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High-throughput large scale microfluidic assembly of iron oxide
nanoflowers@PS-b-PAA  polymeric micelles as multimodal
nanoplatforms for photothermia and magnetic imaging

Emilia Benassai,® Ana C. Hortelao,? Elif Aygun,®* Asli Alpman,®¢ Claire Wilhelm,® Emine Ulku
Saritas,>¢ and Ali Abou-Hassan*®¢

Magnetic nanoparticles have been extensively explored as theranostic agents both in academic and clinical settings. Their
self-assembly into nanohybrids using block copolymers can lead to new nanostructures with high functionalities and
performances. Herein, we demonstrate a high-throughput and scalable method to elaborate magnetic micelles by the
assembly of iron oxide magnetite nanoflowers, an efficient nanoheaters, and an the block copolymer
Poly(styrene)-block-poly(acrylic acid) via a microfluidic-assisted nanoprecipitation method. We show that the size and
shape of the magnetomicelles can be easily tuned by modulating the residence time in the microfluidic channel. In addition
to their biocompatibility, we demonstrate the potential of these magnetic nanohybrids as multimodal theranostic platforms
capable of generating heat by photothermia and functioning as negative contrast agents in magnetic resonance imaging and

as imaging tracers in magnetic particle imaging. Notably, they outperform currently commercially available particles in terms

of imaging functionalities.

Introduction

Iron oxide nanoparticles (NPs) are outstanding candidates in the field
of biomedical applications due to their superparamagnetic
properties and biocompatibility.3 They are used as multimodal
theranostic agents in nanomedicine, such as in magnetic resonance
imaging (MRI), or more recently magnetic particle imaging (MPI),
drug delivery, magnetic hyperthermia, magnetic targeting and
manipulation.4? In addition to such panel of functionalities, the
possibility to use magnetic nanoparticles as hot spots for heat
generation under light stimulation by photothermia (PT) was
demonstrated recently adding to the realm of therapeutic modalities
of these NPs.10-14 Among these efficient magnetic nanoparticles
photothermally competent, polyol synthesized magnetite iron oxide
nanoflowers (IONFs), have shown excellent photothermal
conversion when excited in the therapeutic near infrared biological
windows which were maintained in cellulo.1? 1516

Polymers are extremely diverse materials that can assemble in a
variety of different shapes with acceptable sizes for biomedical
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applications. 17 In particular, block copolymers (BCPs) are gaining
increasing attention as nanocarriers as they are formed by more than
two different polymeric moieties, each one presenting very peculiar
physicochemical properties. 18 19 The most used block copolymers
are made of one, or more, hydrophilic moiety and one, or more,
hydrophobic moiety and the resulting molecules possess a mixed
nature with interesting solubility (amphiphilic) features. Assembly of
preformed inorganic NPs and BCPs is a great strategy for the
elaboration of multifunctional nanohybrids of different hierarchical
structures and length scales with high performances and
functionalities.20-22

Poly(styrene)-block-poly(acrylic acid) (PS-PAA) is one of the most
frequently studied BCPs.22 It has been proposed in numerous
examples for drug delivery purposes in different forms mostly in the
micelle one.2426 PS-b-PAA micelle formation thermodynamics and
kinetics were fully studied and described by Adi Eisenberg and co-
workers, as well as the influence of many parameters over their
shape control in bulk syntheses.l” Considering the remarkable
magnetic and optical properties of IONFs and the useful role of block
copolymers, one might consider combining both functionalities in a
hybrid nanocomposite. Hybrid nanocomposites are usually obtained
in bulk solution by self-assembly using the modified co-solvent
protocol: hydrophobic nanoparticles such as oleate-modified iron
oxide NPs are added to the solution of polymer in an aprotic solvent
like tetrahydrofuran (THF) and water is gradually added.?? Iron oxide
NPs spontaneously assemble and localize in the micellar hydrophobic
core by hydrophobic interactions. In literature, the self-assembly of
magnetic NPs and PS-b-PAA BCP has been used as a strategy for
formulation of nanohybrids with different spatial organizations. Kim
et al?’” used a co-solvent method to efficiently encapsulate
maghemite y-Fe,03 nanoparticles into PS;so-p-PAA13 micelles, and ,
Hickey et al.28 studied the assembly of PS-b-PAA under different
batch synthesis conditions. Nonetheless, the literature is still scarce
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regarding the specific production of PS-b-PAA magnetomicelles and
the characterization of their functionalities in the frame of
biomedical applications.
Nowadays, some of the greatest challenges in the elaboration and
use of nanoparticles or assemblies in biomedical applications
concern achieving scalable and highly reproducible synthesis
methods.2%-33 In this domain, microfluidics is a powerful strategy for
the elaboration of inorganic building blocks and may be promising
for their assembly into greater multifunctional hierarchical
structures including into hybrid inorganic polymeric micelles.34-38
Indeed, the better mixing provided in microfluidic systems due to
their small scales compared to bulk methods, in addition due to the
continuity of the flow, allow generation of large quantities of any
nanostructure. When applied to the synthesis of polymeric micelles;
assemblies can be formed through a process of nanoprecipitation in
very short times and large scales.3% 40 41

Herein, we report the use of a microfluidic-assisted method for
the fast high-throughput and scalable assembly of magnetic micelles
by the nanoprecipitation method for theranostic applications. We
show the possibility to tune the morphology and size of the
assemblies depending on the residence time conditions in the
microfluidic ~ system. Among the different assemblies,
magnetomicelles with a diameter of roughly 49 nm were chosen as
potential candidates for biomedical applications. Their optical
properties and photothothermal functionalities in the biological
window have been evaluated and compared to the bare iron oxide
nanoflowers. We show that encapsulation in the micelle structure
did not induce changes in their photothermal response. In addition,
magnetic micelles can be used as negative contrast agents locally
reducing the signal in MRI. Furthermore, we show that these
particles rare biocompatible and have superior imaging tracer
performance than that of commercial MPI contrast agents, such as
Vivotrax® and Perimag®. Overall, our results demonstrate that the
magnetic micelles can be considered as efficient multimodal
nanoplatforms for theranostic applications.

Experimental

Chemicals & cells: All products listed are of analytical purity grade
and they are used without further purification. Reagents and
washing solvents are hydrochloric acid (HCl, 37%), nitric acid (HNO3,
68%), ammonia (NH3, 20%), ethanol (96%), acetone (>99%), diethyl
ether (Et,0, 100%), methanol (99.5%), all furnished by VWR
International; trisodium citrate dihydrate (CsHsNasz07.2H,0), oleic
acid (>90%) and tetrahydrofuran anhydrous (THF, 99%) are supplied
by Merck. The block copolymer polystyrene-b-poly(acrylic acid)
(PSa1000-b-PAA4200) is provided by Polymer Source, Inc (Canada).
Microfluidic material is supplied by Cluzeau info labo (C.I.L., France)
and consists of: a cross stainless-steel micromixer (10-32 for inner
tubing 10/16"”, 0.040”), Teflon PFA tubing (10/16”, 0.040”) and a
PEEK tubing (360 pum x 150 pum, 0.006”). Human glioblastoma cells
U87-MG (U87) were purchased from ATCC, Dulbecco’s Modified
Eagle’s Medium (DMEM), heat inactivated foetal bovine serum (FBS)
and penicillin-streptomycin were purchased from Life Technologies.
Calcein-AM (2 95.0 %) is purchased from Merk.

Synthesis of IONFs: The bulk synthesis of IONFs was performed using
Fe(Ill) as the only precursor, as previously reported.l> Hexahydrate
ferric chloride (1.62 g, 6 mmol) was mixed in 80 mL of a mixture of
DEG and NMDEA (1:1, v/v) until complete dissolution. In parallel,
sodium hydroxide was dissolved in 40 mL of the same DEG/NMDEA
mixture; the alkaline solution was added to the iron precursor
solution under magnetic stirring 1 hour before raising the
temperature. Lastly, 500 pL of MilliQ water was added to the

2 | J. Name., 2012, 00, 1-3

reaction batch according to Hemery et al.*2 and the temperatyre was
increased under reflux up to 220°C. After cooling|thespartislesonese
magnetically separated and washed in HNO3 (10%) to remove excess
iron salts and confer to the NP surface a stabilizing positive charge;
then twice with ethanol and acetone, before dispersing the final
product in MilliQ water.

Surface Modification of IONFs: The surface of IONFs was modified
by grafting citric acid, to improve water-solubility, and oleic acid, to
obtain a stable ferrofluid in aprotic polar solvents. In brief, tri-sodium
citric acid salts were dissolved in the aqueous ferrofluid, in a mole
ratio Ncy.Na,0,/Mhp €qual to 0.13. The solution was heated to boil
for 40 minutes and after cooling the product was washed thrice with
acetone and twice with ethyl ether, before being dispersed in MilliQ
water. Ammonia solution was added equimolarly to liquid oleic acid
(10 = nOA/nm,) and magnetically stirred, in order to obtain a white
thick mixture. At this point, also the IONF aqueous suspension was
added and the solution was let stir for 10 minutes at room
temperature. Afterwards, the temperature was raised to 50°C for 30
min and the product was separated from the solvent by magnetic
separation. It was also washed three times with 60 mL of methanol,
and, after the last washing step, methanol was removed and a shiny
precipitate was obtained; the final product was dispersed in
tetrahydrofuran anhydrous. The oleate-coated IONFs were used for
the microfluidic synthesis of magnetic micelles, while citrated IONFs
(for simplicity called later in the text IONFs) were used as a control in
all experiments.

Microfluidic elaboration of magneto-micelles: Magnetomicelles
were formed by nanoprecipitation: two solutions of PS-b-PAA (Mn =
41,000-b-4200, 1.8 g/L) and IONF@OAs (0.2 g/L) were mixed in a
ratio of 4:1 v/v to prepare a stock solution that was ultrasonicated
for some minutes before use. Three ECP2000 Analytical HPLC pumps
(ECOM spol. s r.o., Czech Republic) were connected to a stainless-
steel cross junction: one central inlet was connected to the 150 um
PEEK tube and it was used for injecting the solution of block
copolymer and IONFs in THF; two symmetrical inlets were used to
pump MilliQ water. The outlet consisted of a flow focusing system,
with water surrounding a THF focalised stream. Water and THF were
pumped into the system in a 7:1 v/v ratio (alJat variable total flow
rates (Qwt = 0.4 — 22.8 mL/min). All syntheses were conducted in
triplicate, to assess reproducibility. After synthesis, a mass of MilliQ
water equal to half of the total mass of the fluid mixture was rapidly
added to quench the growth of micelles and preserve the obtained
conformation. The resulting solution was collected in a pear-shaped
flask to eliminate THF through rotary evaporation (BUCHI rotavapor
R-210, connected to a BUCHI vacuum pump V-700 and employing a
BUCHI heating bath B-491). The micellar water suspension was
filtered with a 0.45 um Minisart® filter unit (Sartorius, Gottingen,
Germany), it was let to precipitate on a permanent magnet and the
pellet was collected and washed thrice with MilliQ water and
subsequently stored at 4°C.

Nanostructure’s characterizations: The morphology of the NPs was
imaged using a JEOL-1011 transmission electron microscope
operating at 100 kV. Size distributions were determined using the
opensource Imagel software, manually measuring 300 NPs on at
least three different images. The resulting histograms were modelled
by a log-normal law using Igor Pro 7 software to determine the mean
physical diameter (drem) and the polydispersity (orem) of each sample.
The total iron concentrations of NPs suspensions were measured by
atomic absorption spectroscopy (AAS, PinAAcle 500, PerkinElmer) by
degrading the samples in concentrated HCI (37%) before a dilution in
HNOs (2%). Dynamic light scattering and zeta potential
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measurements were performed on a Malvern Zetasizer Nano-ZS.
UV-Vis-NIR spectra (400-1100 nm) were recorded at room
temperature in a 1 cm quartz cuvette using an Avantes
spectrophotometric setup composed of an Avalight-DHc lamp
connected by optical fibers to a StarLine AvaSpec UV/Vis detector
and to a NIRLine AvaSpec-NIR256-1.7 NIR detector. Aqueous
suspensions were measured by VSM analysis in a static magnetic
field comprised between -1 Tand 1 T at 300 K.

Photothermia Measurements: Infrared PT experiments were carried
out using a 0.5 mL Eppendorf® containing 50 pL of the NP
suspensions excited for 300 s by a NIR laser (808 nm or 1064 nm,
power density = 0.28 W/cm2) coupled to an optical fiber from Laser
Components SAS (temperature increase is measured by an infrared
camera FLIR SC7000. The specific loss power (SLP) variations as a
function of total iron concentration was modelized according to: 43
PO 11

Mg

SLP(4) =

Where Po(l) is the incident laser power (W.cm?2) at the excitation
wavelength A, 7(l) is the light-to heat conversion efficiency in
photothermia at the excitation wavelength |, A(A) is the absorption
at a given laser wavelength (A1) and is obtained by the Beer-Lambert
law and me. is the total mass of iron in the sample, expressed in g.
MRI Measurements: MRI contrast agent performances of IONFs and
IONFs@PS-b-PAA magnetomicelles were measured, in comparison
with two different commercially available nanoparticles Perimag
(Micromod GmbH, Germany) and Vivotrax (Magnetic Insight Inc, CA).
The initial Fe concentrations of each sample were 25.4 mM for IONFs,
7.83 mM for IONFs@PS-b-PAA, 151.8 mM for Perimag, and 98.2 mM
for Vivotrax. For each sample, dilution series with concentrations
ranging between 0.01-0.5 mM Fe were prepared in doubly distilled
water, with final volumes of 1.5 mL for each vial. T; and T, relaxation
times of each dilution series were measured on a 3 T MRI scanner
(Siemens Magnetom Trio) using a 32-channel head coil. For
measuring r; relaxivity, an inversion recovery turbo spin echo
sequence was utilized to acquire T1-weighted images at 11 different
inversion times (TI) ranging between 24-1900 ms. For measuring r,
relaxivity, a single-echo spin echo sequence was utilized to acquire
T,-weighted images at 16 different echo times (TE) ranging between
8.5-1000 ms. The acquisition matrix sizes were 256 x 256 for T:-
weighted images and 128 x 102 for T,-weighted images. Other
imaging parameters for both sequences were TR = 2000 ms, 12 x 12
cm? field-of-view (FOV), and 4 mm slice thickness. To determine the
T: and T, relaxation times at each concentration, MRI images were
analyzed using an in-house MATLAB (Mathworks, Natick, MA) script.
A fixed size region of interest (ROI) was drawn and placed over the
relevant image region of each vial in the dilution series. T; was fitted
using pixel intensities from T;-weighted image ROIs of each vial as a
function of TI, via a two-parameter signal recovery curve. T, was
fitted using pixel intensities from T,-weighted image ROIs of each vial
as a function of TE, via a monoexponential signal decay curve. Finally,
r1 and ry relaxivities were determined via linear fitting to the inverses
of T1 and T for the dilution series of each sample as functions of
concentration, respectively, using the following relations:

Here, r; and r, are the relaxivities in mM-s1, C is the Fe
concentration of each vial in the dilution series with the

This journal is © The Royal Society of Chemistry 20xx
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corresponding T, and T, relaxation times, and T, 5 and, T, o, are the
longitudinal and transverse relaxation timed©f theoFsediinmoioy the
absence of contrast agents, respectively.

MPI Measurements: MPI imaging tracer performances of the IONFs
and IONFs@PS-b-PAA magnetomicelles were measured using an in-
house magnetic particle spectroscopy (MPS) setup.** This setup
measures the time-varying magnetization response of the IONPs
under AC magnetic fields and is utilized to characterize MPI
performance in terms of sensitivity and resolution capabilities. A
sinusoidal drive field at 15 mT amplitude and 10 kHz frequency was
applied to excite the sample, and the signal was received
simultaneously via inductive signal reception. Undiluted samples
were prepared in 0.2 mL PCR tubes. The initial Fe concentrations and
volumes of each sample were 25.4 mM and 50 uL for IONFs, 7.83 mM
and 125 pL for IONFs@PS-b-PAA, 151.8 mM and 50 pL for Perimag®,
and 98.2 mM and 50 pL for Vivotrax®. The signal at the fundamental
harmonic (i.e., at 10 kHz) was discarded, and the signal at higher
harmonics were utilized for evaluations. The MPI performances of
the samples were then compared in terms of 5th-to-3 harmonic
ratio where higher values indicate improved resolution capability,
and in terms of relative signal intensity normalized by Fe content
where higher values indicate improved sensitivity capability.
Determination of aggregation parameter in DMEM: Samples were
studied in water or DMEM supplemented with 2 mM citrate at room
temperature using a backscattering angle of 173°. The aggregation

. _ (dy-drem)
percentage parameter 5agg was calculated according to: 5agg— T

where dy is the hydrodynamic diameter and drem the diameter
deduced from TEM measurements.

Cell Culture: Human glioblastoma cells U87-MG (U87, ATCC) were
cultured at 37°C and 5% CO, in DMEM, supplemented with 10% FBS
and 1% penicillin-streptomycin. U87 were cultured on disposable 96-
well plates at an initial seeding density of 25000 cells per well. Cell
viability was evaluated after 4 hours and overnight (~16 hours)
incubation of NPs (0.05 mM, 0.1 mM, 0.25 mM, 0.5 mM, 0.75 mM
and 1 mM) at 37°C and 5% CO,. When IONF@citrate were used, the
culture medium was supplemented with additional citrate (2 mM) to
maintain the colloidal stability. Once internalization was completed,
cells were washed twice with phosphate buffered saline (PBS)
solution and incubated for 1 hour with 100 uL of a solution of calcein-
AM dye (3 pM) diluted in PBS. Fluorescence emission was then
quantified by an automatic plate reader [Aex = 494 nm, Aem =517 nm).

J. Name., 2013, 00, 1-3 | 3
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Results & discussion

Tuning IONFs@PS-b-PAA assemblies and their scaling up by
microfluidics

L l

1,0 gradint

THF gradient

IONFs@PS-b-PAA
QR cisionsin AP
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VMRI vMPI

Magnetic Micelles

il

500 nm
—

=@ °
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Figure 1. Top scheme shows the microfluidic strategy used for the high-throughput
synthesis of IONFs@PS-b-PAA polymeric magnetic micelles developed for photothermia
(PTT), magnetic resonance imaging (MRI) and magnetic particle imaging (MPI). The two
inlets of water and the outlet tubes of the flow focusing microreactor have an inner
diameter of 1 mm, while the flow-focusing tube injecting the THF suspension has an
inner diameter of 300 um. Upon mixing by interdiffusion, self-assembly of IONFs and PS-
b-PAA occurred resulting in the formation of final IONFS@PS-b-PAA magnetomicelles. a)
TEM image of magnetic iron oxide nanoflowers (IONFs) before encapsulation and its
relative size distribution histogram. b) and c) TEM images of IONFs encapsulated in the
polymeric micelles using different residence times during the microfluidic fabrication. d)
Evolution of the magnetomicelles average particle size (dTEM) with residence time, error
bars represent standard deviation. e) Proposed two-step mechanism of magnetic
micelles formation through nucleation (Nu) and growth (Gr) steps by nanoprecipitation
in the microfluidic channel.

The continuous flow synthesis of IONF@PS-b-PAA magnetomicelles
was achieved using a flow-focusing microfluidic system as
schematized in Figure 1. In this system, water was symmetrically
injected from two inlets of a cross mixer with the same flow rate Q;
and Q,, while PS-b-PAA block copolymer and hydrophobic oleic acid
coated IONFs dispersion in a THF solution was injected in the centre
of the system (see Table S1 for exact flow rates). Water encircled the
focalized stream of THF and the two fluids eventually mixed in the
interdiffusion region of the system resulting in the self-assembly and
encapsulation of IONFs and PS-b-PAA into a final magnetic micelle.
Before inducing any self-assembly, we started by synthesizing the
magnetic building block of the magnetomicelles. For this, magnetite

4 | J. Name., 2012, 00, 1-3

IONFs were synthesized using the polyol process according to our
previously established method,’> followsd: 1byo3heisN urface
modification with oleic acid for dispersion in THF. Figure 1a shows
the transmission electron microscopy (TEM) of the as-synthesized
IONFS and their size distribution histogram fitted by a log normal law
with an average diameter measured by TEM ({(drem)) and
corresponding polydispersity index ({ orem)). After this, we proceeded
to the assembly of the IONFs and PS-b-PAA to form magnetomicelles.
Considering the work of Wang et al.%> on the synthesis of PS-b-PAA
nanoparticles in a multiphase microfluidic reactor, where the
authors associated the increase in the flow velocity of the solvent to
the increase in nanoparticle size and shape transition from micelle to
bicontinuous rods, we we first studied the effect of variable total
flow rates (Qiwt, Table S1) and, consequently, residence times (t =
V/Qiot Where V is the volume of the channel, see Table S1) on the
final assemblies. The ratio of the flow rates of water/THF was kept at
7 which was found the best ratio for the formation of
magnetomicelles based on a series of optimization. Figures 1b and c
depict the TEM images of the as synthetized magnetomicelles, and
their corresponding experimental parameters are summarized in
Table S1. Assemblies of different shapes, including spherical, can be
obtained depending on the flow conditions. For instance, at low
residence times (Figures 1b) one or two IONFs are asymmetrically
embedded in a polymeric shell, in a conformation similar to a Janus
particle. On the contrary, when the residence time increased,
sphere-like shapes with the polymeric shell encircling almost the
totality of IONFs were formed (Figures 2c). The proposed explanation
is that for low residence times, the velocity of the flow (and shear
stress) is very high compared to the diffusion of the building blocks
that leads to non-coalescence and assembly into non spherical
shapes of the IONFs and the PS-b-PAA polymer.

We evaluated the size distribution for the magnetic micelles
obtained in each experimental condition (Figure S1 and Table S2),
extracting the average diameter (drem) and polydispersity (orem),
respectively. They show that magnetic assemblies with a size ranging
from 25 to 95 nm can be easily prepared by simply tuning the
residence time from 1 to 71 s. In all cases high-throughput
elaboration and scaling up was achieved due to the high total flow
rates (up to 22.857 mL-minl, as shown in Table S1), which is a
considerable improvement when compared to the previously
reported addition times of 10 pL/min for bulk syntheses.28 Finally,
the evolution of magnetic micelle’s size with residence time is shown
in Figure 1d. It was fitted to a double exponential profile with two
characteristic times. Considering an order of magnitude of solvent
diffusivities (D) of about 5 x 10°° m2/s and a mixing distance (w) of
300 Om, a mixing time tmix=w2/2D=9 s was calculated. We propose
that the two characteristic times in Figure 1d might be related to the
nucleation (my = 2 s) and growth (7 = 23 s) of the micelles,
respectively, as schematized in Figure le. This mechanism of
formation is in good agreement with other propositions found in the
literature for polymeric micelles.3® The zeta potential of citrated
IONFs and [|ONFs@PS-b-PAA assemblies and their relative
hydrodynamic diameter (dy) were measured at pH = 7 in water.
Citrated IONFs showed a value around -47 (L19) mV and dy of 35 [13
nm. In the case of the magnetomicelles d increased from 26 (sample
i) to 228 nm (sample vii) depending on the flow conditions in
agreement with the changes observed by TEM and the aggregation
parameter while an average zeta potential around 27 [14 mV was
observed for all magnetomicelles. These values agreed well with the
previously reported values on IONFs and other PAA-coated NPs.46,47

This journal is © The Royal Society of Chemistry 20xx
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Magnetomicelles are efficient in photothermia
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Figure 2. Characterization of the optical properties and photothermal function of IONFs
and IONFs@PS-b-PAA magnetomicelles. Determination from UV-Vis-NIR extinction
spectra of the gap energy (Eg) using a) Tauc plots and b) Urbach energy (Ey) using Urbach
plots. Temperature elevation as a function of exposure time after irradiation at a surface
power density of 0.3 W/cm?2 with a 1064 nm laser of c) IONFs (c) or d) magnetic micelles,
or after irradiation with an 808 nm laser source of e) IONFs or f) magnetic micelles;
Measured SLP values as a function of total iron concentration for g) IONFs and h)
IONFs@PS-b-PAA when exposed to a 1064 nm and 808 nm laser source (0.3 W.cm2),
black line: SLP fit function.

After their synthesis and physico-chemical characterization, the 49
nm diameter IONFs@PS-b-PAA magnetic assemblies were chosen as
candidates for the rest of the work, motivated by their size
compatible for theranostic applications. The first step was then to
investigate the impact of PS-b-PAA on the optical properties and
photothermal performance of the encapsulated IONFs. UV-Vis-NIR
extinction spectra of citrate-modified IONFs and IONFs@PS-b-PAA
magnetic micelles are shown in Figure S2a and S2b, respectively.
Both displayed the typical spectral profile of magnetite with an
increasing absorption towards 1100 nm as a signature of the
intervalence band (IVCT) of magnetite. The molar extinction
coefficients extracted from these Beer-Lambert plots at 1064 nm and
808 nm (€1064 nm and €sog nm) are shown in Figures S3a and S3b. It
shows higher extinction coefficients at 1064 nm compared to 808 nm
for both free and encapsulated IONFs, in agreement with the
presence of the IVCT band. After encapsulation of the IONFs in the
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PS-b-PAA shell, & increased respectively from 47 to 89 Lmoleet-em;?
at 808 nm and from 89 to 126 L.molg1.cm™! a1d064 nynoThesenaloes
of the free IONFs were in good agreement with previously reported
results.1>

To understand the origin of € increase after encapsulation, optical
simulations were carried out, based on Mie theory and using the Mie
Python module developed by S. Prahl.#8 The refractive indexes of
Fes04 (Table S3) and PS (Table S4) allowed to obtain the cross-section
profile of extinction, absorption and scattering of NPs (Figure S4). As
shown, the extinction profile of magnetite nanoparticles assumed
with a diameter of 49 nm was mainly dominated by absorption, while
the scattering contribution was neglectable. The situation was
reversed in the case of a PS nanoparticle of 49 nm diameter, showing
a scattering-dominated extinction profile (Figure S4b). In addition, at
808 nm and 1064 nm wavelengths the absorption of a hypothetical
49 nm diameter IONF (mainly due to absorption) was approximately
1000 times higher than the scattering of the 49 nm PS NP.
Consequently, the increase in €106 nm and €sos nm after the
encapsulation of FesO; NFs in the polymeric micelle may be
explained by the increased number of IONFs. Encapsulation of IONFs
in a polymeric shell may induce changes in the gap energy of the
nanoparticles and induce defects with direct consequences on the
final optical properties and photothermal activity.*® Consequently,
the extinction spectra were used, as described elsewhere, 550 for the
determination of both the gap energy (Eg) from Tauc plots and
Urbach Energy (Ey), as the latter directly translates the presence of
defects in the nanoparticles (Figure 2a and Figure 2b, respectively).
Band gap energies of 3.14 and 3.71 eV for the free and encapsulated
IONFs, respectively, were extracted demonstrating an impact of
encapsulation on IONFs. Such shift toward high energies can be
explained by the presence of the organic polymer shell with high
absorption in the UV area. However, the values of Eg were of the
same order of magnitude of those available in literature for magnetic
iron oxides i.e 3.42 eV.50.51 At the same time, Ey values of magnetite
samples before and after encapsulation showed a similar value of
0.42 eV, in good agreement with those obtained elsewhere for bare
Fes04 IONFs,1> establishing that neither their surface modification
with oleic acid nor their encapsulation with the polymeric shell
create defects in the NPs.

Next, considering the potential use of these magnetic micelles in the
realm of nanomedicine for photothermal applications, we evaluated
the photothermal conversion efficiencies of the nanomaterials. The
heating produced by the IONFs before and after encapsulation in the
PS-b-PAA micelles was assessed by measuring the increase in
temperature (for similar iron concentration) under the excitation of
1064 nm or 808 nm laser excitations, both with a power density of
0.3 W.cm2 (Figure 2c-f). This power density was chosen since it
represents the safe conditions for the surrounding healthy tissues if
photothermal therapy is applied in vivo. When excited with 1064 nm,
high AT of about 25°C was achieved with the IONFs at [Fe] =25.4 mM
in good agreement with previous reports. Concentrations over 10
mM of Fe are not likely to be reached in vivo. AT values around 15°C
can be still reached for both IONFs ([Fe] = 7 mM) and IONFs@PS-b-
PAA ([Fe] = 7.8 mM), when excited at 1064 nm showing that
encapsulation has little impact on PT at such concentrations. For all
nanostructures and Fe concentrations tested, heat generation under
1064 nm irradiation showed a slight increase of AT by ~ 1 — 1.5°C
compared to the 808 nm laser, which was attributed to the presence
of the IVCT. Specific loss power (SLP) of all samples was evaluated
with both laser sources (1064 nm and 808 nm) and at a biosafe
surface power density of 0.3 W/cm2. SLP values (obtained from the
heating curves shown in Figure 2) are reported as a function of Fe
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sample concentration. The parameter light-to-heat conversion (7)
was obtained for all sets of samples: it appears that light was
converted efficiently to heat and in the same way for free or
encapsulated Fe3;04 samples [ 30%) in the explored NIR region of
interest for biomedical applications. Higher SLP values were reached
at a similar Fe concentration when the 1064 nm source was used
rather than 808 nm, (7000 w/g Fe and 3600 w/g Fe, respectively, for
[Fe] = 1 mM) as shown in Figure 2g and Figure 2h). Therefore, these
results indicate that the encapsulation of IONFs in the polymeric shell
has no impact on their heating function.

Magnetomicelles as dual MRI and MPI imaging agents
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Figure 3. MRI and MPI performances for IONFs and IONFs@PS-b-
PAA magnetomicelles. Commercially available Perimag® and
Vivotrax® nanoparticles are used for comparison. Example a) Ti-
weighted and b) T,-weighted MRI images for the samples. MRI
contrast agent performances measured via c) r; and d) r; relaxivities.
The inverses of T; and T, relaxation time constants are plotted as a
function of concentration, with the slopes corresponding to r; and r;
relaxivities. e) MPI performances compared via normalized signal
amplitude plotted as a function of harmonic number. f) MRI and MPI
performances quantified in terms of r; and r; relaxivities for MRI, and
5th-to-3rd harmonic ratio and relative signal intensity normalized by
Fe content for MPI
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In MRI, IONPs are widely used as contrast agents fqf_applications
such as liver imaging, inflammation imaging): andogelb trackingc?
IONPs are classified as either positive contrast agents that locally
increase the MRI signal by shortening the longitudinal relaxation
time (T1), or as negative contrast agents that locally decrease the MRI
signal by shortening the transverse relaxation time (T.). The
performance of a contrast agent is determined via its longitudinal
relaxivity (r;) and transverse relaxivity (r,), with larger relaxivities
indicating higher positive contrast and negative contrast capabilities,
respectively. Magnetic particle imaging (MPI) is a rapidly developing
tracer-based imaging modality that images the spatial distribution of
IONPs in vivo, with applications such as cancer imaging, cell tracking,
and inflammation imaging.>® The image quality in MPI is highly
dependent on the properties of the IONPs, which prompted
numerous research groups to synthesize tracers tailored specifically
for MPI, demonstrating improved sensitivity and resolution when
compared to IONPs designed for use in MRI.5* 5> Figure 3 shows the
MRI and MPI performances of the IONFs and IONFs@PS-b-PAA, in
comparison with commercially available Perimag® and Vivotrax®
nanoparticles. Figures 3a and 3b shows example T;-weighted and T,-
weighted MRI images, respectively, depicting different pixel
intensities at different Fe concentrations. Figure 3b shows r; and r;
relaxivity curves for each sample, with numeric values provided in
Figure 3f. Higher relaxivities indicate improved MRI contrast agent
performance. Accordingly, for all nanoparticles, r, relaxivities are
considerably large and r; relaxivities are relatively small, indicating
that these nanoparticles can be classified as T,-agents or negative
contrast agents to locally reduce the signal in MRI.>¢ Both IONFs and
IONFs@PS-b-PAA have significantly larger r, relaxivities when
compared to commercial samples Perimag® and Vivotrax®,
indicating superior MRI performance as negative contrast agents.
The relatively reduced r, relaxivity of IONFs@PS-b-PAA when
compared to that of IONFs may be attributed to the fact that
nanoflowers are encapsulated in polystyrene core of the micelles,
reducing their access to the surrounding water molecules. Figure 3e
shows MPI performance of the tested samples, plotting the
normalized signal amplitude as a function of harmonics. Figure 3f
shows a list of the MPI performance metrics for the tested samples.
Slower signal decay at higher harmonics (i.e., high 5t-to-3rd harmonic
ratio) indicates good MPI resolution performance, and high signal
intensity per Fe content indicates signal efficiency, implying that a
reduced dose can be utilized to achieve the same signal in the case
of high signal efficiency. Accordingly, Perimag® has the highest 5t-
to-3d harmonic ratio, together with the highest relative signal,
indicating superior performance in terms of both resolution and
signal intensity. Note that this result is to be expected, as Perimag®
was custom designed for increased performance in MPI.57
IONFs@PS-b-PAA has the second-best performance in terms of both
5th-to-3rd  harmonic ratio and relative signal. While IONFs
nanoparticles have significantly higher relative signal than Vivotrax®,
their 5t-to-3rd harmonic ratios are similar. This latter result implies
that a larger portion of the nanoparticles that make up IONFs
contribute to the MPI signal (e.g., Vivotrax® may contain very small
IONPs that do not contribute to the signal but contribute to the Fe
content, thereby reducing its signal efficiency). The differences
between the IONFs and IONFs@PS-b-PAA can be attributed to the
potential differences in magnetic interactions among the IONFs in
these two cases. Accordingly, the interactions for IONFs@PS-b-PAA
enhanced its MPI imaging tracer performance over that for IONFs.

It has been shown in the literature that nanoparticles with core
diameter smaller than 10 nm do not contribute to the MPI signal,
whereas those larger than 20 nm exhibit dramatically slow

This journal is © The Royal Society of Chemistry 20xx
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relaxations that inhibit their MPI signal.8 Furthermore,
nanoparticles larger 20 nm may no longer exhibit
superparamagnetism, a requirement for MRI contrast capability.>®
The core diameter distribution of IONFs shown in Figure 1a falls
within this critical range of diameters, granting them simultaneous
MPI and MRI contrast capability. When compared to nanoparticles
presented in the literature, IONFs have core diameter comparable to
that of Prerimag® and slightly smaller than that of Resovist®.57
Previous work has shown that introducing selective zinc doping can
help improve both the MPI and magnetic heating performances of
nanoparticles.6® Another work has shown that co-encapsulation iron
oxide with hafnium oxide can enable dual MPI and computed
tomography (CT) contrast capability.6! The iron oxide nanoparticles
in the latter study had comparable core diameters to that of IONFs
in our work, but co-encapsulation with hafnium oxide caused a
reduction in their core diameter, with a drawback of reduction in MPI
resolution capability. While the effects of such doping or co-
encapsulation processes were not shown for MRI or photothermia,
they may also benefit IONFs presented in this work, further widening
their application areas.

Assessing the biocompatibility of the magnetomicelles
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Figure 4. Relative cell viability, expressed as a percentage, as a function of iron initial
dose (0.05 mmol-L%, 0.1 mmol.L?, 0.25 mmol.L%, 0.5 mmol.L%, 0.75 mmol.L't and 1
mmol.L1) for IONFs after a) 4 hours and c) overnight incubation with U87 cells; and for
IONFs@PS-b-PAA magnetomicelles after b) 4 hours and d) overnight incubation with U87
cells. All tests are conducted in triplicate and error bars stand for standard deviations.

Prior to testing the biocompatibility of the magnetic micelles,
dynamic light scattering (DLS) analysis was used to verify the colloidal
stability of the samples in cell culture medium. Figure S5 shows the
evolution of a parameter of aggregation (dag,), expressed as a
percentage, during 4 hours after the addition of the NPs to complete
DMEM. The sample hydrodynamic size was measured every 15
minutes at 37°C. Compared to the citrated IONFs, where complete
aggregation (over 90%) was observed (as well as sedimentation due
to the formation of big aggregates), the magnetic micelles displayed
only ~50% aggregation and no tendency for precipitation, showing

This journal is © The Royal Society of Chemistry 20xx
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that encapsulation of IONFs in the polymeric micelles improyes their
stability and therefore validating their potentialoino pamnsmenicine:
Next, to identify the best-suited conditions of incubation while
preserving the cellular viability, calcein-AM viability assays were
performed on U87 cells at different iron doses (0.05 mmol-L2, 0.1
mmol-L1, 0.25 mmol-L2, 0.5 mmol-L1, 0.75 mmol-L't and 1 mmol-L1)
and incubation times (4 hours and 24 hours). Figure 4 shows the
relative viability of U87 cells after being incubated with IONFs or
magnetic micelles for either 4h or overnight. Cell viability did not
reduce further than 75% even at the highest concentration of IONFs,
for both incubation periods (Figure 4a and c), which is in good
agreement with the well-known biocompatibility of citrate-coated
iron oxides documented in literature. 62 On the contrary, a 4-hour
incubation of U87 cells with magnetic micelles led to a dose-
dependent viability loss (Figure 4b). A similar, but less defined
tendency was observed after overnight incubation of
magnetomicelles (Figure 4d). This dose-dependent viability loss,
which was not observed for IONFs, could be due to effects of the
polymer on cell viability or to the increase in NP size. Despite this,
both IONFs and magnetic micelles show good biocompatibility which
enables their potential as theranostics agents, as they are
biocompatible at concentrations with good MPI and MRI signals.

Conclusions

In summary, we have successfully demonstrated a novel high-
throughput microfluidic-assisted method to fabricate
magnetomicelles based on a IONFs multicores and a PS-b-PAA. We
showed that by modulating the residence time in the microfluidic
channel, we could control the size and shape of the magnetomicelles.
Furthermore, we gained insights into the nucleation and growth
processes of the formation of magnetomicelles at a fundamental
level. Envisioning potential applications of these magnetomicelles as
theranostic agents, we evaluated their performance in
photothermia. Interestingly, we showed that despite having the
IONFs encapsulated in the polymer the light-to-heat conversion
remained unaffected. In addition, we explored the imaging
functionalities of these nanohybrids for magnetic imaging
techniques such as MRI and MPI and compared their performance
with the bare IONFs and two commercially available particles. We
showed that both IONFs and magnetomicelles hold promise as
negative contrast agents for MRI, and that the magnetomicelles
performed exceptionally well as imaging tracers in MPI. To further
validate the applicability of the magnetomicelles in theranostics, we
confirmed their biocompatibility by incubating them with a
glioblastoma cell line, demonstrating that they are biocompatible.
Altogether, these results underscore the potential of
magnetomicelles are great candidates to explore as multimodal
nanotheranostic agents, particularly as photothermal and imaging
contrast agents. Having established the properties and
multifunctionality of these nanohybrid magnetomicelles, our future
research aims to investigate the impact of biological processing on
their structure and theranostic performances.
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