Highly stable nanostructured magnetic vesicles as doxorubicin carriers for field-assisted therapies
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Abstract

In this work, magnetic vesicles were produced using magnetite (Fes0s) nanoparticles and 1-
methylimidazolium bis- (2-ethylhexyl) phosphate (imim-DEHP) as surfactant. Some of the vesicles were
subsequently coated with chitosan to improve their stability and biocompatibility. A physicochemical
characterization of the prepared systems was carried out using several techniques, which allowed verifying
that the magnetic nanoparticles were successfully encapsulated. Finally, the vesicles were loaded with an
antitumor drug (doxorubicin) by swelling in order to perform release studies. The Korsmeyer-Peppas model
was used to fit the doxorubicin (Dox) release profiles in the different vesicle systems, which displayed
delayed release in every case. After 24 h, the Dox release percentages ranged between 43-53%. The prepared
vesicles show not only excellent stability but also a good response to an external magnetic field, which makes
them good candidates to be used in field-assisted therapies, thus trying to improve therapeutic efficacy and
avoiding possible adverse effects.
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1. Introduction

Nanomedicine is a relatively new but rapidly developing area of knowledge in which materials in the nano-
scale are used to deliver site-specific therapeutic agents in a controlled manner [1,2].

In recent years, important advances have been reported in this field for the treatment of various diseases,
among them the use of chemotherapeutic agents, biological agents, immunotherapeutic agents, etc. [1-
3].Some of the drug nanocarriers that are currently under study for targeted therapies are based on magnetic
nanoparticles (MNPs) [4-8]. Due to their size, as-prepared MNPs tend to aggregate forming micron-size
clusters which do not exhibit the same magnetic behavior as individual MNPs. Furthermore, it has been
reported that bare MNPs can cause obstructions in veins or arteries (embolisms) when they enter the
bloodstream with no further treatment [9].

In order to overcome these drawbacks, MNPs are generally either coated with a layer of surfactant and/or
biocompatible polymer or they are encapsulated in vesicles to improve their biocompatibility, to prevent
oxidation and aggregate formation, as well as to avoid abduction by macrophages or phagocytic systems [5,9-
16]. Chitosan (Ch) currently plays an extremely important role as a biomaterial, due to its diverse properties,
such as good biocompatibility, biodegradability, bioactivity, anti thrombogenicity, low toxicity and low cost.
Such properties are strongly dependent on the degree of deacetylation and its pKa is around 6.5 [17,18]. Ch
solubility depends on the distribution of free amino and N-acetyl groups, it is a linear polyelectrolyte at acidic
pH, it dissolves slowly in acidic and slightly-acidic aqueous solutions besides being a hydrophilic molecule, it
retains water in its structure and has the ability to form gels [19,20].

Vesicles have a spherical supramolecular structure formed by a bilayer of self-assembled surfactants
(generally phospholipids) in aqueous solution [21]. They play an important role in encapsulating MNPs and
provide the possibility of loading hydrophilic and hydrophobic bioactive molecules [4,9,14,22-26]. In
particular, encapsulation of anthracyclines in vesicles, specifically doxorubicin (DOX), has the potential to
decrease the toxicity of the agents. DOX is an antimicotic and cytotoxic agent that intercalates in DNA and
disrupts topoisomerase-Il mediated DNA repair [27,28].

Various pharmaceutical formulations based on vesicular systems have been approved and many others are in
the clinical trial stage [9,29-36]. Magnetic vesicles can be suitable for safe intravenous administration as
nanocarriers in targeted therapies, when their sizes are below 200 nm [37,38].

At present, there are no reports of magnetic vesicles prepared from ionic liquids and biocompatible polymers.
On the other hand, the formulations developed so far for the synthesis use several steps and the solution
stability over time is low.

In this work, easily and rapidly prepared magnetic vesicles with high stability were synthesized using bis-(2-
ethylhexyl) 1-methylimidazolium phosphate (imim-DEHP), an ionic liquid with amphiphilic properties that is
able to spontaneously form unilamellar vesicles in water [21,39-41]. Figure 1 shows a schematic of imim-
DEHP. This novel surfactant -prepared in our group- facilitates the vesicles coating with chitosan. Magnetite
(FesO4) nanoparticles were incorporated within the vesicles and this nanocomposite was coated with chitosan,
to improve stability and biocompatibility. DOX was added to the vesicle structure as a test drug, and the
behavior of the system was analyzed in order to assess its applicability for future use in field-assisted therapies
[4,5,7,22,42-45].
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Figure 1. Scheme of the molecular structure of the surfactant imim-DEHP.



A complete structural characterization of the systems was carried out using X-ray Diffraction, Dynamic Light
Scattering, Zeta potential, Atomic Force Microscopy, Scanning Electron Microscopy and Transmission
Electron Microscopy.

The different compounds studied in this work were labeled as follows:

Ch: chitosan.

Mag: magnetite nanoparticles.

DOX: Doxorubicin.

Im: imim-DEHP vesicles.

Ch-Im: Chitosan-coated imim-DEHP vesicles.

Im-Mag: imim-DEHP vesicles loaded with magnetite nanoparticles without chitosan coating.
Ch-Im-Mag: Chitosan-coated imim-DEHP vesicles loaded with magnetite nanoparticles.
Ch-Im-Mag-DOX: Chitosan-coated imim-DEHP vesicles loaded with magnetite nanoparticles and DOX.

2. Experimental
2.1. Preparation of vesicles (Im)

Vesicles were prepared in aqueous medium from 1-methylimidazolium bis-(2-ethylhexyl) phosphate (imim-
DEHP, Mw=404.53 g/mol) according to a previous work [21,39,40]. Chitosan (Ch) of low molecular weight
(212.7 kDa or kg/mol) with a deacetylation degree of 79% was provided by Sigma-Aldrich and ultrapure
water was obtained from Labonco equipment model 90901-01.

2.2. Preparation of magnetic nanoparticles (MNPs)

Magnetite NPs (FesO., Mw~231.53 g/mol) were synthesized by coprecipitation, mixing an aqueous solution of
FeCl,.4H,0 (1.0 M) and FeCls.6H,O (1.5 M) which had been previously flushed with N.. Once the reaction
temperature was reached, an oxygen-free solution of NaOH 3 M was added (dropwise, slowly). The resulting
solution was stirred for 2 h at 80°C. The obtained product was filtered and thoroughly washed with distilled
water, ethanol and acetone several times. Each washing procedure was carried out until the filtrate became
clear and colourless. The sample was finally dried at 40°C in a vacuum oven for 24 h.

2.3. Preparation of magnetic vesicles (Im-Mag)

To prepare the magnetic vesicles (approximately 5 wt. %) MNPs were first suspended in ultra-pure water by
sonication. Immediately, a selected amount of imim-DEHP was added while the solution was vigorously
stirred for approximately 2 min. Subsequently, a 0.45 um nylon filter was used to remove undissolved solute
or large aggregates.

2.4. Preparation of chitosan-coated magnetic vesicles (Ch-Im-Mag)

A 5x10° M Ch solution was prepared by dissolving 1 mg/ml in ultrapure water at pH=4 (with HCI) to
dissolve the biopolymer; then it was neutralized with NaOH. Afterwards, 50 pl of this solution were added to
the Im-Mag vesicle solution to obtain the biopolymer-coated vesicles. The resulting solution was manually
stirred for approximately 1 min. Finally, the physicochemical characterization was performed.

2.5. Dynamic Light Scattering (DLS) and Zeta potential (¢)

DLS measurements were carried out using a Malvern 4700 equipment with a goniometer operating with OBIS
488 nm solid-state laser source (Coherent Inc.). To filter the solutions, a 0.45 um pore size Nylon membrane
filter (Sartorius Brand) was used. The samples were filtered in a quartz cell that was previously cleaned and
rinsed with water. The scattered light was obtained at a 90° angle. The obtained data were assessed using the
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CONTIN algorithm which is incorporated in the measuring instrument. The technique allows obtaining a size
distribution and the apparent hydrodynamic diameter (Dw) can be calculated from the Stokes-Einstein
equation:

Du = kT/3nyD

where k is the Boltzmann constant, T is the absolute temperature, # is the solvent viscosity, and D is the
translational diffusion coefficient [46,47]. Thirty independent size measurements for each surfactant
concentration were performed with experimental errors of less than 5%.

The zeta potential of the vesicles was measured using DLS (ZetasizerNano ZS Malvern Instrument Ltd.)
operating at 633 nm.

2.6. Morphological and Magnetic characterizations

Atomic Force Microscopy (AFM) measurements were performed in an Agilent Technologies Scanning Probe
Microscope model 5500 working in acoustic AC mode, using probes with an aluminum reflective coating on
the cantilever, with a force constant and a resonance frequency of ca. 5 N/m and 150 kHz respectively, and a
tip radius below 10 nm (Tap150AIl-G; BudgetSensors®). Freshly cleaved mica (muscovite grade V1; Structure
Probe, Inc.) was used as a substrate. The vesicles were immobilized by electrostatic interaction on the bare
mica surface. A few drops of the dispersion were deposited on the mica surface for 3-5 min before eliminating
the excess by tilting the mica on a paper wipe. Finally, the mica was transferred to a desiccator containing
silica gel (at room temperature and atmospheric pressure) until the surface was dry. The freshly prepared
samples were mounted on the microscope and measured in air.

Scanning electron microscopy was conducted in a Sigma Zeiss Field Emission Scanning Electron microscope
(FE-SEM) to characterize the magnetic NPs.

Transmission electron microscopy (TEM) images of the magnetic vesicles were obtained in a JEOL (JEM-
EXXII 1200) microscope with a voltage of 80 kV.

The magnetic NPs hysteresis loop (magnetization M as a function of magnetic field H) was measured at room
temperature in vibrating sample magnetometer Lakeshore 7300, applying magnetic fields between -1.5 and
+1.5 T. For the measurement, the NPs were compacted in pellets.

2.7. Studies with doxorubicin (DOX)

A solution of 1x10° M DOX (Doxorubicin hydrochloride from Sigma-Aldrich, My=580 g/Mol) was initially
prepared in ultrapure water (Solution 1) to perform UV-visible and fluorescence tests. Then, Solution 2 was
prepared by mixing Solution 1 with Im (1 x 102 M in water).

DOX release tests were carried out in ultrapure water at pH=7 and 25°C using Franz cells, using a high DOX
concentration, 4.5x10° M (Solution 3). For these measurements, 1 ml of Solution 2 and Solution 3 (50:50)
was prepared.

To favor DOX loading into the vesicle systems, the mixtures for sowing in the Franz cell were allowed to
stand for 72 hours prior to the release measurements. The release was monitored by UV-visible measurements
for 24 h, taking 1 ml samples from the acceptor compartment, and immediately refilling the removed volume
with ultrapure water.

All experiments were carried out in duplicate.

3. Results and discussion

3.1. NPs characterization

XRD

The X-ray diffraction pattern of as-synthesized magnetite NPs is shown in Figure 2. The peaks observed at
18.3°, 30.1°, 35.5°, 37.1°, 43.1°, 53.5°, and 57.0° correspond to the crystal planes of the spinel phase: (111),
(220), (311), (222), (400), (422), and (511), respectively (indexed with PDF file 00-001-1111) [48]. The well-



resolved peaks indicate the successful synthesis of magnetite NPs with a cubic inverse spinel structure. The
presence of maghemite (y-Fe203) in the final product cannot be disregarded, due to the very similar
crystalline structure of these phases; however, this fact does not affect the overall magnetic properties of the
NPs. The Scherrer size, calculated from the most intense peak at 37.1° yields Dscn=20 nm. No secondary
phases (other than the spinel structure) are noticed, within the detection limit of this technique.
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Figure 2. X-ray diffractogram of the as-produced magnetite NPs. The obtained phase corresponds to the
spinel cubic structure.

TEM

As-synthesized magnetite NPs agglomerate in clusters as the one shown in Figure S1. The NPs mean size is
70 nm and they display a rather wide size distribution, as shown in the TEM image and the corresponding
histogram of Figure 3. Considering that the crystallite size is Dscn=20 nm, it is possible to conclude that the
MNPs are polycrystalline.
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Figure 3. TEM image of as-produced magnetite NPs and size histogram.



Magnetic measurements

Figure 4 shows the hysteresis loop of synthesized magnetite NPs, which display a soft ferrimagnetic
behavior, with coercivity values (Hc) of 11 mT and saturation magnetization (Ms) of 62 emu/g, in agreement
with reported values for similar NPs of this phase [49].
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Figure 4. Hysteresis loop of magnetite NPs. The inset displays a close-up of the low-field region, where the
small values of coercivity and remanence can be noticed.

It is noteworthy that the obtained NPs display a ~70% Ms value corresponding to microsized magnetite (~90
emu/g) [50]. As a consequence of being ferrimagnetic with a high Ms value despite the nanometric particles
size -as opposed to smaller NPs which present superparamagnetic (SP) characteristics- these NPs are adequate
to be easily manipulated by an external field in targeted therapies. In nanoparticulate systems, a commitment
between size and performance must be achieved. On the other hand, larger MNPs are more suitable for a
faster magnetic response, after appropriate coating in order to prevent flocculation.

Figure 4 shows that Ms is attained at relatively low fields, indicating a fast response to an external magnetic
field, allowing an easy magnetic manipulation.

3.2. Vesicles characterization

Dynamic Light Scattering (DLS)

Figure 5a shows that Im size distributions present a hydrodynamic diameter of about 134 nm in ultra-pure
water. This size increases to 152 nm when the NPs are included. In chitosan-coated vesicles (Figure 5b) the
size increases to 180 nm and to 195 nm for Ch-Im and Ch-Im-Mag, respectively.

After chitosan addition, the same number of counts in DLS is obtained (by comparing the distributions shown
in Fig. 5a and 5b), this means that the vesicles had been covered and no new chitosan particles were generated
in the solution. A small increase in the polydispersity index of the magnetic vesicles was also observed.

Table 1 shows that the vesicles' hydrodynamic diameter Dy increases with NPs inclusion and with chitosan
coating in all cases, confirming the subsequent MNPs coating. Even when Ch-Im-Mag presents a Dy = 195
nm, this size is adequate for the application proposed in our work [9].
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Figure 5. Vesicles size distributions before (a) and after (b) chitosan coating, as determined from DLS
measurements performed in water, at pH = 7 and T= 25 °C.

Table 1. Hydrodynamic diameter Dy, polydispersity index PDI and Zeta potential values for the vesicles, both
measurements conducted in ultrapure water at pH =7 and T = 25 °C.

Vesicles Du [nm] PDI Zeta potential (§)
[mV]

Im 134 +5 0.2 -33+2

Im-Mag 1527 0.3 -67+3

Ch-Im 1807 0.2 -29+2

Ch-Im-Mag 195+9 0.3 -63+3

Ch-lm-Mag-DOX - - -49+2

Zeta potential (¢)

The zeta potential of the vesicles was measured using DLS (ZetasizerNano ZS Malvern Instrument Ltd.)
operating at 633 nm.

From the data shown in Table 1, it can be seen that the Im zeta potential is negative (-33 mV) and it becomes
even more negative (-67 mV) when encapsulating the MNPs. After chitosan addition, the zeta potential of Ch-
Im-Mag increases towards more positive values, due to the positive charge of the polymer at pH=7. After
DOX addition, a further increase of the zeta potential is observed (-49 mV), due to the effect of its positive
charge on the vesicles' surface at pH=7 [51]. At this working pH the amine group belonging to chitosan is
deprotonated because its pKs~6, so the polymer shows a nearly neutral charge, and for that reason no
significant changes in the zeta potential are noticed [52,53].

Morphological characterization (AFM/TEM)

Figure 6 shows AFM images of Ch-Im (a) and Ch-Im-Mag (b). The vesicles present spherical symmetry,
with an approximate height of ca. 50 nm and a diameter of ca. 250 nm. The observed slight deformation and
the different size compared to results obtained by DLS are due to the crushing of the vesicles against the mica
surface, probably due to the electrostatic interactions that the sample undergoes after being deposited [54-56].
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Figure 6. AFM images (top view and 3-D maps) of the scanned 3 um x 3 um areas corresponding to samples
a) Ch-Im and b) Ch-Im-Mag.

Figure 7 shows a TEM image of Ch-Im-Mag, which confirms that these vesicles have spherical symmetry
and that their size is in agreement with results from DLS and AFM. The MNPs within the vesicles can be
noticed as a darker contrast in the image. An empty vesicle can also be noticed in the figure.

Figure 7. TEM image of Ch-Im-Mag in which the MNPs can be seen within the vesicles. This image also
shows the presence of an empty vesicle.



Suspension stability

Figure 8 (left) shows that the magnetic vesicles are well dispersed in water. When applying a magnetic field,
the vesicles agglomerate due to the magnetic force (central image). A detail of this image is presented on
Figure 8 (right). After removing the magnetic field and manually shaking the solution, the vesicles are easily
resuspended showing an excellent stability as no precipitates are observed.

Without magnet With magnet

s

Figure 8. Ch-Im-Mag solution, without and with an applied magnetic field.

In order to test the suspension stability over time, DLS measurements were repeated after one year of
preparation. A value of Dy = (223 = 9) nm and a PDI of 0.3 were obtained, confirming Ch-Im-Mag great
stability over time, since Dy only increased by about 10% and its PDI remained constant.

3.3. DOX Interaction studies and release experiments

The interaction between DOX and the bare vesicles (Im) was characterized by absorption and emission
spectroscopies. In particular, Red Edge Excitation Shift (REES) effect was used as a tool to determine if DOX
molecules are located inside the vesicles’ bilayer [57].

The observation of REES is related to the DOX environment. The Franck-Condon principle implies that a
fluorophore interacting (via dipole-dipole mechanism) with the solvent molecules of the environment will
have a reduced energy separation between the fundamental and first excited states (solvent relaxation),
resulting in a red shift of the fluorescence emission [58].When the solvent polarity increases, a further
reduction in the energy level of the excited state of the fluorophore correspondingly occurs. Also, the polarity
of the fluorophore determines how sensitive the first excited state is to changes in the solvent. Therefore, a
stronger effect (red shift) is observed in polar and/or charged fluorophores as compared to non-polar
fluorophores [59].

UV-Visible spectra of DOX in ultra-pure water as a function of Im concentration are shown in Figure S2. A
shift of the band located at 495 nm towards higher wavelengths was observed with increasing vesicle
concentration, which indicates that DOX diffuses towards an environment of lower polarity, suggesting that
DOX is located in the vesicles bilayer [60].

Figure 9 shows emission fluorescence spectra in different conditions: (a) DOX (1x10®° M) in water and in
Im-DOX ([Im] = 1x102 M) using different excitation wavelengths, Ae= 450, 500 and 550 nm; and (b)
Varying Im concentration with fixed Aex (550 nm, [DOX] 1x10° M). The REES values were calculated using
the following expression:

REES = Mgy, = (Aem(lexSSOnm) - Aem(/'lex450nm))
where Aem corresponds to the wavelength of the emission maximum of each excitation wavelength Aex.
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Figure 9. (a) Fluorescence spectra of DOX and Im-DOX dispersed in ultra pure water at pH=7, for different
excitation wavelengths (Aex=450, 500 and 550 nm). [DOX]= 1x10° M. (b) DOX fluorescence spectra at
different Im concentrations (dispersed in ultra-pure water at pH=7) for an excitation wavelength of 550 nm.
[DOX]= 1x10° M. The vertical arrow indicates an increase in Im concentration from 0 M to 1x102 M. The
inset shows REES values at the DOX maximum emission wavelength as a function of Im concentration.
[DOX]= 1x10° M.

A wavelength shift in the maximum emission is not observed before the addition of Im for excitation
wavelengths of 450 and 500 nm, as shown in Figures S3 and S4 where fluorescence as a function of Im
concentration is displayed. The decrease of fluorescence intensity observed for all Aex may be a consequence
of DOX interaction with Im phosphate groups [61-64], located in the vesicle bilayer.

The inset in Figure 9b shows that REES values increase as a function of Im concentration. A REES value = 0
in absence of vesicles is consistent with the drug being completely soluble in water. However, when the
imimDEHP concentration increases (and the vesicles are formed) the REES value increases, indicating the
incorporation of DOX in a more viscous region (the bilayer). After vesicle formation ([ImimDEHP] greater
than the critical vesicular concentration) [21] a REES value greater than 10 is obtained. This unusual value
cannot be explained by only taking into account the environment’s viscosity [65] but it can be rationalized
considering that two processes take place: DOX electrostatic surface interaction with Im phosphate groups
[57,65-69], and DOX diffusion through the vesicles’ bilayer as a consequence of the bilayer’s less polar
medium.

Kwok et al. propose an interaction between the O/OH belonging to DOX and the NPs superficial Fe ions
through the formation of a Fe-OH complex [70]. Bhatta et al studied the interaction between DOX and Ch,
showing that it is mediated by the H bonds between the OH groups from Ch and the NH» groups from the
DOX and/or by retention at the Ch polimeric network [71]. We propose a multiple interaction between the
DOX molecule and the magnetic vesicles, through which the drug can be attached: 1) Some DOX interacts
with the superficial Ch coating through H bonds; 2) some DOX is located within the imim-DEHP bilayer,
subject to an electrostatic interaction between PO4* and NHs* groups (see Figure 10a). As the DOX molecule
is located within the bilayer, a hydrophobic interaction is also present (the surfactant non-polar chains can host
the DOX non-polar groups within the bilayer); and 3) a small DOX amount might interact with the superficial
Fe atoms of the MNPs (Figure 10b).

Figure 10a displays a scheme of the possible DOX location within the Im bilayer.
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Figure 10. (a) Schematic representation of DOX’s possible location in the vesicles’ bilayer. The top
corresponds to the outer part of the spherical vesicle. (b) Interaction between DOX and MNPs superficial Fe.
(Own designs).

Im, Im-Mag and Ch-Im-Mag were selected to perform DOX release experiments. The vesicles were loaded
with DOX and in order to calculate the DOX encapsulation efficiency in the different vesicle systems, 1 ml of
the seeding solutions was filtered through a polycarbonate filter of 0.1 um pore size. The solutions obtained
from the filtrate were analyzed by UV-visible. The encapsulation efficiency (EE) of DOX was calculated
using the equation:

[Total DOX] — [Free DOX]

EE(%) = 100
(%) [Total DOX] x

obtaining an EE higher than 97% in all cases.
Then, release studies using Franz cells were carried out, in order to evaluate their functionality [72].

Figure 11a shows the kinetic release profile for all the studied samples. After 1 h, all the vesicles release a
similar amount of DOX (between 4-5%, see Table 2) probably due to the spontaneous release of the DOX
that remained attached to the vesicles surface [73,74].

During the first 7 h Ch-Im-Mag presents a relative delay compared to Im-Mag and Im, as the DOX
molecules inside the vesicles need to go through both chitosan and the bilayer during release. An increase in
the release rate of this sample is observed at times close to 24 h (see Figure 11a), which could be accounted
for by chitosan swelling and/or erosion [28,73,74], this latter understood by the loss of polymer from the
vesicles surface. Studies of chitosan-based structures have shown that after 24h and in buffer solutions at or
below pH=6.5, these structures exhibit a 44 % increased erosion as compared to neutral ones ["*. While the
exact mechanism was not described, it was postulated that the erosion increment is due to the protonation of
chitosan’s surface layers [l In our study, the loss of chitosan bound to the vesicles surface can be explained
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considering the release of protonated DOX (DOXH?*, Figure 10a). This process generates a protogenic effect
due to the exchange process H*/DOXH* '"78l thus an increased proportion of chitosan acquires positive
charge. Further experiments are needed to conclude about this mechanism.

In the case that DOX molecules reach the MNPs surface through the bilayer, DOX-Fe interaction could also
contribute to DOX retention. This can be explained through iron chelation with the carbonyl and hydroxyl
DOX groups (Figure 11). DOX-Fe complexes have been previously reported by other authors in similar
systems [78-81].

The maximum amount of released DOX at 24 h is related to the vesicle’s nature. Im and Im-Mag reach
similar values (ca. 44%). Sample Ch-Im-Mag releases the highest DOX amount after 24 h (53%). The kinetic
release profile corresponding to Im-Mag displays a delay in the release process after 7 h (compared to Im),
attributed to the interaction between the MNPs and the double layer. This effect can be explained by the O-P
interactions between the external MNPs oxygen atoms and the phosphate groups of the bilayer, as indicated in
the schemes of Figure 10. This effect may reduce the bilayer's fluidity, which in turn increases DOX
retention, within the bilayer.
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Figure 11. (a) DOX release as a function of time for the different vesicles. Log-Log plots of DOX release for
Im (b), Im-Mag (c) and Ch-Im-Mag (d). The solid lines correspond to the fits using Korsmeyer-Peppas
model from 0.2 to 2 h (stage I: orange line) and from 2 to 24 h (stage I1: green line).

In order to describe the release processes, the Korsmeyer-Peppas model was used [82]:
Ci/Co=kt"
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where CJ/Cy is the released fraction at time t, k is a constant and n is the release exponent which characterizes
the release mechanism.

As shown in Figures 11b, 11c and 11d, linear fits in log-log plots allow identifying two stages for each
sample (stage | from 0.2 to 2 h, and stage Il from 2 to 24 h), each of which is associated with a different
behavior. The fitting parameters and correlation coefficients are presented in Table 2 together with the fitting
regression coefficients (R?), which were all over 0.92 indicating a good correlation. In equation (1), the
parameter n can take a range of values that indicate the type of transport. When 0 < n < 0.5, the active
compound is released by simple Fickian diffusion, while when 0.5 < n < 1.0, the diffusion process is a
combination of Fickian and non-Fickian diffusion, and it is known as ‘anomalous diffusion’.

Table 2. Fitting parameters k (constant) and n (release exponent) calculated with Korsmeyer-Peppas model
for the studied samples. The regression coefficient R?is also listed.

Sample Stage k [h™] n R?
Im I 3.9+01 0.20+0.03 0.9245
I 29+03 0.88 £ 0.06 0.9606
Im-Mag I 49+0.1 0.34 +0.03 0.9535
I 2704 0.94 +0.09 0.9242
Ch-Im-Mag I 45+0.1 0.13+0.01 0.9631
Il 11+£01 1.22 £ 0.06 0.9723

Considering the Korsmeyer-Peppas model, the fact that in stage | the release exponents (n) remain below 0.5
for every sample, suggests that a Fickian mechanism (diffusion process) for spherical vesicles is occuring
[82]. In stage Il, as 0.5<n<1.0, an anomalous (non Fickian) diffusion is observed for Im and Im-Mag,
indicating that the release mechanism in these cases also involves swelling of the vesicles, as well as diffusion
[82].

Only in sample Ch-Im-Mag it is n>1, in stage Il. In this case, an extreme type of diffusion mechanism Is
involved (known as Super Case Il). This behavior can be related to the polymer relaxation which enhances
water penetration [83] which may affect the DOX release mechanism. The different behaviors between Im
and Im-Mag compared to Ch-Im-Mag in stage Il, can be attributed to the fact that the velocity of water
penetration in the first two vesicles is lower than in Ch-Im-Mag as they do not have Ch coating [85].

4. Conclusion

In this work, Imim-DEHP vesicles were obtained by a one-step preparation method. The chitosan-coated
vesicles show great stability in solution, and no significant changes in size were detected over a year.

Magnetite NPs were successfully encapsulated into the vesicles and thoroughly characterized. Chitosan-
coated magnetic vesicles (Ch-Im-Mag) suspended in water can be easily manipulated by an external
magnetic field.

Furthermore, the vesicles were able to load and release a bioactive molecule, such as the antitumor drug
doxorubicin. The inclusion of MNPs in the vesicles allows easy manipulation while keeping their loading
capacity, yet somewhat reducing the drug’s release rate due to the interaction between the MNPs surface and
the vesicle’s bilayer, through the phosphate groups.

The novel prepared system (chitosan-coated magnetic vesicles) is a good candidate for testing in field-assisted
therapies due to its fast response to magnetic fields. It is important to remark that all experiments were
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performed at pH=7 and room temperature. In future work, it is intended to continue with biocompatibility and
cytotoxicity studies. Cytotoxicity tests will be carried out in cell cultures and possible alterations in basic
cellular functions will be evaluated.
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ELECTRONIC SUPLEMENTARY INFORMATION

Figure S1. SEM image of as-produced magnetite NPs.
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Figure S2. UV-visible spectrum of DOX as a function of Im concentration. [DOX]= 1x10° M.
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Figure S3. DOX Fluorescence Spectra as a function of Im concentration. Vesicles dispersed in ultra-pure
water at pH = 7, for an excitation wavelength of 450 nm. [DOX]= 1x10" M.
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Figure S4. DOX Fluorescence Spectra as a function of Im concentration. Vesicles dispersed in ultra-pure
water at pH = 7, for an excitation wavelength of 500 nm. [DOX]= 1x10"° M.
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