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ARTICLE INFO ABSTRACT
Keywords: Nanodevices based on magnetite functionalized with folic acid (FA) with improved properties to be employed as
Magnetic nanoparticles theranostics in various types of cancer are here proposed. Two methodologies for FA incorporation were ex-
Theranostics plored aiming to reach suitable loading efficiency as well as adequate stability of nanosystems in physiological

Folic acid

Simple adsorption
Covalent linkage
Bovine serum albumin

media. To this end, simple adsorption and covalent binding of FA and some experimental conditions derived
from both procedures were studied. A thorough physicochemical characterization was performed using all the
formulations. The mechanism of the interaction between FA and magnetite nanoparticles (MNPs) was elucidated
from characterization results supported by theoretical studies using spin-polarized density functional theory
(DFT). Both data coincide in that the selective functional group of FA (pteridine group) remained available after
FA binding MNPs. Such studies also demonstrated that any of FA carboxylate groups could be available to
potentially link other molecule (i.e therapeutic agents). Besides, other issues that are not normally accomplished
in reported articles were included; i.e the stability according to two different criteria: size evolution (expressed
as hydrodynamic diameter) as a function of time in aqueous media; and the capacity FA retention in PBS,
pH = 7.4. Recovered data indicated that the samples are stable at least 15 days in water and 4 h in buffer
without significant modifications of their properties. The feasibility of these formulations to interact with si-
mulated physiological fluid was also assayed. The results revealed that protein corona was formed around all the
tested formulations leading to more stable nanodevices in terms of their hydrodynamic sizes and size evolution
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along the time. To complete the theranostic characteristic, Doxorubicin was added to the MNPs@FA by physical
adsorption, to provide the therapeutic function. The satisfactory incorporation was verified by FTIR spectro-

scopy.

1. Introduction

With the advance of nanotechnology, a large variety of nanocarriers
has been optimized in terms of their in vivo performance and their
ability to reach specific sick regions in the body. In this regards mul-
tifunctional nanosystems have emerged providing both inputs: ther-
apeutic and diagnostic in an unique device, actually known as ther-
anostics [1,2]. In this concern, it is possible to combine therapeutic
strategies such as nucleic acid delivery, chemotherapy or hyperthermia
with one or more imaging functionalities, such as magnetic resonance
imaging (MRI), for both, in vitro and in vivo, studies. Moreover, with
the implementation of this type of technology it would be possible to
obtain information not only of an initial diagnosis, but also theranostics
would serve for monitoring the progress of the pathology in real time,
giving light on the efficiency of a medical treatment [3,4]. Currently,
the most studied pathologies regarding the application of theranostics
are oncological diseases because of their social impact and the benefits
offered by these novel technologies [5-8]. Magnetic nanoparticles
based on iron oxides (MNPs), i.e magnetite (Fe;04) and maghemite (y-
Fe,03), have been of great interest in several nanomedicine fields. They
have been successfully employed in MRI and hyperthermia treatments
due to their magnetism (or superparamagnetism), biodegradability and
relatively low toxicity [9,10]. In spite of the wide information regarding
to biomedical applications of MNPs, their practical implementation has
not been concreted yet. In fact, only a few iron oxide based nanosystems
are currently available in the market [11] and any of them is devoted to
therapeutic non theranostics issues. This inconsistence is, in part, be-
cause MNPs may accumulate at reticuloendothelial sites such as the
liver, spleen and kidney. In consequence, insufficient uptake at tumor
sites would decrease the therapeutic benefits of the administrated drug
dose, and non-specific association with healthy tissues would lead to
toxic side effects. This limitation prevents drug-loaded nanoparticles
from achieving the potential therapeutic effects they might otherwise
attain.

A recent strategy to achieve efficient tumor targeting is to conjugate
drug carriers with specific ligands able to recognize molecular receptors
on the surface of cancer cells. Among different targeting ligands, folic
acid (FA), represents an attractive option to modify MNPs because it is a
low cost, biocompatible, and non inmunogenic molecule. Moreover, FA
is of high importance for the synthesis of new cells since it is necessary
for the biosynthesis of DNA bases. Because of this, FA receptors (FR)
with high affinity are overexpressed in several types of cancer cells
[12]. Nanocarriers conjugated with FA may be targeted to tumor cells
and internalized through receptor-mediated endocytosis.

Although abundant works may be found in open literature devoted
to the preparation of FA modified Fe;0, MNPs because of the above-
mentioned issues [13,14], some aspects related to the interaction me-
chanisms as well as the stability of the prepared nanosystems are
missing. It is important to highlight that those aspects are crucial to the
in vivo implementation of FA-based systems.

Different pathways have been reported to achieve nanocarriers
conjugated FA. From them, the most widely used protocol involves a
covalent linkage with, generally, an aminated nanoparticle’s surface.
For example, Huang et al. designed a nanoplatform for delivery of drugs
based on polymers coated SPIONs modified with FA. In such work, the
nanoparticles obtained by thermal decomposition of Fe(acac)s;, were
functionalized directly with FA employed dimethylsulfoxide (DMSO),
3-(3-dimethylaminopropyl)-1-ethylcarbodiimide hydrochloride(EDC)
and N-hydroxysulfosuccinimide sodium salt (sulfo-NHS) in only one
step. Polyethilene imine (PEI) was the source of amino groups to
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conjugate with FA [13]. On the other hand, Yang et al., functionalized
nanoparticles of chitosan with FA using the same reagents for carrying
5-aminolaevulinic acid (5-ALA) and to determine its targeting and up-
take efficiency in different human colorectal cancer cell lines (HT29
and Caco-2) by folate receptor-mediated endocytosis [14]. Patel et al.
prepared core-shell hybrid iron oxide-zinc oxide nanoparticles con-
jugated folic acid for applications as a photosensitier (PS) in photo-
dynamic therapy. In this case, they first conjugated FA with N-hydro-
xysuccinimide (NHS) and then the product reacted with amino group
from the nanocarriers cover with tetraethylorthosilicate (TEOS) and (3-
aminopropyl)triethoxysilane (APTS) [15].

The aim of this contribution is to prepare MNPs modified with folic
acid with improved properties to be employed as theranostics to the
treatment and diagnostic of various types of cancer. To do this, an in-
itial in deep study is presented devoted to find an efficient incorpora-
tion procedure for the FA molecules to the MNPs surface. It is important
to remark that even when vast information about these methods may be
found in open literature, the most of them include a large number of
reactants without a clear justification on the role of each one on the
nanocarriers structure. Here we intend to simplify the procedure by
employing the minimum amount of steps and reactants to link FA on
the MNPs surface.

The focus was not only on achieving high levels of loaded FA, but
mainly in reaching a stable formulation able to retain the FA as well as
their physicochemical properties. The mechanism of MNPs@FA inter-
actions is studied aiming to elucidate if the potentially selective func-
tional groups remained surface exposed. To develop this issue experi-
mental data and computational tools have been combined. The
behaviour of MNPs@FA in a media simulating the blood plasma is also
presented as an initial stage to assess the viability of these nanosystems.
Size, aggregation trend and stability were the analyzed parameters.

Besides, preliminary results regarding to the incorporation of an
oncological drug, Doxorubicin, are also presented. On this way, this
research may be considered as a necessary prior study to the design of a
nanoplataform susceptible of being in vivo assayed.

2. Materials and methods
2.1. Materials

All reagents and solvents were of analytical grade and used without
further purification. Ferric chloride hexahydrate (99.99%) and sodium
dodecyl sulfate (SDS) was provided by Biopack (Argentina). Ferrous
sulphate heptahydrate (99.99%) was provided by Mallinckradt
Chemical Works (USA). Sodium hydroxide and acetic acid (AA)
(28-29%) were purchased from Cicarelli (Argentina). Absolute ethanol
was provided by Quimicor (Argentina). (3-aminopropyl)triethoxysilane
(APTS) was provided byAvocado Research chemicals (United
Kingdom). N,N’-diciclohexilcarbodiimida (DCC) was purchased from
Fluka (Germany). Folic acid (FA), dimethylsulfoxid (DMSO) and
Doxorubicin hydrochloride (Doxo) were purchased from Sigma Aldrich
(Germany). Bovine serum albumin (BSA) was provided by Winer Lab,
and Ringer Solution (RS) was obtained from ROUX-OCEFA S.A
(Argentina). Distilled water with conductivity about 5.00 uS was em-
ployed.

2.2. Methods

2.2.1. Synthesis of MNPs

Magnetite nanoparticles (MNPs) were synthesized by co-
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precipitation with a series of simple modifications to the traditional
methodology [16]. Briefly, an aqueous solution of FeCl36H,O and
FeSO47H,0 (ratio2/1), containing 0.0027 mol of SDS was prepared.

(a)

MAG@APTS MAG@APTS@FA 1
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This mixture was added to an alkali solution of NaOH 5M in a con-
trolled way. The described procedure was carried out at room tem-
perature (r.t) and in presence of visible light, generated by a tungsten

(b)
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Scheme 1. Incorporation of folic acid to MNPs’surface. (a) Simple adsorption. (b) Images of the simple adsorption process. (c) Images and scheme of covalent linkage method.
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lamp. After this process, a dark solution was obtained and decanted
using a magnet. The supernatant was extracted, and the solid was
washed several times with distilled water and eventually ethanol.
Washings were repeated until pH and conductivity reached the levels
corresponding to distilled water. The solid obtained after dry in oven at
45 °C overnight under vacuum was called MAG.

2.2.2. Modification with APTS

Treatment with APTS was necessary to provide to MNPs the suitable
functional groups to interact with FA. In brief, 3.01 x 10~° moles of
APTS were added to 1.17 x 102 moles of MAG in 75 mL of absolute
ethanol and stirred vigorously for 8 h. The solution was decanted using
a Nd magnet and washed several times with absolute ethanol to elim-
inate the APTS excess. The sample was called MAG@APTS.

2.2.3. Incorporation of folic acid to MNPs

2.2.3.1. Physical adsorption. In brief, MAG or MAG@APTS were treated
with an aqueous solution of acetic acid (AA) and stirred for 30 min at
r.t. Then, 20 mg of FA were added with distillated water to reach a final
volume of 100 mL and the reaction was allowed during 24 h (See
Scheme 1a and b). The obtained samples were named: MAG@FA 1,
MAG@FA 2, MAG@APTS@FA 1 and MAG@APTS@FA 2. The number 1
involves synthesis in absence of AA and 2 synthesis in presence of AA.
Table 1 includes the explored experimental conditions.

2.2.3.2. Covalent link. Through this procedure, the goal was to induce a
covalent linkage MNPs@FA through carboiimide (DCC) intermediate
reaction. Methodology was adopted from reported article by Jiang et al.
with some modifications [17]. Briefly, 100 mg of FA and 36 mg of DCC
were dissolved in 5 mL DMSO and stirred during 30 min at r.t. After
this, 5 mL of a dispersion containing 100 mg of MAG@APTS in ethanol
was added. The reaction was allowed for 24 h at r.t under magnetic
stirring (See Scheme 1c). At the end, the obtained product was washed
to remove the side-product formed by insoluble dicyclohexylurea
(DCU) aggregates and the residues of DMSO. To do that, the sample
was dispersed in water and buffer PBS, pH = 7.4, shaken vigorously
30 min under magnetic stirring and decanted using an Nd magnet. This
procedure was repeated until the insoluble DCU moieties at the surface
of supernatant were completely removed.

The obtained products were named E1, E2 and E3 following the
same protocol with some experimental variants, as may be seen in
Table 1.

2.3. Characterization

Transmission Infrared Fourier Transform Spectroscopy (FTIR) was
performed using a Thermo Scientific Nicolet iS50 NIR module with
Integrating Sphere in the frequency range 4000-400 cm™'. A few

milligrams of the samples (10-20 mg) were mixed in a mortar manually

Table 1
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with ~50 mg of KBr dry powder. The mixture was compacted and
placed in the sample unit of the FTIR spectrometer.

UV-vis spectroscopic measurements were carried out using a spec-
trophotometer Shimadzu 160 Japan. Dispersion of different formula-
tions of (1 mg of nanoparticles/25 mL of bidistilled water), were ul-
trasonicated during 60 min and employed by analyzing the absorbance
at 280 nm [18].

Transmission electron microscopy (TEM, JEOL 100 CX II, Tokyo,
Japan) were used to examine the morphology and estimate the size of
the nanoparticles. The TEM samples were dispersed in distilled water or
ethanol, placed on 200 mesh Cu grids and dried at r.t.

Thermogravimetric analyses (TGA) were performed using a Rigaku
DTA-TAS 1000 equipment. Different masses of magnetic formulations
were weighted and heated from r.t to 500 °C at a rate of 10 °C/min
under air atmosphere.

Atomic absorption spectroscopy was implemented to evaluate the
composition of the nanoparticles in terms of total iron content. For
these measurements, 10 mg of different magnetic formulations were
dissolved in 25 mL of HCI 10% w/v and measured in a GBC Avanta 932.

Malvern Zetasizer was used to measure the Z potential ({) and the
hydrodynamic average particle diameter (HD, nm). Aqueous disper-
sions of samples were prepared at a concentration of 0.1 mg of nano-
particles/mL. In the case of HD the samples were ultrasonicated during
60 min previously to the assay. The informed values were an average of
about five-seven repeated measurements.

2.4. Density functional theory calculations

Quantum-chemical calculations were performed in order to com-
pare stability of the different MAG@APTS@FA systems that could be
obtained. In order to simplify the model and avoid unnecessary details
and consequent longer calculation time, we assumed that the APTS-FA
interactions are only slightly affected by the nanoparticle presence, so
the single APTS@FA moiety has been modeled. The calculations were
carried out in the framework of spin-polarized density functional theory
(DFT), using the SIESTA (Spanish Initiative for Electronic Simulations
with Thousands of Atoms) code [19,20]. We selected the generalized
gradient approximation functional parameterized by Perdew, Burke
and Ernzerhof (GGA-PBE) [21]. A double-{ plus polarization (DZP)
basis sets for the valence electrons [20,22] was chosen. The core elec-
trons were modeled by standard norm-conserving Troullier-Martins
pseudopotentials [23]. A cutoff of 150 Ry for the grid integration was
used to represent the charge density [19]. Full geometry optimizations
without symmetry constraints were performed with the conjugate
gradient (CG) minimization scheme until the forces on each atom were
less than 0.04 eV/A.Once the equilibrium geometries were obtained, we
computed the overlap population (OP) belonging to selected atom
pairs. The OP value constitutes a measure of the bonding between two
atoms [24].

Different formulations of MNPs@FA as a function of experimental conditions used to promote FA linkage.

Sample FA Concentration (mg/mL) Nominal Ratio MAG/FA (w/w) Additives

MAG@FA 1 0.21 1/1 -

MAG@FA 2 0.21 1/1 Acetic Acid [C] = 1.6 mol/L

MAG@APTS@FA 1 0.21 1/1 -

MAG@APTS@FA 2 0.21 1/1 Acetic Acid [C] = 1.6 mol/L

El 6.7 2/1 Acetic Acid [C] = 1.6 mol/L
DCC = 7.2 mg/mL DMSO
DMSO = 2.5mL

E2 10 1/1 Acetic Acid [C] = 1.6 mol/L
DCC = 7.2 mg/mL DMSO
DMSO = 5mL

E3 13.3 1/2 Acetic Acid [C] = 1.6 mol/L

DCC = 7.2 mg/mL DMSO
DMSO = 10 mL
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2.5. Stability assays electrolytic concentration to blood. pH was adjusted to 7.4. This media
will be named simulated physiological fluid (SPF) here in after. Briefly,
2.5.1. Evolution of hydrodynamic diameter as a function of time 50 mg of E2 were incubated in 250 mL of SPF at 37 °C containing
The evolution of hydrodynamic diameter as a function of the time 1125 mg of BSA during 4 h. In addition, E2 behavior in SPF media
was achieved to evaluate the stability of different formulations. In this without BSA was also examined, with two different ends: by one side, to
regards, dispersions of different samples were prepared in distilled evaluate the possible FA lost during incubation. By the other side, this
water and sonicated during 60 min previous to measure the average assay was taken as control of BSA.The same procedure was followed
hydrodynamic diameter. The measurements were performed once a using MAG@APTS.

week during one month employing the original dispersion. After this
period of time the solid was tested for the FA retention using FTIR 2.7. Loading of therapeutic agent

spectroscopy.
The incorporation of Doxorubicin (Doxo) was performed following
2.5.2. Stability assays in phosphate buffer saline the methodology reported by Sadighiana et al. with some modifications
Further assays were performed aiming to monitor the permanence [25]. Briefly, 10 mg of E2 were mixed with 1 mg of Doxo in 1 mL of

of FA on the MAG@APTS surface. To do this, E1, E2 and E3 were in- distillated water, for 24 h at r.t. The magnetic particles loaded Doxo
cubated in buffer phosphate, pH 7.4 (PBS) during 4 h at r.t under were decanted using an Nd magnet. Sample was called E2@Doxo.
magnetic stirring. Finally, the obtained suspensions were decanted

using a magnet and the supernatants were extracted. FTIR assays were 3. Results and discussion

performed on the solids to verify the presence of FA on the MAG@APTS

surface. 3.1. Characterization of nanoparticles modified with FA

2.6. Interactions with plasmatic components FTIR data was useful to confirm the coating with APTS and the

further FA incorporation on MAG surface. Fig. 1a shows the spectrum of
An incubation of MAG@APTS and E2 with a media simulating the pure FA, where the typical bands at 3550 and 3400 cm ™' due to the

biological one was implemented in order to study the way of these hydroxyl (OH) stretching of glutamic acid and —NH groups may be

formulations interact with biological fluids. Bovine serum albumin observed. The peak associated to stretching vibration of C=0 appears

(BSA) was used as predominant protein in physiological fluid (as ana- at nearly 1699 cm ™', while the band at 1610 cm ™' may be related to

logous of human serum albumin) whereas the media was Ringer the bending mode of NH— vibration. The signals appearing between

Solution. This solution was chosen since it has the same osmolarity and 1500 and 1400 cm ™~ ' may be attributed to absorption of the phenyl and
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Fig. 1. (a) FTIR spectrum of Folic Acid. (b) FTIR spectra of MAG and MAG@APTS. (c) FTIR spectra of different MAG@FA samples obtained by simple adsorption. (d) FTIR spectra of
MAG@APTS@FA samples obtained by simple adsorption.
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pteridine ring (PT) [26]. The main objective in coating MAG with APTS
was related to the possibility to improve the interactions with FA
though APTS functional groups [27]. Fig. 1b shows the spectra corre-
sponding to the MAG before and after APTS coating. The bands of APTS
are clearly visualized at 2910 and 2850 cm ™! assigned to stretching
vibration of C—H bond of the propyl amine group. The silica network
adheres to the particle surface via Fe—O—Si bond. The absorption bands
of the Fe—O bond of MAG shift from 570 and 610 cm ™! to 580 and
620 cm ™! in MAG@APTS. This could be justified in terms of the in-
teractions Fe—O—Si [28]. Moreover, band around 1000 cm ™! from the
Si—O—Si groups, confirmed the presence of the silane over the surface
of MAG@APTS. The two bands at 1620 and 3410 cm ™! may be at-
tributed to the N—H stretching vibrations and bending mode of free
—NH, group, respectively. In addition, the presence of the peak at
1554 cm ™! may be ascribed to the deformation modes of the free amino
groups [29,30].

From Fig. 1c and d, it is evident that the successful incorporation of
FA on MAG nanoparticles was achieved by simple adsorption. The
characteristic band of Si—O from the APTS is absent in spectra of almost
all the samples. Moreover, typical bands from FA at 3500-3250 cm ™!,
and 1700, 1600 and 1499 cm ™!, may be distinguished in the spectra of
MAG@FA 2 and MAG@APTS@FA 2. Those may be ascribed to C=0
and N—H functional groups.

As a difference, in the spectra of MAG@FA 1 and MAG@APTS@FA
1 only the band at 1600 cm ™! could be observed, suggesting that the
presence of acetic acid in the media of reaction is crucial for the sa-
tisfactory FA adsorption. This result may be attributed to the occur-
rence of electrostatic interactions between amino from APTS and FA
groups induced by the low pH [14].

The covalent coupling of FA was performed to reach a more stable
formulation in terms of the retention of the acid on MAG@APTS along
the storage time. It was performed via carboiimide linkage using DCC as
coupling agent. FTIR spectra of E1, E2 and E3 are compared in Fig. 2a.
The representative bands related to peptide bonds at 1691 and
1625 cm ™! may be distinguished in E1 to E3. These may be ascribed to
flexion vibration of C=0 and stretching vibration of N—C=0, respec-
tively. Such signals are able to confirm the covalent FA linkage. The
signals associated to DCC are missing. This is consistent with the me-
chanism of action of DCC as enhancer of electrophilicity of the car-
boxylated FA group [31].

Besides, the presence of FA was further confirmed by UV-vis spec-
troscopy. Fig. 2b shows the spectrum of a Folic Acid solution; where a
signal a 280 nm ascribed to the s — nt* transition of PT ring is clearly
observed [32]. In Fig. 2c UV spectra of MAG@APTS, E1, E2 and E3 are
compared. It is possible to find a signal at 283 nm in E1, E2 and E3
spectra that is absent in MAG@APTS’s spectrum. These semi-
quantitative results are useful to demonstrate the slight differences in
MNPs formulations prepared from different nominal FA amounts.

It is worth mention that both spectroscopic techniques coincide in
demonstrating the satisfactory surface incorporation of FA.

Data regarding to hydrodynamic diameters and Z potential of all
prepared formulations are included in Table 2. These results suggest
that a slight increment of HD occurred after MAG coating with both,
APTS and FA. Other researchers promoting the FA coupling or ad-
sorption in different kind of supports have reported similar findings. For
instance, Yang et al. prepared chitosan-FA nanoparticles as carriers to
antitumoral delivery. They found that the average diameter of the
prepared nanoparticles did not vary significantly with the incorporation
of folic acid on chitosan polymer [14]. Therefore, the HD seems not to
be sensible enough to FA incorporation.

Besides, the reached sizes are even suitable for in vivo administra-
tion according to previous own works [33,34].

As a difference, the FA and the proportion of this ligand affect the
nanoparticles surface charge as demonstrate the Z potential data. Great
variations in these results reveal the sequential incorporation of APTS
and FA. In fact, positive { was measured in the case of MAG@APTS, due
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to the exposed protonated amine groups at fixed pH of distilled water
(pH 5.7). The physical FA adsorption on bare MAG@APTS nano-
particles leads to a decrease of { (see MAG@APTS@FA in Table 2).
When the covalent linkage of FA is promoted, the { reaches high
magnitude values but with negative sign. It is worth noting that this
trend seems not to be affected by the initial concentration of FA. Similar
trend was evidenced in other works, indicating that FA would expose
negatively charged moieties reducing the Z potential value [14,35].
The incorporation of FA did not produce noticeable changes in
terms of the morphology of the MNPs. The Fig. 3 includes TEM
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Fig. 2. (a) FTIR spectrum of MNPs modified with FA obtained by covalent linkage. (b)
UV-vis spectrum of Folic Acid solution. (¢) UV-vis spectra of MAG@APTS and E dis-
persions.
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Table 2
Data on average hydrodynamic diameter and ¢ of all the prepared formulations.

Sample Average Hydrodynamic Diameter (nm) ¢{(mV), pH:5.7

MAG 254.6 = 9.8 -251 = 1.6
PDI: 0.245 + 0.030

MAG@APTS 357.0 = 8.2 31.8 £ 14
PDI: 0.339 + 0.025

MAG@APTS@FA 451.6 = 10.3 -10.6 £ 2.5
PDI: 0.326 + 0.048

El 364.2 = 10.0 -16.3 = 0.7
PDI: 0.388 * 0.084

E2 3421 = 6.7 —22.0 £ 0.7
PDI: 0.318 + 0.019

E3 381.2 + 23.8 —-23.4 = 03

PDI: 0.487 + 0.110

micrographies of raw MAG nanoparticles, MAG@APTS and E2, as ex-
ample. It is clearly observed that the rod shape persisted even after the
treatments performed to promote the FA linkage.

The stability of the samples E1, E2 and E3 was evaluated in terms of
the evolution of their HD, measured in aqueous media, along the time.
The results indicated that E1 could be storage as an aqueous dispersion
at least 15 days without significant alterations in its HD, while E2 and
E3 maintain their hydrodynamic sizes only along 7 days with slight
modifications in identical conditions (data not shown included in
Supplementary material (a)).

The Fig. 4 presents the thermograms of MAG@APTS and the cor-
responding to formulations containing FA covalently linked. It could be
seen that all the samples experiment a mass drop caused essentially by
water loss. Moreover, it may appreciate a weight drop of already 4%
between 280 and 320 °C in the thermogram of MAG@APTS, revealing
the thermal decomposition of the organic aminopropyl groups [30]. On
the other hand, E1, E2 and E3 ‘s thermograms show two mass drop,
between 230 and 410 °C, that may be ascribed to APTS and Folic Acid
moieties loss, respectively. From these data, it may infer that the loss of
organic compounds ranged between 11 and 41% in almost all the for-
mulations [36]. Atomic absorption spectroscopy was used as comple-
ment the TGA data in order to estimate the MNPs composition. The
achieved data are listed in Table 3 with those corresponding to TGA.
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Fig. 4. Thermograms of MAG, MAG@APTS, and samples obtained by covalent linkage of
FA on MAG@APTS’surface (E1, E2 and E3).

Table 3
Composition of MNPs estimated from TGA and A.A.

Sample % Fe304 (A.A) %Additives® (A.A) % Additives (TGA)
MAG 78.0 £ 0.52 22.0 * 0.52 5.0
MAG@APTS 70.0 £ 0.52 30.0 £ 0.52 11.0
El 46.1 = 0.17 53.9 = 0.17 41.0
E2 53.5 £ 0.52 46.6 = 0.52 33.0
E3 61.1 £ 0.17 38.9 = 0.17 33.5

@ Additives include all components excluding magnetic core, i.e: SDS, APTS, FA.

From the results on the table it is possible infer that increasing the FA
nominal amount did not reach higher FA incorporated on the MNPs
surface. It may assume that a maximum concentration of FA would be
admissible on MAG@APTS surface, independently on the nominal
amount of FA offered.

An exhaustive characterization of magnetic core, MAG, regarding of
its crystalline structure (by XRD) and magnetic properties (by VSM) was

Fig. 3. TEM images of MAG, MAG@APTS and E2.
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carried out and reported in own previous work [16].

3.2. Interactions MNPs@FA

The receptor for FA or folate receptor (FR) is highly attractive as
target for tumor-specific drug delivery, because of two main reasons: by
one side, is overexpressed in several human cancers, including malig-
nancies of the ovary, brain, kidney, breast, myeloid cells and lung. By
the other side, FR density may be taken as a parameter to know about
the stage/grade of the cancer worsens. An additional correlation has
been found between the level of FR and the resistance of certain tumors
to chemotherapy [37].

Different ambiguous data have been found in open literature con-
cerning to the FA selective functional groups determining its affinity
against FR [38].

After a brief survey of available literature, it emerges that most
articles refer to pteridine ring as the sites that bind preferentially to the
FR [39]. Whereas the interactions of a or y carboxyl groups of FA with
others molecules generally do not modify the retention of FR affinity
[40].

For instance, Li et. al.; immobilized FA on magnetic bovine serum
albumin (BSA) microcapsules (FA-MBMCs). FA was immobilized onto
the MBMC walls by carboxyl groups bonding with amidogen groups as a
targeting ligand to obtain FA-MBMCs. They evaluated the microdevices
selectivity employing HeLa cells. The recovered data suggested that the
cellular uptake of C6-loaded FA-MBMCs was induced by FA-dependent
pathway. Hence the incorporation of FA was crucial to selectively target
the tumor cells via FR mediated endocytosis. Indeed, interactions FA-FR
were not affected by the coupling of FA thought its carboxyl groups
[41].

Aranda et al. prepared nanoparticle systems based on poly(p,i-lac-
tide-co-glycolide) acid (PLGA) for delivery of Doxo. In a later step the
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surface was modified with glutamic acid and FA as targeting ligand.
Prior to FA conjugation to PLGA/y-PGA nanoparticles, the FA was
modified with EDA to obtain FA-NH,, so that there would be certainty
that FA was successfully conjugated through the carboxylic acid. With
this derivatization the authors ensured that FA retains its ability of
binding to folate receptors by specific recognition (pteridine ring) [42].

According to the characterization data it may be inferred that, in
present case, the pteridine group has not been compromised in the
interactions with MNPs surface functional groups. Therefore, a me-
chanism involving possible interactions has been elaborated and in-
cluded in Scheme 2.

Theoretical studies were attained as a complement, to better sup-
port the proposed mechanism. Two MNPs coated APTS@FA systems
were obtained for reaction between the amino group of the APTS and
the carboxyl groups of the FA. As it can be seen in Scheme 2, the
geometry (1) is formed when the a carboxyl group of FA reacts with the
amino group of the APTS, while the geometry 2 is determined by re-
action of APTS with the y carboxyl group of FA. Relevant energy change
(Ereac), bond length (d) and OP values belonging to the fully optimized
structures are presented in Table inserted in Scheme 2. Results shown
that the geometry (1) is slightly more stable (about 6.3 kJ mol ™ ') than
the geometry (2). In fact, the calculated energy change for the APTS
+ FA — APTS/FA + H,0 process is —27.14kJmol~' for the geo-
metry (1) and —20.86 kJ mol ™! for the geometry (2). No significant
differences were found in the N—C bond length for these two geome-
tries. In the same way, the obtained overlap population (OP) values
suggest that the N—C bond belonging to the geometry (1) is only 1.0%
stronger than that corresponding to the geometry (2). The theoretical
modeling allows inferring that the two analyzed APTS@FA geometries
have almost the same stability. These findings strengthen the proposed
mechanism revealing that APTS could react with either a or y FA car-
boxyl group preserving the reactive site able to bind to FR.

MAG@APTS

®
ekl

o© OH

g

(0]

HN”\IN N
HoN T

e

Intermediate FA-DCC

Fe,0,@APTS@FA

Geometry (1) ,{::,
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ﬁ ‘@
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Geometry (2) APTS@FA E.. 1 N—C bond
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Geometry (1) -27.14 1.359 0.838
Geometry (2) -20.86 1.360 0.829

Scheme 2. Proposed mechanism for possible interactions between MAG@APTS and FA though DCC intermediate reaction.
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3.3. Stability of different formulations in terms of the retention of FA on
MAG@APTS surface

As it has been demonstrated by characterization data, incorporation
of the FA was successfully attained using almost any of the tested in-
corporation routes. However, a strong requirement associated the loss
of FA prior to reach the diana organ, tissue or cell should be considered
in view of the practical implementation of these nanodevices.

In general, the literature reports the selectivity to folate-modified
nano/microdevices measured in different tumoral cell lines defining
variable incubation times (i.e 2, 4, 6, 24 h). For instance, E. Allard-
Vannier et al. analysed the uptake of magnetic nanoparticles coated
PEG-FA using tumoral cell lines differing in its expression level of FR.
To do this they employed HeLa cells having ca. 40-fold higher level of
FR than MCF-7 cells while MDA-MB435 cells have no significant FR
expression. They found that HeLa cells were characterized by nearly
two fold higher uptake of MNPs-FA than MCF-7 cells. In addition,
MNPs-FA uptake by MDA-MB435 cells was only slightly lower than that
by MCF-7 cells [43]. In this study, the cell culture assays were per-
formed by incubating MNPs in the culture media during 2 h. However,
from the exposed results is not possible infer if in such environment, FA
remained linked to the MNPs surface or in fact it was released and, in
this case, cell cultures were exposed to free FA.

It is worth mention that in most of the reported works these issues
are missed [36,44].

FTIR analysis was developed on dried MAG@APTS@FA after in-
cubation in buffer PBS, pH = 7.4 and in distilled water as selected
media. The formulation obtained from covalent FA binding appears to
be highly stable. In particular, E2 retained the FA almost 4 h in PBS and
already 15 days in distilled water (see Supplementary material (b)). The
same procedure was followed for E1 and E3, reaching almost similar
results than E2 (see Supplementary material (c) and (d)).

From the analysis of the data described above, both E1 and E2
would result suitable for theranostic development regarding to their
ability to fix and retain FA under almost physiological conditions. In
this concern, E2 was selected to complete the theranostic design by
loading the therapeutic agent.

It is worth mention that these issues (stability and interaction me-
chanism) related to FA containing nanodevices are actually missed in
the published articles, as it was earlier stated.

3.4. Analysis on the behaviour of MAG@APTS and E2 on simulated
plasmatic media

MNPs were incubated in a media simulating the plasmatic fluids
(SPF) in terms of protein content, pH and ionic strength. The evolution
of their physicochemical properties in this environment could be taken
as a preliminary view regarding their behavior once in vivo admini-
strated. It is well known that physicochemical properties of the MNPs
conditioned the feasibility of interactions in physiological media [45].
Once nanosystems are introduced in the biological environment, they
are rapidly covered by plasmatic proteins, being human serum albumin
(analogous to BSA) the most abundant. This dynamic process ends with
the formation of a protein corona around the MNPs surface.

Properties of the MNPs such as size, shape, composition, surface
functionality and surface charge are the factor defining the structure
and composition of protein corona [46-48].

Fig. 5 shows MAG@APTS and E2 spectra before and after their
contact with SPF. In the figure the signals assigned to MAG@APTS and
E2, were earlier described, and are clearly visualized. Stretching band
around 1650 and 1590 cm ™! appears in both spectra, MAG@APTS@
BSA and E2@BSA. This band may be ascribed to C=O stretching vi-
bration of amide-I and amide II (N—H bending vibration and the C=N
stretching vibration), confirming the presence of a-helix structure of
BSA on modified nanoparticles. It is expected since BSA is the main
protein present in the SPF [49-51]. The absence of bands around 1000
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from the Si—O—Si groups in this spectrum could be also considered as a
proof of the interaction of BSA-MAG@APTS. Moreover, in the E2@BSA
spectrum some bands of E2 overlap with those corresponding to al-
bumin groups.

Thermal analysis comparing MAG@APTS with MAG@APTS@BSA;
and E2 with E2@BSA behavior, further demonstrated the efficient
protein incorporation in both formulations from extra mass loss. In the
case of MAG@APTS@BSA the mass loss (roughly 14%) was registered
at 350 °C, whereas in E2@BSA started at 425 °C reaching 15%. The
described thermograms are included in figures (e) and (f) of
Supplementary material. Both temperatures of mass loss and% of
coated protein are in line with previous work analyzing similar nano-
systems [49,52].

Other evidences related to the satisfactory interaction of BSA with
E2 are visualized in data recompiled from TEM, hydrodynamic dia-
meter and Z potential measurements. Fig. 6a depicts representative
TEM image of E2 after 4 h of treatment with SPF. The figure suggests
that nanorods magnetic particles are aggregated in a matrix of BSA.
From the image, it is not possible distinguishing whether serum in-
cubation of MNPs leads to a homogeneous layer of proteins on the
particle surface or rather to protein bundles containing some MNP. This
agrees with other researchers findings [52].

Fig. 6b shows the ¢, for formulations before and after incubation in
SPF. As it is seen, interactions with plasmatic protein BSA have a great
impact on the MNPs surface charge. In the case of MAG@APTS a high
reduction in the ¢, from —8.4 = 0.7 mV to —19.3 = 0.4 mV was ob-
served after incubating in SPF. An inverse trend is evidenced in the case
of E2 after the same treatment. BSA is an amphoteric protein with
isoelectric point at pH = 4.8. According with available literature, sur-
face charge of BSA at pH7.8 is —18 mV [53,54].The similarity ob-
served in { of both formulations (MAG@APTS@BSA and E2@BSA) after
incubation in SPF may be attributed to the high number of BSA mole-
cules binding on MNPs surface. These results are consistent with the
data achieved by FTIR, and TEM regarding these formulations.

Works reported by other authors devoted to the study of protein
corona in nanosystems of diverse surface charge, demonstrated that
serum incubation significantly changes the surface charge of particles,
and ensured that, independent of the surface charge of particles before
incubation, serum-treated particles reveal a negatively charged surface
showing a zeta potential lower than —20 mV [52,55,56]. The nature of
BSA-MNPs interactions may be associated to conformational changes in
the protein structure as a function of pH. Hence, BSA adsorption would
be ruled, not only by electrostatic and hydrophobic interactions
[54,57], but also by the conformational alteration of its structure in the
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Fig. 5. FTIR spectra of MNPs before and after contact with SPF.
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incubation media [58].

Fig. 6¢ depicts data of HD for raw MNPs and BSA-coated MNPs, both
incubated in SPF without protein. From the data it is possible infer that
the formation of BSA corona plays a sensitive role over the aggregation
trend of MNPs, conferring stability in physiological media [59]. Similar
results were found for several authors reporting a reduction in the ag-
gregation by means of serum proteins [46,60].

Other authors have proposed that the protein would form complex
with ions from SPF, protecting the MNPs surface by screening these ions
from interacting directly with the MNPs surface, thus keeping the MNPs
stable in the SPF media [61].

Moreover, the HD evolution as a function of the time was monitored
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in SPF media without protein and taken as parameter of stability. The
data collected using all formulations is included as figure (g) in
Supplementary material. This suggests that formulations coated with
BSA resulted more stable in SPF than the raw MNPs, at least during 24 h
taking as the assay time.

The feasibility of the MNPs-FA to bind BSA represents a promising
perspective in view of their in vivo performance, according to published
contributions. For instance Sinnecker et al. reported in vitro experi-
ments using Caco-2 cells and intestinal epithelial cells, concluding that
pre-treatment of nanoparticles (NPs) with BSA reduced the adherence
of the NPs to the cells by enhancing the NPs colloidal stability and al-
leviating adherence [62]. Gonzalez Moragas et al. proposed that, BSA-
coated NPs interact less with biological environments than their non-
coated counterparts. In view of this result, BSA-coated NPs could travel
within an organism to reach specific tissues efficiently (quickly) and
harmlessly (with low unspecific interactions) [55].

3.5. Incorporation of therapeutic agent: doxorubicin

E2 was treated with Doxorubicin to provide the therapeutic function
to assess magnetic theranostics. A preliminary verification of the Doxo
incorporation on E2 surface was given for changes in the dispersion
color. While the raw E2 (MNPs-FA) dispersion was slightly brown, a red
coloration appeared after Doxo adsorption (see Fig. 7a). Such colora-
tion persisted even after drying the nanoparticles.

FTIR spectroscopy was employed to verify the satisfactory in-
corporation of Doxo on E2 surface. Spectra of raw Doxo, E2@Doxo and
E2 are compared in Fig. 7b. In Fig. 7c the region about 1200-850 cm ™!
of E2 and E2@Doxo spectra is expanded in order to better appreciate
the bands related to the drug. From the analysis of these figures, it is
observed a shift of the band assigned to v(C—0), from 1070 cm ™! to
1017 cm™?! in the spectra of raw drug and E2@Doxo, respectively.
Besides, the signal associated to v(C—0—C), shifted from 997 em™! to
989 cm ™! in Doxo spectrum and E2@Doxo respectively [63]. These
findings confirmed the successful drug incorporation, through prob-
ably, electrostatic attraction and hydrogen bonding [13].

It is important to highlight that this assay constitutes a preliminary
one, since only a specific condition was employed in terms of experi-
mental conditions selected to assess the Doxo incorporation. Such
conditions were taken from previous works using other therapeutic
agents [33,34].

4. Concluding remarks

Novel insight concerning the preparation of magnetic nanother-
anostics was provided.

The incorporation of FA to the MNPs surface as target ligand was
optimized, finding the most suitable binding route not only from the
loaded FA point of view, but also mainly on the stability and retention
of MNPs physicochemical properties.

Characterization data revealed that both vias, adsorption and
covalent binding, ensured satisfactory FA loadings in nanocarriers.
However, covalent linkage using intermediate FA concentration was the
most suitable route in terms of the ligand retention on the MNPs
structure.

Mechanism of interaction MNPs@FA was elucidated using experi-
mental data derived from characterization. Such data was corroborated
by theoretical calculations. From this data, it was confirmed that the
pteridine group remained available to target FR, demonstrating the
potential of this theranostic to detect, for instance, circulating tumor
cells.

The behavior of MNPs@FA in simulated physiological media re-
vealed that the physicochemical properties of MNPs remained almost
invariable while a satisfactory interaction with BSA was evidenced. In
this context, it is expected that the nanosystems result suitable for in
vivo administration.



P. Azcona et al.

(b)

Colloids and Surfaces A 537 (2018) 185-196

(©)

Doxo

Transmittance
B

E2@Doxo

1070
-0

Weavenumber (cm'1 )

E2
[0
997 ‘é
=
£
(0]
=
E \
'_
989
1017 989 1017
E2@Doxo
T T
T T 1200 1150 1100 1050 1000 950 900 850 800
1000 500

Weavenumber (cm'1 )
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850 cm ™.

Finally, the ability to loading an oncological drug such as
Doxorubicin was verified though FTIR spectroscopy. Currently an in
deep study exploring a range of Doxo concentrations, analysing the
adsorption kinetic and the encapsulation of the drug is in development.
The data achieved from this work will take part of a separate report.
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