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Abstract:

Aims: We investigated the application of fluorescein (FL) entrapped magnetosomes, i.e. silica-
coated iron oxide nanoparticles entrapped within niosomes (SIO/NIO), in magnetically assisted
photodynamic therapy (PDT) in vitro. Materials and Methods: Panc-1 cells were treated with
the magnetosomes, with and without external magnetic guidance, and irradiated with blue light.
Results and Conclusions: Upon photoactivation, the FL-entrapped magnetosomes can produce
higher singlet oxygen in comparison to FL-entrapped micelles, probably due to the higher release
tendency of the photosensitizer from the former. /n vitro studies in Panc-1 cells revealed
magnetically assisted enhancement in the cellular uptake of the magnetosomes. Magnetic
assistance also led to enhancement in PDT efficiency in cells treated with the FL-entrapped

magnetosomes and light, thus highlighting their potential in PDT.

Graphical Abstract:
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Introduction:

Bilayered vesicular drug delivery systems are known to entrap both hydrophilic and lipophilic
drugs in their interior compartments and enhance their bioavailability [1-7]. They can also
incorporate small sized nanoparticles, thus reducing their agglomeration and enhancing their
biocompatibility and circulation time [8,9]. Niosomes (NIO) are a class of vesicular nanocarriers
which are composed of non-ionic surfactants (e.g. Triton X-100, alkyl ether) and cholesterol [10-
12]. The major advantages of niosomes include rendering enhanced solubility of poorly water
soluble drugs and smaller nanoparticles [13], along with improved stability and bioavailability of
entrapped agents [14,15]. They are known to enhance the anticancer activity of loaded drugs via
precision delivery and controlled release at the site of action [16-18]. For example,
photosensitizer loaded niosomes have been used to enhance the transdermal delivery of

photosensitizers for effective photodynamic therapy of skin cancer [19,20].

Iron oxide-based nanoparticles are widely used for several biomedical applications, such as
magnetically-assisted drug targeting, MRI contrast enhancement, magnetic hyperthermia therapy
(MHT), and simulation-guided photothermal therapy [21-30]. Owing to their ultrasmall size,
they can be incorporated within larger vesicular nanocarriers, thus imparting magnetic properties
in these carriers. Such ‘magnetosomes’ can be co-incorporated/entrapped with additional active
agents, such as anticancer drugs, for use in magnetically-targeted, image-guided therapies and
theranostics. In this work, we report the preparation of magnetosomes composed of silica-coated
iron-oxide (SIO) nanoparticles entrapped within niosomes. These SIO/NIO magnetosomes are
further entrapped with the dye/photosensitizer fluorescein (FL), which is known to convert
molecular oxygen (0,) into cytotoxic singlet oxygen ('O,) upon irradiation with blue laser/LED
light. FL is a well-known photosensitizer in photodynamic therapy (PDT), with potential
applications in treating cancer, pathogenic infections, and some other diseases [31-33].
Therefore, the entrapment of FL within SIO/NIO magnetosomes is expected to provide

magnetically assisted PDT in cancer and other diseased cells.

The magnetosomes were characterized using common techniques, such as TEM and DLS to

examine their morphology, EDS to determine their elemental composition, FTIR to confirm the
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various coatings, and VSM to know their magnetic properties. Optical properties of FL-SIO/NIO
magnetosomes were examined by UV-visible and fluorescence spectroscopic techniques.
Finally, they were analyzed for their in vitro activity by examining their magnetically induced

cellular uptake and PDT efficacy in Panc-1 cancer cells.
Materials & Methods:

Synthesis of silica-coated iron oxide (SIO) nanoparticles:

Synthesis of IO nanoparticles were carried out by co-precipitation method [34]. In detail, 0.473g
(0.146 M) FeCls and 0.198 g of FeCl, (0.078M) were added in 20 mL of double distilled water
(DDW). The solution was stirred for half an hour at 80°C under N, atmosphere to obtain a
homogeneous mixture. After that, 2.5 mL aqueous ammonia solution was added to the system.
N, atmosphere was maintained for another half hour. The synthesized IO nanoparticles were

washed with DDW and separated with the help of a rare-earth bar magnet (5 cm x 5 cm).

For silica coating, IO nanoparticles were dispersed in 1:4 water/ethanol system. To this system,
10ul the silica precursor vinyltriethoxysilane (VTES) was added, which is hydrolysed by the
addition of glacial acetic acid. The solution was kept for overnight stirring at 25°C. The resulting
SIO nanoparticles were washed with water:ethanol mixture and collected with the help of the bar

magnet [35]. They were finally dispersed in DMSO prior to entrapment within niosomes.

Preparation of SIO/NIO magnetosomes and co-entrapment of FL:

The non-ionic surfactant (Tween-80, 0.2g) and the lipid cholesterol (0.2g) were mixed in an
organic solvent (diethyl ether, 2 ml) and stirred to get a homogeneous solution. After that, 1 ml
of this solution was added dropwise to pre-heated DDW (10 ml). For preparing FL and SIO co-
entrapped niosome, 100ul of FL in DMSO (15 mM) and 100ul of SIO in DMSO (9mg/ml) were
also added to this system. The solution was slowly stirred for 30 mins at 70°C, followed by
separation with the help of a bar magnet. The obtained SIO/NIO nanoparticles were further
purified by dispersing in DDW and separated again with the help of the external magnet. This
procedure was repeated three times. After dispersing the separated product in DDW, it was

further purified by centrifugation (15,000 rpm for 10 minutes at room temperature) and washing

https://mc04.manuscriptcentral.com/fm-nnm
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in DDW, and then kept aside for further use. The synthesis of fluorescein (FL) and SIO
nanoparticle co-entrapped niosomes (FL-SIO/NIO) is shown schematically in Figure 1. A control
(FL-Micelles) was also prepared by dropwise addition of equivalent amount of FL (100ul of 15
mM FL in DMSO) in 11 ml of tween-80 micelles.

FeCl, + FeCl,
¥ NH, VIES _ SIO
Nt lones T
. \, atm. =R
Step - 1 | | 2
E;—' DDW

i) SIO *
¢ i) FL e
& iii) Ether solution A
Tween80 : Cholesterol
1:1 wiw

FL-SIO/NIO
(FL-Magnetosomes)

Step : 2 .

U] (n

Figure 1: Schematic representation for the synthesis of fluorescein (FL) and SIO nanoparticle co-
entrapped niosomes (FL-SIO/NIO).

Characterization studies:

Fourier transform infrared (FTIR) spectra was recorded with the help of Perkin Elmer RX1
spectrometer by mixing 3 mg of the dried niosomes with KBR powder. This mixture was then
pressed by hydraulic pressure machine to form a pallet, which was then analyzed to record the
spectra in the range of 4000 to 400 cm™'.The magnetic properties of the niosomes were examined
via vibrating sample magnetometry (VSM) with the help of 3473-70 electromagnet amplifier
(CREST Performance CPX 900 power amplifier machine). For this, 2mg of the niosomes were

wrapped in a Teflon tape and placed inside the VSM machine to measure the magnetization.

https://mc04.manuscriptcentral.com/fm-nnm

Page 4 of 21



Page 5 of 21

oNOYTULT D WN =

Nanomedicine
Future %=

e s ... Version: 19t June 2020
Medicine

Article Body Template

The hydrodynamic sizes of the 10 nanoparticles and SIO/NIO magnetosomes were calculated by
dynamic light scattering (DLS) measurements. Herein, diluted aqueous dispersion of the samples
were poured into a glass cuvette and analyzed using a NANO-ZS series MALVERN
ZETASIZER. The samples were also analyzed by transmission electron microscope (TEM).
Herein, the aqueous dispersion of the samples was drop coated and dried on a copper grid (Ted
Pella USA), and then examined by TECNAI G2-30 U TWIN TEM instrument. Before drying of
the film, it was negatively stained by using 2% aqueous dispersion of phosphotungstic acid.
Selected area electron diffraction (SAED) analysis for crystalline diffraction pattern, and energy
dispersive spectroscopy (EDAX) for elemental analysis were also carried out using the same

instrument.

UV-Visible and fluorescence spectra were recorded to examine the optical properties of the
samples. UV-Visible spectra of FL-Micelles, blank NIO and FL-SIO/NIO were recorded by
using Shimadzu UV-1601 spectrophotometer. Fluorescence spectra were recorded using Cary

Eclipse fluorescence spectrophotometer (Varian, Palo Alto, CA).

Study of drug release and activity

To study the release pattern of entrapped FL from magnetosomes, niosomes and tween-80
micelles, 2 mL aqueous dispersion of the FL-SIO/NIO, FL-NIO and FL-Micelles were taken in a
dialysis bag and suspended against DDW for a period of 5 days. Because of the low cut-off pore
size (14 KD) of the dialysis bag, only free FL can diffuse out of the membrane into the bulk
water. We have examined the percentage of the FL released per day by measuring the optical

density of the bulk water using fluorescence spectrophotometer at Ay, = 480 nm.

ABMDMA [9,10-anthracenediyl-bis(methylene)dimalonic acid] bleaching assay was used for
the detection of singlet oxygen generation following photo-irradiation of FL, by observing the
decay in absorption at 380nm via UV-Visible spectroscopy. In a typical experiment, 20uL of the
sodium salt of ABMDMA (15 uM) was mixed separately with various samples (FL-SIO/NIO,
FL-NIO and FL-Micelles) dispersed in water, having the final normalized concentration of

2.5uM for FL in each case. The solutions were irradiated for 0, 5 and 10 mins in a 3 ml vial

https://mc04.manuscriptcentral.com/fm-nnm
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using blue light (50 mW/cm?). Then, the optical densities at 380 nm were recorded in the UV-

Vis spectrometer as a function of irradiation time.

In vitro studies

The cellular uptake study of FL-Micelles and FL-SIO/NIO was carried out by fluorescence
microscopy of treated cells, as well as fluorometric analysis of treated and lysed cells.
Fluorescence microscopy was done by treating two sets of 35 mM cell plates, containing Panc-1
cells seeded overnight at ~ 60% confluence, with FL-Micelles and FL-SIO/NIO (each with 3.0
uM of FL). Cells treated with equivalent amount of placebo (non FL-loaded) SIO/NIO
magnetosomes (0.5 mg/ml) were used as controls. External magnetic field was applied by
placing the rare earth bar magnet (5 cm x 5 cm) below the one set of plates for 10 mins, while the
other set did not receive any external magnetic guidance. After incubating all the plates for two
hours, they were washed with PBS and observed directly under a Nikon Eclipse Ti2 inverted

microscope for imaging.

In addition to this, the cellular uptake was also analysed by fluorometric analysis of lysates of
treated cells. Here also, two sets of 35 mM cell plates containing seeded Panc-1 cells were
treated with the same samples at the similar concentrations, as discussed above. External
magnetic field was applied to only one set of the treated cells, as discussed before. After
incubating for two hours, all the plates were washed with PBS and treated with 1% Triton-X 100
(lysis solution). The lysates were scraped, homogenized, and centrifuged to separate the cellular
debris. The fluorescence recovered from the cellular lysates were examined by measuring the
fluorescence intensity of FL (A = 490 nm and A., = 540 nm), which semi-quantitatively

correlates with the FL uptake in the cells.

The cell viability (MTT) assay was carried out after treating 35 mm plates, containing Panc-1
cells seeded overnight (confluence ~ 60%), with FL-Micelles and FL-SIO/NIO, in the presence
and absence of external magnetic force. The final concentration of FL in each well was taken as
3uM of FL in 150 pg/ml of FL-SIO/NIO and 3uM of FL-Micelles. External magnetic force was
applied for 10 mins to half of the plates by placing a rare-earth bar magnet (5 cm x 5cm)

https://mc04.manuscriptcentral.com/fm-nnm
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underneath them. All the treated plates were then incubated for 2 hrs, washed with PBS,
replenished with fresh media, and incubated again. Then, one set of the plates were irradiated for
10 mins with blue light (50 mW/cm?) and returned to the incubator. After 48 hrs of incubation,
cell viability was measured by adding 100uL of MTT reagent (5 mg/mL in FBS) to each plate
and further incubation for 2 hours. Then, the media was aspirated and ImL of DMSO was added
in each well to dissolve the formazan crystals. The optical density was measured at 570 nm
spectrometrically and the percentage cell viability calculated by arbitrarily assigning the viability

of untreated cells as 100%.
Results:

FTIR spectral data was studied to examine the effect of various coatings over the surface of 10
NPs. In Figure:2(a), the band appearing at 580 cm! represents the stretching vibration of Fe-O
bonds in 10 NPs. The appearance of the absorption bands at around 1083 and 796 cm! in SIO
and SIO/NIO are probably due to the stretching vibrations of Si-O-Si group. The suppression of
the peak at 580 cm! (Fe-O) represents the silica coating over the surface of 10 NPs. In addition
to this, further suppression in the characteristic peaks of SIO nanoparticles confirms the

entrapment of SIO within the vesicular system.

(a) | (k)] — 10
10 5 - SIO/NIO 0
lE!:g_u;m} 3 50 B G S
- E (e
3 L 30
]
> § 10
g ~3 = ®
8 "% (7961083 0m) e H -10000 5000  -10 5000 10000
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FeO e - =
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Figure 2:(a) FTIR spectra of iron oxide (10), silica coated iron oxide (S10), and SIO entrapped within
niosomes (S10/NI0O), or magnetosomes. (b)Magnetization curve showing superparamagnetic nature of
10 and SIO/NIO.
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VSM method was used at room temperature to determine the magnetic properties of 10 and
SIO/NIO, as shown in Figure:2 (b). The saturation magnetization (Ms) obtained from the
magnetization curve were found to be around 61.8 and 53.3 emu/g, respectively, for 10
nanoparticles and SIO/NIO magnetosomes. This slight decrease in the value of saturation
magnetization in SIO/NIO is possibly because of the existence of a magnetically unresponsive

silica and niosomal layers over the IO nanocore [36].

TEM analysis was carried out to obtain the size and morphology of the iron oxide (IO)
nanoparticles and SIO/NIO magnetosomes, as shown in Figure:3(a,b). The average size of the 10
nanoparticles was found to be around 8 nm (Figure:3a), whereas 30-50 nm spherical structure
was observed in case of the prepared SIO/NIO magnetosomes (Figure:3b). The presence of few
(3-5) SIO nanoparticles are observed within single magnetosomes. The polydispersity of these
magnetosomes can be reduced in future with more precision synthesis. The hydrodynamic
diameter of the samples was calculated using dynamic light scattering (DLS) technique
(Figure:3, c,d). The average size was found to be around 14 nm and 75 nm, for IO (Figure:3c)
and SIO/NIO (Figure:3d), respectively, with more polydispersity in the later. The size obtained
for these samples using DLS were found to be in agreement with the size calculated by TEM
analysis; the slight enhancement in the size observed in the hydrodynamic diameter as measured

by DLS is attributed to the hydration layer covering the samples.

https://mc04.manuscriptcentral.com/fm-nnm
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Figure 3: TEM images (a), (b), and DLS graphs (c), (d ) of iron oxide (10) nanoparticles and SIO/NIO

magnetosomes.

(Figure:4 a,b) represents the EDAX spectra of the IO nanoparticles and SIO/NIO magnetosomes,

determining the elemental composition in the given sample. The spectra shows the presence of

Fe, O in case 10 (Figure:4a), and Fe, O, Si, C, O in case of SIO/NIO (Figure:4b). The additional

elements observed in the SIO/NIO magnetosomes are due to the silica and niosomal coatings on

the iron oxide nanocores.
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Figure 4: EDAX spectra of (a) Iron oxide (10) nanoparticles and (b) SIO/NIO magnetosomes.

Figure:5a represents the UV-visible absorption spectrum of FL entrapped tween-80 micelles
(FL-Micelles) with the appearance of the characteristic absorption peak of fluorescein at 490 nm.
The loading of FL in FL-SIO/NIO magnetosomes was observed by comparing the emission
spectra (peak at 520 nm) of FL-Micelles and FL-SIO/NIO magnetosomes (Figure 5b), which
were recorded at an excitation wavelength of 490 nm. The data shows that the emission peak of
FL is retained when it is entrapped within the magnetosomes, albeit with lower intensity as
compared to that of FL-Micelles of normalized optical density. This partial signal attenuation of
FL entrapped within magnetosomes is probably due to its entrapped condition, and/or the
proximity to iron oxide nanoparticles (a known emission quencher). Nevertheless, the data shows

that FL is indeed entrapped within the magnetosomes and retains its emission pattern.

Release studies of FL from FL-SIO/NIO magnetosomes, along with that from FL-NIO niosomes
and FL entrapped within tween 80 micelles (FL-Micelles),were examined at 37°C (Figure: 5c¢).

An almost similar sustained release pattern, with about 75-80 percent release of FL within span

https://mc04.manuscriptcentral.com/fm-nnm
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29 Figure 5:(a)UV-Vis spectra of FL-Micelles, (b) Emission spectra of FL-Micelles, FL-SIO/NIO
30 magnetosomes, and SIO/NIO magnetosomes. (c) Percent Release (%) of fluorescein from FL-NIO
31 niosomes, FL-SIO/NIO magnetosomes, and FL-entrapped tween-80 micelles.
32
33 of 5 days, was observed for both FL-entrapped niosomes (FL-NIO) and magnetosomes (FL-
34 . . .
35 SIO/NIO), while only 40 % FL was released from the tween 80 micelles. This shows the FL has
g? a better release pattern from the niosomal/magnetosomal carriers as compared to that of micellar
38 carriers, probably due to that bilayered structure of the niosomes/magnetosomes. It is interesting
39
40 to note that none of the systems displayed burst release of FL. Overall, it can be concluded that
41 . . . . . .
4 these magnetosomes can be efficiently used in sustained drug delivery, which correlates with our
23 earlier report about the use of magnetically-doped niosomes for sustained release drug delivery.
45
46 Detection of singlet oxygen (10,) following photoirradiation of FL, in both free and entrapped
47 . . . .
48 states, was carried out using ABMDMA as a singlet oxygen ('O,) detector. ABMDMA is
:g bleached (observed by the reduction in its characteristic absorption peak at 380 nm) upon
51 interaction with singlet oxygen ('O,) via cycloaddition reaction of 'O, with the anthracene ring
52
53 of ABMDMA. A graph was plotted between natural log of (Ay/Ay) versus time (min), as shown
gg in Figure 6. The values of rate constant were calculated using the following equation: In
56
57
58
59
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([Ad/[Ag]) = -kt , where, [Ag] and [A] are the optical densities of ABMDMA before and after
blue light irradiation, respectively, ‘k’ is the first order rate constant for the quenching of
ABMDMA by 'O, and ‘t’ is the time of LED light irradiation. From the data (Figure 6), we
observed that the singlet oxygen photogeneration efficiency of FL is higher when it is entrapped
within niosomes (k = 0.0462 min'!) as well as magnetosomes (k = 0.0582 min-!), in comparison
to FL entrapped in tween-80 micelles (k = 0.025 min!) of the same concentration. This is
probably because of the higher release tendency of the photosensitizer from the niosomes and
magnetosomes as compared to that from the micelles. Overall, it can be concluded that the
photosensitizer activity of FL is not only retained, but also significantly enhanced, when it is

entrapped within the magnetosomes.

Time(min)

0 5 10

-0.1
-0.2
-0.3
-0.4

k= 0.025 min"'

In(AJA,)

-0.5 NN _ k=0.0462min"
—FL-Micelles e
-0.6

FL-SIO/NIO
0.7

FL-NIO k= 0.0582 min"
0.8

Figure 6: A plot between In (A,/ A, ) versus time(min) by measuring optical density of ABMDMA as a
Sfunction of time of light irradiation

Finally, Panc-1 cells (of human pancreatic cancer origin) were treated with these samples in
order to examine their cellular uptake, biocompatibility and PDT efficacy. The cellular uptake of
the samples was first probed by using fluorescence microscopy of treated cells. The phase

contrast and corresponding fluorescence images of the cells, treated with FL entrapped both in

https://mc04.manuscriptcentral.com/fm-nnm
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tween-80 micelles (FL-micelles) and in magnetosomes (FL-SIO/NIO), with and without external

magnetic force, is depicted in Figure 7. The phase contrast images (Figure 7: a, b, e, f) show that

FL-SIO/NIO FL-Micelles
| |

| 1 I 1
Phase contrast Fluorescence Phase contrast Fluorescence

with magnet

w/o magnet

Figure 7:(a,b) and (e,f) are the phase contrast images of FL-SIO/NIO and FL-Micelles respectively
with and w/o magnet, (c,d) and (g,h) are the fluorescence microscopic images of FL-SIO/NIO and
FL-Micelles respectively again in presence and absence of external magnetic field. Scale bars
represent 100pm.
all the treated cells have healthy morphology, indicating the non-toxic nature of both the
samples. The corresponding fluorescence microscopic images of the cells (Figure 7: ¢, d, g, h),
obtained using the FITC filter, show robust optical signal from the cytoplasm of cells treated
with FL-SIO/NIO magnetosomes, both with and without magnetic guidance (Figure 7: c, d). On
the other hand, no discernible fluorescence signal was obtained from cells treated with FL-
micelles (Figure 7: g, h). This means that FL entrapped in tween-80 micelles is poorly uptaken
by the cells; however, this uptake can be enhanced significantly upon their entrapment within the
magnetosomes. It is also worth commenting here that by simple visualization of the cellular
fluorescence, it is difficult to state whether magnetic guidance has further enhanced the cellular
uptake of FL-entrapped within magnetosomes. We have also observed that cellular entry of
nanoparticles is restricted to the cell cytoplasm, and no signal was observed within the nucleus.

However, we do not anticipate this to significantly hamper their therapeutic potential as for

https://mc04.manuscriptcentral.com/fm-nnm
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successful PDT, nuclear entry is not a strict requirement (unlike in gene therapy where nuclear

localization is desired) [37].

Next, the quasi-quantitative analysis of comparative cellular uptake of FL-micelles, and FL
entrapped in SIO/NIO magnetosomes, with and without magnetic assistance, was carried out by
estimating fluorescence from lysates of treated cells. It can be easily observed (Figure: 8a) that
the cellular uptake is higher in case of FL entrapped in magnetosomes, as compared to that of
FL-Micelles, thus validating the previous data (Figure 7). Furthermore, for the cells treated with
FL-entrapped within magnetosomes, the cellular uptake is enhanced on providing external
magnetic assistance, whereas no such enhancement is observed in case of FL-Micelles (p-

value<0.05).

120 .
120 ) u Non-Magnet (b) m Dark Light
[ Magnet 100
> 100 - ] [ I
— -
7 =) |
§ ® 3
£ 'S 60 I
8 60 —]
N )
o 4 e L
g 20
S [
. M ;
0 Non Magnet Magnet Non Magnet Magnet FL-Micelles
FL-SIOINIO Free FL FL-SIONIO SIOINIO

Figure 8:(a) Magnetically induced in vitro cellular uptake of Fluorescein entrapped tween-80(FL-
Micelles), fluorescein loaded FL/NIO magnetosomes. (b) Cell viability assay of Panc-1 cells treated
with FL-SIO/NIO magnetosomes, placebo SIO/NIO magnetosomes, and FL-micelles, without and
with 10 minutes of irradiation with blue light, in presence and absence of the external magnet. The
values were found to be statistically significant (p-value<0.05)

Finally, we carried out the photoactivated cell viability assay for FL-Micelles and FL-SIO/NIO
magnetosomes, with and without external magnetic assistance. Figure: 8(b) shows that in case of
cells treated with FL-Micelles the viability remains around 81% even after the blue light

irradiation, while the light induced cytotoxicity was found to be much increased in case of cells
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treated with FL-SIO/NIO magnetosomes, showing around 59.2% cell viability. After the use of
external magnetic assistance, there is further enhancement in light activated killing of the cancer
cells (only 30.5% cells remain viable). Placebo (non FL-loaded) magnetosomes (SIO/NIO) did
not show any dark or light-induced toxicity, even after magnetic targeting. Cells treated with FL-
Micelles also did not show any substantial dark or light induced toxicity, which can be attributed
due to the low cellular uptake of the micelles (p-value<0.05). Hence, these FL-SIO/NIO
magnetosomes can be efficiently used in magnetically guided photodynamic therapy for the

effective killing of the tumour cells.

Discussion: The efficacy of PDT is limited on a low tissue concentration, mainly explained
based on the limitation of photosensitizer penetration in to the target cancer cells. Efficacy can be
enhanced by magnetically assisted photodynamic therapy, technique with superior cancer killing
properties compared with PDT only. A combination of magnetic and PDT might further improve
the '0, generation on blue light irradiation. The efficacy of this combined approach has recently
been proven where magnetic metal organic framework were used for the magnetically aided

delivery of photosensitizer to cancer cells and resulted in the enhanced effect of PDT [38].

In present study, we observed significant decrease in the cancer cells viability (around 30%
higher) upon simultaneous light irradiation and application of an external magnetic field. For this
purpose, iron oxide nanoparticles were coated with silica shell and entrapped within SIO/NIO
along with the FL photosensitizer. We then used this assembly for in vitro analysis. The main
finding of our study is that around 40% increase in cellular uptake after the effect of magnetic
field which in turn increases the 'O, production over blue light irradiation for the effective

killing of cancer cells.

One limitation of FL is that it absorbs only in the low-tissue penetrating blue wavelength region
of the visible spectrum, thus making it unsuitable for treating deep-seating lesions using an
external light source [37]. However, for treating deeper lesions FL can be easily replaced by
other, longer wavelength (e.g. NIR) absorbing photosensitizers within the same ‘magnetosome’
set-up. Overall, using a proper combination of safe and biocompatible photosensitizers, magnetic

nanoparticles and non-ionic surfactants, a photosensitizer-doped magnetosome nanoformulation

https://mc04.manuscriptcentral.com/fm-nnm



oNOYTULT D WN =

Nanomedicine
Future %=

e s ... Version: 19t June 2020
Medicine

Article Body Template

can be potentially developed for treating patients with diseases such as cancer and microbial

infections in the clinic.
Conclusion:

In this work, silica-coated iron oxide (SIO) nanoparticles and photosensitizer fluorescein (FL)
co-entrapped within niosomes, termed as magnetosomes, were prepared. The magnetosomes
show efficient loading of the FL and a controlled release of the photosensitizer was observed. /n
vitro studies showed the appreciable cell uptake of the magnetosomes by cancer cells, which is
further enhanced by applying the external magnetic assistance because of their
superparamagnetic nature. Cell viability assay showed effective killing of cancer cells in the
presence of blue light irradiation, which is further enhanced with the help of magnetic targeting.
Hence, these magnetosomes have promising applications in magnetically guided photodynamic

therapy.
Future Perspective:

The advent of vesicular system represents a significant advancement in the field of magnetically
induced photodynamic therapy. The current assembly of these nanoparticles have shown
advantages for photodynamic therapy by enhancing the uptake in presence of external magnetic
field. The successful applications of magnetically induced PDT in vitro confirmed the broad
potential of these nanoparticles for future in vivo studies. Because of the superparamagnetic
behavior, these nanoparticles are excellent candidates as probes for magnetic hyperthermia. The
ability to load two different types of drugs at a same time in a single nano-assembly represents
an additional value in the design of novel drug delivery platform. It may open new possibilities
in the field of nanomedicine and can provide various synergistic effects. Further studies with
these nanoparticles should focus on investigating the targeted delivery of nano-assemblies for

enhanced efficacy.

Summary Points:

e Double layered niosomes loaded with iron oxide NPs and Fluorescein were synthesized

and named as FL loaded magnetosomes.
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5
? e FL loaded magnetosomes produce singlet oxygen upon blue light irradiation because of
8 the presence of Fluorescein and showed magnetic properties because of entrapped iron
9
10 oxide nanoparticles.
:; e ABMDMA photobleaching assay shows higher singlet oxygen production in FL- loaded
1 i magnetosomes in comparison to free FL.
15 e [nvitro studies were done using PANC-1 cancer cell lines.
16
17 e External magnetic field significantly increases the cellular uptake of the magnetosomes
12 and killing of cancer cells by PDT.
;? e Fluorescence microscopic images showed enhanced cellular uptake of the magnetosomes
22 aided by external magnetic field.
23
24
25
26
27 Figure Legends:
58 g g
29 . . . > . .
30 Figure 1: Schematic representation for the synthesis of fluorescein (FL) and SIO nanoparticle co-
g; entrapped niosomes (FL-SIO/NIO).
33
34 Figure 2:(a) FTIR spectra of iron oxide (I0), silica coated iron oxide (SIO), and SIO entrapped
35
36 within niosomes (SIO/NIO), or magnetosomes. (b)Magnetization curve showing
2573 superparamagnetic nature of 10 and SIO/NIO.
39
40 Figure 3: TEM images (a), (b), and DLS graphs (c), (d ) of iron oxide (IO) nanoparticles and
41
42 SIO/NIO magnetosomes.
43
2‘5‘ Figure 4: EDAX spectra of (a) Iron oxide (IO) nanoparticles and (b) SIO/NIO magnetosomes.
46
47 Figure 5:(a) UV-Vis spectra of FL-Micelles, (b) Emission spectra of FL-Micelles, FL-SIO/NIO
48 .
49 magnetosomes, and SIO/NIO magnetosomes. (c) Percent Release (%) of fluorescein from FL-
g? NIO niosomes, FL-SIO/NIO magnetosomes, and FL-entrapped tween-80 micelles.
52
53 Figure 6: A plot between In (A/A, ) versus time(min) by measuring optical density of
54 . . . . ..
55 ABMDMA as a function of time of light irradiation
56
57
58
59
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Figure 7:(a,b) and(e,f) are the phase contrast images of FL-SIO/NIO and FL-Micelles
respectively with and w/o magnet, (c,d) and (g,h) are the fluorescence microscopic images of
FL-SIO/NIO and FL-Micelles respectively again in presence and absence of external magnetic

field. Scale bars represent 100um.

Figure 8:(a) Magnetically induced in vitro cellular uptake of Fluorescein entrapped tween-80(FL-
Micelles), fluorescein loaded FL/NIO magnetosomes. (b) Cell viability assay of Panc-1 cells treated with
FL-SIO/NIO magnetosomes, placebo SIO/NIO magnetosomes, and FL-micelles, without and with 10
minutes of irradiation with blue light, in presence and absence of the external magnet. The values were

found to be statistically significant (p-value<0.05)
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