conditions was
reported to be =720 mV.% Due to the zwitterionic form of
the liposome membranes, we cannot explain the effect of
SPIONS on the thermal profile of membrane lipids solely on
the basis of electrostatic interactions. Based on the results, we
conclude that the interactions of surface-modified SPIONs
with the membrane depend on various factors such as surface

International Journal of Nanomedicine 2015:10

submit your manuscript

6101

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Santhosh et al

Dove

charge, size of agglomerates formed in the suspension, and
the number of particles interacting with the phospholipid
bilayer.*!

Conclusion

The prospective of our work is to contribute to a better under-
standing of the interactions of the plain and surface-modified
SPIONSs treated by both approaches, that is, encapsulation
and incubation with a zwitterionic lipid bilayer, which is
important for optimizing the characteristics of SPIONs to
make them ideal for diverse biomedical applications. Based
on our results, we conclude that these SPIONS at relatively
low concentration (eg, 0.05 mg Fe,O,/mL) did not have a
significant effect on the lipid ordering, membrane fluidity,
and phase transition behavior of phosphatidylcholine lipo-
somes. Since the membrane properties are not altered, the
results indicate that irrespective of the method of exposure
(encapsulation or incubation), the SPIONs did not cause
any rupture or damage to the membrane under the given
experimental conditions, otherwise it would have led to
significant alterations in the studied membrane properties.
It is also worthy to specify that it is not just the concentra-
tion of SPIONS that affects the biophysical properties of the
membrane but a combination of a number of factors including
the number of SPIONs interacting with the liposomes, as
well as their size, shape, and surface charge have to be taken
into account while considering these NPs for biophysical and
in vivo investigations. The present study is an upgrade of
our previously published results and suggests the suitability
of these SPIONSs for encapsulation in phosphatidylcholine
liposomes for clinical purpose. Hence, our further studies
are underway taking into account all these factors including
the pharmacological and toxicological studies of SPIONs
using animal models to gain extensive knowledge about the
suitability of these SPIONs for theranostic applications.
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