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Abstract. This study considers capturing of FePt nanopariitla magnetic field when the
particles are injected into a stream of flowinguldy A roller pump is used to induce a flow of
water at several flow rates to assess the growkHeBt aggregation near magnetic field source.
The particles are injected into the system usimgi@o syringe pump at different flow rates.
The aggregations are observed with a microscopese®uently some estimation is performed
with respect to a magnetic hyperthermia, which gag of a method for treating undesirable
biological entities in blood vessels.
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Introduction

Research on medical application of paramagnetiopeicles is increasing in such fields
as magnetic drug targeting, magnetic hyperthermss, of contrast agents, controlled cell
growth etc. However, so far there have been nansldior proposing a system that would
include magnetic hyperthermia system as a subsy&emliminating biological entities in
human blood vessels. Combined with magnetic cagiusubsystem for capturing of magnetic
or/and paramagnetic nanoparticles one could effilsieaddress problem of eliminating
biological substance comprising atherosclerosisaicertain stage of development of said
disease. So far only theoretical estimations wergeedor working principles of such a system.
The working material in such a system is colloidalution of magnetic or/and paramagnetic
nanoparticles, which is compatible with human véecaystem. Two main requirements for
such a working material can be derived: chemicatiBty in working environment, magnetic
properties that allow efficient capturing of the gnatic/paramagnetic nanoparticles within a
safe-to-use magnetic field, and subsequent heafinigveloped aggregation. Here we address
controllability of FePt paramagnetic nanoparticles,be more precise - their clusters. The
working environment requires particles to have nadigation large enough to be able to
withstand the forces induced on nanoparticles eir thlusters by a stream of a liquid having
flow rate of 20 ml/min — 60 ml/min. The diameterlofmen of said flow path is ~2 mm. These
are parameters @irteria radialis located in an arm [1]. Thus particles are subpkbtevelocity
of a liquid from 1,59 m/min to 4,78 m/min at thentre region of liquid flowing environment.

FePt nanopatrticles

According to research [2], iron-platinum nanopdaescare a promising material for use in
magnetic hyperthermia. The reasons are that ineptesof high Curie temperature, high
saturation magnetization and high chemical stgbiitachieved. But it is hard to synthesize
them with average diameter larger than 5 nm witfoum size. This represents a problem,
because such small particles are hard to contiobumagnetic field because of insufficient
magnetic susceptibility, subsequently insufficier@gnetic driving force acted on particles. The
holding force is directly proportional to particlemgnetization and their size. Although particle
size is limited to ~ 9 nm, average diameter of teliss of FePt nanoparticles can be ~50 nm.
Magnetization graph of colloidal solution of FeRinoparticle used in our experiment is given
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in Fig. 1. Average size range of: particles ~ 6 timjr clusters ~ 50 nm. Density of particles in
a colloidal solution was 2.9-f0g/ul. The sample was produced in Prof. Y. Kitamoto
Laboratory in Department of Innovative and EngieeerMaterials, Tokyo Institute of
Technology.
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Fig. 1. Magnetization curve of solution of FePt nanopéesic
Experimental setup

Primary objective of the experiment was to evaluttte aggregation of the FePt
nanoparticles of a colloidal solution near a souzoee of a magnetic field. To create an
efficient trapping zone for paramagnetic nanopkesi¢two square (20 mm x 20 mm x 20 mm)
neodymium permanent magnets (grade — 35, attrastigtion force - 16,704 kgf) were used at
two sides of a glass tube. At the middle zone, mmM from each magnet, of the glass tube a
magnetic field of ~6000 Oe was generated.

Distilled water (viscosity #=1x10° Pa s) was used as the stream fluid, which was pdmp
using Masterflex L/Sdigital drive pump at several different flow ratds. this case, as this
experiment is intended to get some insight in thieraction of magnetic field captured
nanoparticles and a liquid flow in a nearly cyliiwaét body, to be more precise - likeanteria
radialis, the minimum desirable flow rate in experimen2@ml/min. The diameter dimenof
a. radialisis > 1.6 mm; the glass tube, in which the aggiiegaif particles is monitored, inner
diameter is 2 mm (length 100 mm). Tubing of the saliameter as the glass tube was used to
supply water into the glass tube. The FePt nanigfestwere injected into the system using a
micro syringe driveAS ONEwith a 500 ul syringe. FePt based colloidal fluids supplied into
the water stream at the beginning of glass tubetwidng with inner diameter of 1 mm.
Sedimentation observations were done using micpeEsé&impus SZX7 with attached digital
camera.

Experiment using a FePt sample

The starting fluid flow rate in glass tube was 1nmin. Because it is unknown at what flow
rates particles can aggregate near the magnefiotheate was chosen randomly. The sample
colloidal solution was injected into the water flomt a 10 pl/min rate. Each time after
dispensing 50 ul of paramagnetic solution a pictuae taken of the area of particle aggregation
near the wall of glass tube besides a magnet. Bsiitefficient to use only one magnet, when
using two magnets (facing each other with diffeqgsies) the glass tube is put closer to one of
two magnets to ensure the aggregation of partatiekesired location. Distance from the centre
of the glass tube to tHe magnet is about 3 mm and to tRemagnet is about 6 mm. In Fig. 2a
one can see particle aggregation after injectedpt colloidal suspension.
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From Fig. 2 it can be clearly seen that aggregatimes not “grow” after initial clumping of
nanoparticles. In this case the limit of “growthgight is limited by the stream velocity, which
is different at different regions going from wafltbe glass tube to its centre. At flow rate of 10
ml/min, the height (direction from the wall of tubethe centre) of the aggregation is ~0.7 mm.
And the aggregation is formed ~5 mm downstream fttben centre axis of the magnets.
Afterwards the flow rate of water was increased %oml/min, leaving the colloidal suspension
injection rate at 10 pl/min. In Fig. 3 one can akegthat the amount of aggregated particles is
significantly diminished. Analogously to the prewf case, the particle aggregation amount
does not change in time after it reaches certaimuai(after about ~20 pl).

a) 3 Il ¢
Fig. 2. Aggregation of FePt nanoparticles at the fluidvilmte of 10 ml/min, colloidal solution injection
rate — 10 pl/min: a) after dispensing ~10 pl of tHedsed c.s.; b) after disp. 50 pl of c.s.; c)rafisp. 200
ulof c.s.

a) g E | \ 'S
Fig. 3. Aggregation of FePt nanoparticles at the fluidvilmte of 15 ml/min, colloidal solution injection
rate — 10 pl/min: a) after dispensing 50 ul of Hefded c.s.; b) after disp. 150 pl of c.s.; c)raftsp. 250
ulof c.s.

In the last trial (Fig. 4) the water flow rate wast to 20 ml/min, leaving the colloidal
suspension injection rate at 10 pl/min. An aggregatvas formed at about 7 mm from the
centre of magnets centre line. It is worth noticihgt the sedimentation forms further and
further from the centre of magnet centre line witbrease of the flow rate. Formed clusters
tend to migrate (total length of path is ~5mm)te tentre line and backwards. It happens due
to working principle of roller pump (three rollessibsequently are squeezing the tubing thus
producing pulsating flow).

a 1 b i c :

Fig. 4. Aggregation of FePt nanoparticles at the fluid flate of 20 ml/min, colloidal solution injection
rate — 10 pl/min: a) after dispensing 50 pl of Hefed c.s.; b) after disp. 100 pl of c.s.; c)raftep. 150
ulof c.s.
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When it was established, that any further incréadéow rate is unnecessary, because the
aggregation size cannot be increased/decreasepfly to desired amount (if necessary), like
at the flow rate of 10 ml/min, the flow rate wad imcreased anymore. Lastly injection rate was
increased to 50 pl/min, leaving the flow rate atn2dmin. The effect — increase of amount of
aggregated particles (Fig. 5).

Fig. 5. Aggregation of FePt nanoparticles at the fluidvilmte of 20 ml/min, colloidal solution injection
rate — 50 pl/min: a) after dispensing 50 ul of Hefded c.s.; b) after disp. 100 pl of c.s.; c)raftsp. 150
ul of c.s.

Results and discussion

Major drawback of the experiment is that the liquikd in experiment to induce flow was
3-4 times less viscous than target viscosity of eal rsystem, as blood viscosity is
~3.10° - 4-10° Pa's (at 37 °C) while viscosity of the distillecatar is ~1:18 Pa:s.
Nevertheless, the goal of the experiment was tceedtigate the way particles undergo
aggregation, magnitude of the magnetic field neededhe particles to aggregate and what
flow rates of the main stream, in a cylindrical4sbd body, the particles can hold up their build-
up. At the flow rate of water of 10 ml/min and @itlal solution of FePt particles injection rate
— 10 pl/min the in a 2 mm inner diameter glass tilieebuild-up is formed downstream in the
third part at the magnet face area. Increasingflthe rate of the water to 15 pl/min and
subsequently to 20 pl/min it becomes clear thatigles cannot withstand the drag force
induced by flowing liquid which becomes grater thie@ force on a volume of a magnetic liquid
which is given by [3]:

F=F4t+Fnm Q)
whereF, is gravitational force anBl, is magnetic traction force. The sum can be furitrgtten
as:

F=pVg+uy-MV-0H/0z g/g (2)
whereV is given volume of magnetic fluigh is the density of the magnetic fluigg is the
magnetic permeability of a vacuuiM, is the magnetization of the fluitl is the magnetic field
strengthpH/oz is the vertical magnetic field gradient agnés gravitational acceleration.

According to formula increase in volume of magnetaticles will produce larger magnetic
traction force, which is magnetic capturing foréais might also be applied taking volume as
volume of individual clusters of nanoparticles.idtself-evident, that the greater volume of
particles is grouped the grater magnetization thagnetic response to the applied field. The
experiment demonstrated that in the case of FeRtr@ynetic nanoparticles the size of clusters
(average size ~50 nm) is not sufficient. Experimentaled that increasing the input volume of
colloidal solution, thus nanoparticles, into theeam also increases aggregation of particles at
the said area in the glass tube. As one might reaffitient magnetic response of paramagnetic
nanoparticles in a stream of water>20 ml/min flow rate it will be impossible to reashme
effect in a stream of a liquid with 3-4 times geraviscosity. Presumably, a successful
application of paramagnetic FePt nanoparticleshin ¢ase of a liquid with higher viscosity
depends whether it is possible or not to produdet articles of size 100 nm or grater. Also,
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considering magnetic hyperthermia, a crucial fadsothe powerP absorbed (dissipated) by
nanoparticles of volum¥ given by [4]:
_ MSZHI: V o ird
2kTt 1+ w?c2 3)
where H, is an ac magnetic field amplitudey angular frequencyMs is saturation
magnetizations is Neel relaxation time and is temperature.

Nevertheless, according to research [2], [4], H3]0nm to ~40 nm diameter of nanoparticles
(FePt ~10 nmy-Fe0; and FgO, ~15-25 nm, FeCo ~30-40 nm) is optimum for achigvin
maximum heating rate. Thus further research isgsary to establish a ratio between the size of
nanoparticles, their concentration and input rate the stream to achieve capturing of required
amount, yet to be determined, of nanoparticlegfficient heating rate.

Conclusions

From experimental results it is evident that Feftiples of bigger size are necessary. In
this experiment particles of ~5 nm to ~10 nm, whicimed clusters of ~50 nm, were used. It
was necessary to determine the flow rate of watevhéch the particles can be stopped at a
considerably large amount: even at water viscdsity10® Pa-s at 25 °C), flow rate ~10 ml/min
is limit for considerable aggregation of said Fe®@toparticles. Considering that blood viscosity
is ~3-10° — 4-10° Pa-s (at 37 °C) it should significantly decredse amount of aggregated
particles event at this rate of fluid flow or prevérom forming at all. Next step is to use larger
particles and their clusters, also include usingOgeand FgO, for capturing in a stream of
liquid with near-to-blood viscosity.
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