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A B S T R A C T

Currently, antimicrobial photodynamic therapy (APDT) is limited to the local treatment of topical infections, and
a platform that can deliver the photosensitizer to internal organs is highly desirable for non-local ones; SPIONs
can be promising vehicles for the photosensitizer. This work reports an innovative application of methylene blue
(MB)-superparamagnetic iron oxide nanoparticles (SPIONs). We report on the preparation, characterization, and
application of MB-SPIONs for antimicrobial photodynamic therapy. When exposed to light, the MB photo-
sensitizer generates reactive oxygen species (ROS), which cause irreversible damage in microbial cells. We
prepare SPIONs by the co-precipitation method. We cover the nanoparticles with a double silica layer – tetra-
ethyl orthosilicate and sodium silicate – leading to the hybrid material magnetite-silica-MB. We characterize the
as-prepared SPIONs by Fourier transform infrared spectroscopy, powder X-ray diffraction, and magnetic mea-
surements. We confirm the formation of magnetite using powder X-ray diffraction data. We use the Rietveld
method to calculate the average crystallite size of magnetite as being 14 nm. Infrared spectra show characteristic
bands of iron‑oxygen as well as others associated with silicate groups. At room temperature, the nanocomposites
present magnetic behavior due to the magnetite core. Besides, magnetite-silica-MB can promote ROS formation.
Thus, we evaluate the photodynamic activity of Fe3O4-silica-MB on Escherichia coli. Our results show the bacteria
are completely eradicated following photodynamic treatment depending on the MB release time from SPIONs
and energy dose. These findings encourage us to explore the use of magnetite-silica-MB to fight internal in-
fections in preclinical assays.

1. Introduction

The study of nanostructured systems has allowed new light-based
therapeutic approaches, e.g., antimicrobial photodynamic therapy
(APDT), to fight infectious diseases [1]. Superparamagnetic iron oxide

nanoparticles (SPIONs) have been attracting great attention of the sci-
entific community due to their biomedical applications [2–7]. Owing to
their reduced dimensions, iron oxide nanoparticles (NPs), in particular,
magnetite (Fe3O4) and maghemite (γ-Fe2O3), present important fea-
tures including superparamagnetic behavior and high saturation
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magnetization. Consequently, these NPs can be directed to target sites
using an external magnetic field [8,9], besides being much less toxic
than their correlative materials [10–12]. Another advantage of these
NPs is their large surface to volume ratio [13], which allows the
functionalization of therapeutic molecules on their surface [14–16].
The NP surface can be tailored with targeting agents or functional
groups to change their physical or biological properties. Therefore,
adapted arrangement, configuration, structure, morphology, and size of
magnetic NPs are critical parameters to determine their efficiency for
biomedical applications [17–19]. Several molecules can be used to
functionalize the SPIONs' surface [12,15,20]. Among them, an im-
portant method to attach SPIONs with therapeutic molecules involves
the use of silica, which prevents agglomeration and oxidation of mag-
netite iron ions [21,22]. Silica is a stable material that can act both as a
matrix and a delivery agent for molecules of interest [23–25].

Antimicrobial photodynamic therapy uses photosensitizer (PS)
molecules to inactivate microbial cells. When exposed to light, the PS
goes to its excited singlet state. By intersystem crossing, the PS can
decay for its triplet state, and transfer either charge to the substrate or
energy to molecular oxygen to produce highly reactive oxygen species
(ROS), as hydroxyl radical, anion superoxide, hydrogen peroxide and
singlet oxygen (1O2), which damage microbial cells by oxidative stress
[26].

Mainly, methylene blue (MB) is a cost-effective PS that holds re-
markable photochemical and photophysical characteristics [27] to
promote photodynamic killing of cancer and microbial cells [28–31].
Additionally, MB is commercially available, and it has been carefully
used for several years in other clinical applications [32,33]. Currently,
MB-mediated APDT is a powerful strategy to combat infectious diseases
[34–36]. Due to its action on multiple targets, there are no reports
about the selection of resistant microorganisms to APDT [37]. However,
APDT is still limited to the topical treatment of superficial infections
due to the difficulty of photosensitizer delivery into internal organs.
Envisaging novel APDT applications, in this work, we develop a me-
thylene blue magnetic nanocarrier as a potential vehicle dedicated to
fighting internal infectious diseases by APDT [16,25,38–40].

Herein, we obtained Fe3O4 NPs by the co-precipitation of iron(II)
and iron(III) salts in aqueous solution. NPs were covered with MB-en-
trapped silica. The obtained NPs were characterized by powder X-ray
diffraction (PXRD), Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM) with energy dispersive X-ray
fluorescence spectrometry (EDS), dynamic light scattering (DLS), and
SQUID magnetic measurements. Indirect kinetic measurements of 1O2

release from NPs were also performed. Posteriorly, we evaluated the
photodynamic inactivation (PDI) of Fe3O4-silica-MB on Escherichia coli
(E. coli)), a Gram-negative bacterium responsible for many common
infectious diseases, including gastrointestinal tract infections, con-
sidering the MB release time from SPIONs and energy dose. Our results
demonstrate the possible use of MB-entrapped silica-coated Fe3O4 NPs
for APDT.

2. Materials and Methods

2.1. Materials

Iron(II) chloride tetrahydrate (FeCl2.4H2O), iron(III) chloride hex-
ahydrate (FeCl3.6H2O), ammonium hydroxide (NH4OH), tetra-
ethylammonium chloride (TEA), methylene blue (MB), tetraethyl or-
thosilicate (TEOS), sodium silicate (Na2SiO3), 1,3-
diphenylisobenzofuran (DPBF) were acquired from Sigma Aldrich, USA.
Ethanol, sodium chloride (NaCl) and potassium chloride (KCl) were
purchased from LabSynth, Brazil. Disodium hydrogen phosphate
(Na2HPO4) was purchased from Merck, Germany. Potassium dihy-
drogen phosphate (KH2PO4) was purchased from Greentec, Brazil.
Brain heart infusion broth was purchased from HiMedia, India. All
chemicals were used as received. Analytical grade water from a

Millipore Milli-Q Gradient filtration system was used to prepare the
aqueous solutions.

3. Methods

3.1. Synthesis of superparamagnetic iron oxide NPs

The NPs were synthesized by the co-precipitation method [41] from
a mixture of iron(II) and iron(III) solution under magnetic stirring and
base addition. Specifically, 8 mL of FeCl3·6H2O solution (1 mol L−1)
and 2 mL of FeCl2·4H2O solution (2 mol L−1) were prepared by dis-
solving the iron chlorides in hydrochloric acid (HCl) 2 mol L−1. These
solutions were mixed and stirred by a magnetic stirrer under the ad-
dition of 200 mL ammonium chloride (NH4OH) 0.7 mol L−1 leading to
the formation of a dark precipitate, typical of Fe3O4 NPs formation. The
precipitate was magnetically decanted by a neodymium‑iron‑boron
(Nd-Fe-B) magnet and washed six times with Milli-Q water for non-
magnetic residue removal. After washing and isolating the SPIONs, the
solid was dispersed in 110 mL of Milli-Q water, and to this dispersion,
we added 12 mL of TEA [16] (0.4 mol L−1); this mixture was stirred for
10 min, magnetically decanted and washed six times with ethanol.

3.2. Synthesis of MB-containing silica-coated superparamagnetic iron oxide
NPs

For the first silica coating, TEA-containing Fe3O4 NPs were sus-
pended in 40 mL of Na2SiO3 0.1 mol L−1 and stirred for 2 h leading to
the formation of Fe3O4-SiO2 NPs, that were magnetically decanted and
washed six times with ethanol. After Fe3O4-SiO2 NPs isolation and
drying, 0.3 g of the solid was suspended in 20 mL of Milli-Q water and
put under sonication for 10 min. The suspension was added in 65 mL of
MB (Sigma Aldrich, ≥ 82% purity) 6.15 mmol L−1 dissolved in
ethanol, and to this mixture, we added 1 mL of TEOS and 3 mL of
NH4OH (27%). The solution was magnetically stirred for 24 h in the
dark, generating NPs with two silica layers functionalized with MB
(Fe3O4-2SiO2-MB). The product was magnetically decanted and washed
4 times with 40 mL of ethanol, and the supernatant was reserved for
posterior functionalization efficiency characterization.

3.3. Powder X-ray diffraction (PXRD)

Powder X-ray diffraction data (Fe3O4, Fe3O4-SiO2, and Fe3O4-2SiO2-
MB) were collected (in transmission mode) on a STADI-P diffractometer
(Stoe®, Darmstadt, Germany), operating at 50 kV and 40 mA, at room
temperature, using MoKα1 radiation (λ = 0.7093 Å). The samples were
mounted in a spinning sample holder, and data were recorded by a
Mythen 1 K detector (Dectris®, Baden, Switzerland) in the range from
5.000° to 66.605° (2θ) with a step size of 0.015° (2θ) and an integration
time of 100 s at each 0.785°.

3.4. Fourier transform infrared (FT-IR) spectroscopy

Dry NPs (Fe3O4, Fe3O4-SiO2, and Fe3O4-2SiO2-MB) were put to-
gether with potassium bromide (KBr) powder using a 1:100 w/w
sample: ratio. The samples were hand-ground into fine powders, pel-
leted in a mechanical press and analyzed using an FTIR 630 from
Agilent. Single Reflection Diamond ATR for use with the Cary 630. The
background was obtained by using a pure KBr pellet. The FT-IR spectra
were recorded from 400 to 4000 cm−1 at a resolution of 4 cm−1.

3.5. The efficiency of MB functionalization on the NP surface

The efficiency of MB loading on the NPs surface was measured with
the UV–Vis method. Briefly, free MB was removed from the NPs by
ultracentrifugation. The amount of free MB was determined based on
the MB absorbance band at 654 nm (ε = 74.901 mol L−1 cm−1) [16] in
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a UV–Vis spectrophotometer (model 8553, Agilent, USA). We used the
Beer's law to calculate the concentration of residual MB. Therefore, the
quantity of MB charged on the NPs was calculated from the charging
efficiency (CE) equation:

= ×CE total residual
total

(%) 100MB MB

MB (1)

3.6. Scanning electron microscopy (SEM) and energy dispersive X-ray
fluorescence spectrometry (EDS)

EDS and SEM images were acquired using a JSM-6610LV micro-
scope (JOEL). The powdered samples (Fe3O4-SiO2 and Fe3O4-2SiO2-
MB) were deposited into carbon tapes and metalized with gold for
analysis with an energy dispersive X-ray fluorescence spectrometry
(EDS) module. The EDS technique was utilized for the semi-quantitative
and qualitative microanalysis of the sample elements and chemical
mapping of the NPs surface.

3.7. Magnetic properties

Magnetization measures were carried out using a superconducting
quantum interference device (SQUID) magnetometer (model MPMS
XL7, Quantum Design, USA) at 300 K. The dried samples were loaded in
Lucite sample holders.

3.8. Hydrodynamic size, size distribution, and zeta potential

The DLS measurements were carried out using an ALV/CGS-3 (ALV-
GmbH, Langen, Germany) compact goniometer system equipped with a
22 mW HeNe linearly polarized laser (λ = 633 nm), a digital correlator
(ALV 7004) and a pair of avalanche photodiodes operating in the
pseudo-cross-correlation mode. The measurements were performed at
(25 ± 1) °C, with the samples loaded in 10-mm-diameter glass cells.
An angular range of 90° was set to obtain the autocorrelation functions,
which were adjusted with the cumulant method. The NPs' average zeta
potentials (ζ) were obtained utilizing electrophoretic light scattering
(ELS) measurements using a Zetasizer Nano-ZS ZEN3600 equipment
(Malvern Instruments, UK).

3.9. Kinetics of 1O2 generation

The compound used to monitor the generation of 1O2 in the spec-
trophotometer was p-nitrosodimethylaniline (p-NDA), with absorption
wavelength at 440 nm, which undergoes a secondary reaction
(bleaching) with an intermediate formed through the primary reaction
between histidine (His) and singlet oxygen as exemplified in the fol-
lowing reaction [42]:

+O His [HisO ]1
2 2

+[HisO ] p NDA Colorless product2

To perform the kinetics, all the following solutions were prepared in
0.01 mol L−1 phosphate-buffered saline (PBS) solution with pH ad-
justed to 7.2: 0.03 mol L−1 histidine solution, 25 μmol L−1 p-NDA
solution, 150 μmol L−1 MB solution and a suspension of Fe3O4-2SiO2-
MB 1.15 mg mL−1, sonicated for 10 min. Then, three kinetic mea-
surements were performed under different conditions. In the first ex-
perimental condition, PBS solution, histidine solution, and the Fe3O4-
2SiO2-MB suspension in 1:1:1 volume ratio was placed in a quartz
cuvette as the blank. The blank was recorded as soon as the particles
were put in suspension since they tend to precipitate quickly due to
their high concentration. The kinetics was then performed for 6 min
with a 1-s interval in the dark and under continuous resuspension of the
particles with a Pasteur pipette. The test in the dark was performed only
to confirm the impossibility of a parallel reaction leading to p-NDA

bleaching in the absence of light. In the second experimental condition,
the blank was prepared as aforementioned. The kinetics, in this case,
was performed in the same conditions as above, except for the fact it
was irradiated with a white light-emitting diode (LED) during the ki-
netics time, to evaluate the generation of 1O2 by Fe3O4-2SiO2-MB. To
compare pure MB and Fe3O4-2SiO-MB nanosystem as a 1O2 generator,
the kinetics was also performed with a pure MB 50 μmol L−1 solution.
The blank solution was prepared by mixing PBS, histidine, and MB
solutions in a 1:1:1 volume ratio. After blank recording, the sample for
the kinetics was prepared by mixing histidine solution, p-NDA solution,
and MB solution 150 μmol L−1 in a 1:1:1 volume ratio. Time and light
conditions for singlet oxygen generation were the same as those used in
previous cases. Once kinetics was finished, and the p-NDA decay curve
is obtained, the compound and singlet oxygen concentrations over time
can be calculated through a calibration curve for p-NDA [42].

3.10. Kinetics of MB release

A 58 μg mL−1 Fe3O4-2SiO2-MB aqueous dispersion was prepared
and placed in a quartz cuvette to measure the spontaneous release of
MB without any additional process. Absorbance values were collected
for 24 h with measurements at every 1 s at λ = 610 nm, which is the
maximum absorbance of MB released by Fe3O4-2SiO2-MB.

3.11. Photodynamic inactivation

Escherichia coli cells (ATCC 33694) were cultivated in brain heart
infusion (BHI) broth for 20 h at 36 °C to use them in an exponential
growth phase. Cells were gathered by swab and posteriorly suspended
in phosphate buffer saline (PBS). Suspensions of 107 colony-forming
units per milliliter (CFU mL−1) were settled at spectrophotometer
(SP220, Biospectro, Brazil) at an optical density of 0.022 at 600 nm and
standardized for PDI assays. After that, cells were incubated with
Fe3O4-2SiO2 or Fe3O4-2SiO2-MB solutions at room temperature at 3
different release times of MB: 6, 12, and 22 h. Aliquots of 1000 μL were
harvested from each group, placed in a 6-well plate and illuminated
with a homemade LED source at λ = (625 ± 20) nm (optical power of
235 mW and irradiance of 16.2 mW cm−2) placed over an orbital
shaker. The LED tip was positioned perpendicularly to the wells to
guarantee uniform illumination. Four test groups were assessed: I)
Control, without irradiation, II) L, only LED illumination; III) Fe3O4-
2SiO2, only NPs; IV) Fe3O4-2SiO2-MB, entrapped-MB in silica-covered
NPs. NPs were used at a concentration of 0.3795 mg mL−1. Besides
investigating PDI on E. coli depending on the release time of MB from
SPIONs, we evaluated 4 different exposure times (5, 10, 15, and
20 min) delivering radiant exposures of 4.86, 9.72, 14.58 and
19.44 J cm−2, respectively. After treatment, we collected aliquots of
20 μL of the suspension and serially diluted in 180 μL of PBS until di-
lution of 10−5 times the original concentration. 10 μL of each dilution
were streaked on BHI plates in triplicate using a multichannel pipette.
After that, plates were incubated for 20 h at 36 °C to achieve CFU mL−1

values.

4. Results and Discussion

Many different novel cancer therapeutic approaches have been ex-
plored in the literature; there are already therapies that couple photo-
active molecules with nanoparticles that are capable of responding to
light [43]. SPIONs were chosen in this work since they exhibit super-
paramagnetic behavior when the temperature is raised above the
blocking temperature (BT), acting as a single magnetic domain. Such
individual nanoparticle has a high magnetic moment and behaves like a
giant paramagnetic atom, quickly responding to applied magnetic fields
with negligible residual magnetism and coercivity. Magnetic fields are
non-invasive and have excellent human tissue penetration. Therefore,
iron oxide nanoparticles have been used to activate drug delivery into
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the region of interest through an external magnetic field. Besides, the
MB anchored on the NPs surface guarantees that the full dose will be
delivered to the target. The main subject of this study is to take ad-
vantage of the magnetic feature of these nanoparticles as potential
vehicles for the methylene blue photoactive molecule.

4.1. Synthesis of Fe3O4-SiO2 and Fe3O4-2SiO2-MB

SPIONs can be obtained by different routes [12,44]. The co-pre-
cipitation method is generally used due to its simplicity and low cost
[45–48]. The NPs can be obtained – at room temperature and atmo-
spheric pressure – with size, morphology, and distribution control of
water-dispersed NPs [12]. The co-precipitation takes place with ferrous
and ferric ions upon the addition of ammonium hydroxide in aqueous
solution (Eq. 2)

+ + ++ +Fe Fe OH Fe O H O2 8 4aq aq aq s l( )
2

( )
3

( ) 3 4( ) 2 ( ) (2)

Uncoated particles tend to aggregate in aqueous dispersion; there-
fore, it is essential the addition of a coating layer on NPs surface to
increase their dispersion in water, and their biocompatibility in a bio-
logical environment. Silica is a stable and versatile material that can be
obtained with shape and size control to carry and deliver drugs [23,24].
Also, grafted on the NPs surface, it stabilizes the NPs. For example, for
maghemite particles, silica decreases the transition efficiency to the
antiferromagnetic form – α-Fe2O3 – with an increase in temperature
[49,50]. It also represents a coordination site to functionalize molecules
of interest, such as the photoactive molecule MB.

We prepared iron oxide NPs and coated them with silica-containing
MB by the sol-gel method. The pre-coating is based on the coverage of
the as-synthesized NPs surface with Na2SiO3, followed by the growth of
a second silica layer by condensation of tetraethyl orthosilicate (TEOS)
in the presence of the photoactive drug MB [16]. The magnetic core of
the NPs was prepared by co-precipitation of iron salts followed by the
addition of a weak base (ammonium hydroxide). The suspension
formed was magnetically separated, and the NPs were covered with
tetraethylammonium (TEA). We then covered these NPs with two silica
layer precursors: sodium silicate and TEOS, since the silica layers act as
matrices for MB entrapment (Fig. 1). This method is practical, con-
trollable, and generates water-dispersible NPs.

The MB loading efficiency was found to be (90.7 ± 0.3) % for
Fe3O4-2SiO2-MB, resulting in NPs with 0.28 g of MB per gram of
functionalized NPs. This result demonstrates that MB was successfully
entrapped on a silica porous matrix layer over a magnetic core com-
posed of SPIONs [16].

4.2. Powder X-ray diffraction (PXRD)

Fig. 2a-c shows the Rietveld plots of the Fe3O4, Fe3O4-SiO2, and
Fe3O4-2SiO2-MB samples, respectively. It is seen at low angles (below
15°) the background of samples Fe3O4-SiO2 and Fe3O4-2SiO2-MB dis-
plays a hump at ~10.6° (2θ). We utilized the program TOPAS-Academic
v.6 [51] to perform Rietveld refinements [52] of all samples by taking
into account the structural information of magnetite (Fe3O4; cubic
crystal system, space group Fd m3 ) (ICSD card # 26410) [53]. We fitted
the background using a 5-term Chebyshev polynomial. We modeled the
peak profiles with the Fundamental Parameters approach [54]. The

Fig. 1. Illustrative coating scheme of silica-containing MB on the SPIONs sur-
face.

Fig. 2. Rietveld plots of the (a) Fe3O4, (b) Fe3O4-SiO2, and (c) Fe3O4-2SiO2-MB
samples. The black circles represent the observed patterns, while the red line
displays the calculated ones. The blue line indicates the difference between the
observed and calculated patterns. The magenta bars stand for the Bragg re-
flections of magnetite. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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isotropic atomic displacements (Biso) were refined independently for
each atomic species (Fe3+, Fe2+, and O−2), and the site occupancy of
Fe2+ ions was refined to infer the vacancies. The last two parameters
(Biso and Fe2+ vacancy), as well as the unit cell parameters and crys-
tallite size, were all constrained to be equal for the three samples. The
refined unit cell parameter was a= 8.3472(2) Å, and the crystallite size
was D = 10.0(1) nm; the Fe2+ occupancy was equal to 0.884(2). To
account for the increase of the amorphous contribution due to the SiO2

shell (in the case of Fe3O4-SiO2 sample) and 2SiO2-MB (for the Fe3O4-
2SiO2-MB sample), we calculated the “degree of crystallinity - DoC”
[55] of the samples and found that it decreases with the addition of a
second SiO2 shell (and MB) to the sample. For the Fe3O4-SiO2 and
Fe3O4-SiO2-MB samples, the DoC were, respectively, 72.92% and
67.48% (considering the Fe3O4 sample as being 100% crystalline).

4.3. FT-IR spectra

Fourier transformed infrared spectroscopy (FT-IR) was used to
identify the most important stretching vibrations of the magnetic core
and the ligands attached to the NPs surface. Fig. 3 highlights the main
bands of Fe3O4, Fe3O4-SiO2, and Fe3O4-2SiO2-MB samples. Low-in-
tensity peaks assigned to the iron oxide core can be observed at
3288 cm−1 (νFeO-H) and 548 cm−1 (νFe-O) [56]. It is possible to ob-
serve bands associated to the MB molecule at 1340 cm−1 (νCN) and
1604 cm−1 (νC=Caromatic), low-intensity bands in the range between
950 cm−1 and 1600 cm−1 attributed to TEA molecule and bands re-
ferring to silica at 1050 cm−1 (νSi-O), and to νCH around 1396 cm−1.
FT-IR analyses confirm the formation of an iron oxide core and the
presence of a silica layer-containing MB.

4.4. Hydrodynamic Size (RH) and Zeta Potential (ζ)

Dynamic light scattering (DLS) measurements were employed to
determine the hydrodynamic size and polydispersity index (μ2/Γ2).
Electrophoretic light scattering (ELS) was used to determine the zeta
potential of the NPs. Quantitative data related to the scattering char-
acterization are given in Table 1.

The presence of an additional silica layer (pre-coating) on the Fe3O4

surface in the silica-containing MB increases the hydrodynamic size
(from 106 to 126 nm). Moreover, the zeta potential is more negative
when there is an extra layer of silica, indicating good colloidal stability
for Fe3O4-2SiO2-MB NPs. This difference between the NPs in the solid-
state and in dispersion is a consequence of the presence of extra hydrate

layers in aqueous media.

4.5. Scanning electron microscopy (SEM) and energy dispersive X-ray
fluorescence spectrometry (EDS)

Fig. 4 shows SEM images of (a) Fe3O4-SiO2 and (b) Fe3O4-2SiO2-MB
samples. In both samples, an almost spherical morphology is observed
for NPs.

The elemental analysis was performed with EDS in selected areas of
the images from Fig. 4 with high-particle concentration, and the ob-
tained EDS spectra for Fe3O4-SiO2 and Fe3O4-2SiO2-MB are shown in
Fig. 5a and Fig. 5b, respectively.

In the spectrum of the Fe3O4-SiO2 sample (Fig. 5a), peaks referring
to iron, oxygen, and silicon can be seen due to the presence of iron
oxide and the silica coating, as well as in the spectrum of Fe3O4-SiO2-
MB (Fig. 5b) with a relative increase in intensity for silicon and oxygen
peaks due to an additional silica layer that was added to the particle. In
Fig. 5b, the sulfur signal appears and can be explained by the presence
of functionalized MB around the particle, supporting that functionali-
zation was successfully achieved.

4.6. Magnetic behavior

An important characteristic of magnetic NPs for MB vehicles is the
superparamagnetic behavior, acting as a single magnetic domain, at
temperatures above the BT [16,45,56,57]. The magnetic characteriza-
tion of hysteresis curves for Fe3O4, Fe3O4-SiO2, and Fe3O4-2SiO2-MB
samples is shown in Fig. 6. Hysteresis isothermal magnetic data con-
firmed the superparamagnetic behavior of all NPs. The magnetization
curves also expose that the residual magnetizations and coercive forces
were found to be zero for the NPs. The observed saturation magneti-
zation (Ms) value was 76 emu g−1 for TEA-containing Fe3O4, at room
temperature. These results are consistent with our previous work [58],
(Ms (Fe3O4) = 78 emu g−1), which showed that the addition of a
polyethylene glycol (PEG) layer on the surface of Fe3O4 increased the
saturation magnetization due to the modification of the local electron
structure of magnetite, shielding the magnetic core, and the same
phenomenon may be happening with the TEA. Upon the addition of an
extra non-magnetic layer of silica on the Fe3O4-TEA nanoparticle sur-
face, a decrease in the Ms value was observed (65 emu g−1), and with
two layers of silica, the Ms decreases for 43 emu g−1.

4.7. 1O2 Generation from Fe3O4-2SiO2-MB

Singlet oxygen release kinetics was evaluated indirectly in a buf-
fered aqueous medium. White light LED irradiation was also required,
since MB in the particle undergoes dimerization, absorbing light no
more at 660 nm, but at 610 nm. The obtained results showed in Fig. 7
and Fig. 8 are promising since there was significant 1O2 formation by
functionalized particles compared to free MB.

We can observe a considerable decay for p-NDA absorption band in
Fig. 7 and subsequent release of 1O2, after light irradiation in the so-
lution containing Fe3O4-2SiO2-MB suspension and in the solution with
free MB. After light irradiation for 5 min, the solution containing p-NDA
and histidine did not show significant decay in p-NDA absorption,
eliminating the possibility of parallel reactions. The kinetics of singlet
oxygen formation in an aqueous solution containing free MB and Fe3O4-
2SiO2-MB suspension is presented in Fig. 8.

Fig. 3. FT-IR spectra of the Fe3O4, Fe3O4-SiO2, and Fe3O4-2SiO2-MB samples.
The spectra are vertically displaced for better visualization.

Table 1
DLS and zeta potential data of iron oxide NPs.

NPs RH (nm) μ2/Γ2 ζ (mV)

Fe3O4-SiO2 106 ± 2 0.20 ± 0.03 −28.0 ± 1.5
Fe3O4-2SiO2-MB 126 ± 1 0.19 ± 0.02 −39.00 ± 0.12
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In the kinetics, shown in Fig. 8, it is possible to observe the simi-
larity in 1O2 generation by free MB and by Fe3O4-2SiO2-MB in higher
concentration. In this way, we could evaluate the singlet oxygen release
by photosensitizing NPs in PBS, analogous to the biological medium,
which was promising due to the proximity with the value for singlet
oxygen generated by free MB in a concentration of 50 μmol L−1, with
already demonstrated antibacterial effect [59].

4.8. Kinetics of MB release

The kinetic curve of MB release by Fe3O4-2SiO2-MB is displayed in
Fig. 9. It is worth noting that in the first 2 h, no significant MB lib-
eration was observed. After 2 h, MB concentration starts growing ex-
ponentially until it reaches a plateau around 18 h after beginning the
kinetics. This result shows that functionalized NPs allows controlled
liberation of MB, avoiding the premature release of the photosensitizer

by NPs and its spreading through the biological system, which could
lead to side effects or a decrease in treatment efficiency.

4.9. Photodynamic inactivation of E. coli by SPIONs-2SiO2-MB

Fig. 10 exhibits the Fe3O4-2SiO2-MB-mediated photodynamic ac-
tivity on E. coli. Interestingly, we can notice that bacterial killing fol-
lowing PDI depends on the time of MB release from NPs and energy
dose. If MB is not released (0 h, Fig. 10a), less than 1 log inactivation
can be observed after 20 min of irradiation. Following 6 h of MB re-
lease, the higher the energy, the higher the bacterial killing; the highest
dose promoted about 5 logs inactivation (Fig. 10b). Twelve hours after
the MB release, a more pronounced killing was observed after 10 min of
irradiation but similar to what was observed after 20 min when com-
pared to the 6 h MB release. After 22 h of MB release, once again, a
dose-response curve can be perceived, with complete eradication

Fig. 4. SEM images of Fe3O4-SiO2 (a) and Fe3O4-2SiO2-MB (b).

Fig. 5. EDS spectrum of the (a) Fe3O4-SiO2 and (b) Fe3O4-SiO2-MB samples.
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following 20 min of irradiation. No significant killing was observed for
control, LED, and Fe3O4-2SiO2 groups. A control MB group was not
evaluated since our purpose is to use SPIONs as nanocarriers for MB.

Besides, a recent article reported the inactivation kinetics of E. coli
following MB-mediated APDT [60].

Summarizing, this work is a first attempt to demonstrate that MB-
SPIONs can mediate APDT. We hope our findings encourage researchers
to pursue the treatment of internal infectious diseases in vivo. In this
case, the drug could be administered orally or by inhalation from 6 to
22 h before irradiation. MB-SPIONs can be directed to the infected
organ in the presence of an external magnetic field applied over the
target. Recently, Britos and coworkers reported that SPIONs are good
candidates as nanocarriers in biomedical applications using a murine
model [58]. Although some previous works in the literature [5,15,61]
have shown that SPIONs coated with biocompatible molecules present
no significant cytotoxicity to healthy and cancerous cells in low con-
centrations, the cytotoxicity against mammalian cells had not been
evaluated with the MB-coated nanoparticles, and this information could
be obtained in future works. Regarding the light source, commercially
available devices have already been developed to irradiate cavities such
as bladder, esophagus, lung, and stomach, commonly used in cancer
PDT. Thus, we envisage a promising nanoplatform to fight infections
within the body.

5. Conclusions

We successfully synthesized Fe3O4, Fe3O4-SiO2, and Fe3O4-2SiO2-
MB samples. Powder X-ray diffraction data revealed we obtained Fe3O4,

and the average crystallite size for all samples was 10.0(1) nm, and the
Fe2+ occupancy was equal to 0.884(2). The degree of crystallinity for
Fe3O4-SiO2 and Fe3O4-SiO2-MB samples were, respectively, 72.92% and
67.48%. We assigned the most important stretching vibrations of the
magnetic core and the ligands attached to the NPs surface (TEA, silica,
and MB), thus showing the NPs coverage was effectively achieved. The
larger hydrodynamic size seen for the Fe3O4-2SiO2-MB in comparison
to the former Fe3O4-SiO2 sample indicated a second layer was de-
posited, and MB was entrapped on it. Also, excellent colloidal stability
was observed for the Fe3O4-2SiO2-MB sample. SEM images revealed the
particles have an almost spherical shape, and EDS data showed the
presence of sulfur in the Fe3O4-2SiO2-MB system, thus indicating the
presence of MB. Magnetic measurements displayed a high saturation
magnetization for the Fe3O4-TEA sample (Ms = 76 emu g−1), with
decreasing values due to the addition of subsequent layers of SiO2

(Ms = 65 emu g−1) and SiO2-MB (Ms = 43 emu g−1). Singlet oxygen
release kinetics was evaluated indirectly in a buffered aqueous medium.
A significant amount of 1O2 formation was observed for the

Fig. 6. Magnetic curves of Fe3O4; Fe3O4-SiO2 and Fe3O4-2SiO2-MB NPs at
300 K.

Fig. 7. p-NDA solution absorption spectra with different compositions and ir-
radiation times.

Fig. 8. Kinetics of singlet oxygen formation dependent on the irradiation time.

Fig. 9. Kinetics curve of methylene blue liberation by Fe3O4-2SiO2-MB. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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functionalized particles when compared to free MB. The MB started
being released after 2 h of the kinetics experiment, thus indicating we
could avoid a premature release of the photosensitizer. In vitro experi-
ments showed that after 22 h of MB release, complete eradication of E.
coli was achieved following 20 min of irradiation. In fact, in vitro assays
have shown MB-SPIONs exhibit high potential for PDT application once
they present antimicrobial properties. At present, antimicrobial PDT is
restricted to local applications, and with SPIONs, one can provide
treatment of internal organs.
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