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Abstract: An investigation to measure the flow behavior ofgmetic nanoparticles through a 100
microchannel is conducted. The magnetic field jsliad externally by a permanent magnet and by uaing
micro-PTV system it was possible to measure ther fi@havior of magnetic nanoparticles at different
flow rates and magnetic fields through a i80glass capillary. A strong dependence on both etagn
and hydrodynamic force is observed on the nanapestifluidic paths. Based on these in vitro studies,
important parameters and issues that require fudthd@erstanding and investigation are point out.
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INTRODUCTION

Magnetic nanopatrticles are used in a variety ofrigidical applications such as hyperthermia, drugyeisi,
bioseparation and MRI contrast agents [1-3]. Drelivéry using magnetic nanoparticles is a more psong
application since it is a noninvasive technique ngh@gh efficiency could be achieved. The advanizgjeg
magnetic nanoparticles in drug delivery is thatauld be used for localized drug delivery wherdas t
conventional drug delivery methods would resultling associated side effects. The magnetic nariolesrt
for biomedical applications are usually coated wattbiocompatible surfactant layer which prolongs th
circulation time of the nanoparticles in the blodthe size of the magnetic nanoparticles shouldebs than
100 nm to prevent its capture by mononuclear phagagystem [4]. Though magnetic nanoparticles nési
below 50 nm could be easily synthesized and dispetthie polymeric coating would render the partiife

to more than 50 nm [5]. Hence magnetic nanopastiolesmaller sizes are preferred. When the sizéhef
magnetic nanoparticles becomes smaller, thermabxagbn would be dominant and result in
superparamagnetism. Superparamagnetism is a phanaraeising due to the dominance of thermal energy
over anisotropy energy (KT>KV). The thermal enedyyd anisotropy energy are given by kT and KV
respectively, where k is the Boltzmann constang the temperature, K is the magnetocrystallins@nbpy
constant and V is the volume of the particle. Thpesparamagnetic particles would exhibit close ¢z
coercivity and hence could be controlled easilyeljernal magnetic field. However the superparamiagne
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nanoparticles are hard to saturate and henceuiresgsufficiently larger field. Thus it would beeantageous
to use magnetic materials which show larger saturahagnetization even at low magnetic field. Eida)
shows the typical hysteresis loop at room tempegdiar magnetic materials with high K afio) shows the
hysteresis loop for a superparamagnetic materiad. difference in magnetic parameters such as adtgrci
and saturation magnetization is obvious from tgelfi
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Figure 1: (a) Typical hysteresis loop at room temperature foiigh iK magnetic material angb) hysteresis loop for a
superaparamagnetic material. The superaparamagnaticial shows negligible coercivity.

Although smaller magnetic particles are preferdbiebiomedical applications, for applications swashdrug
delivery, the particles should be able to respandrn external magnetic field even at a larger sejuar. This
requires that the magnetic nanoparticles shouldbéxiery large saturation magnetization. FeCo &rdare
the magnetic materials with very large saturatioagnetization of 240 and 218 emu/g respectively [6].
Although FeCo has higher saturation magnetizatibie, biocompatibility and surface modification are
difficult to achieve. On the other hand Fe partctd very high magnetization could be easily sysitex
through chemical methods [7]. The biocompatibiltyuld be achieved by a Fe-oxide layer over the Fe
particles [8] as the biocompatibility of Fe-oxidisswell known. However when the particle size beesm
smaller, the Fe particles naturally undergoes diidaand the large surface area of smaller pagialith Fe-
oxide layer would reduce the saturation magnetizatThis is illustrated in Fig.where larger Fe particles
would show higher magnetization.
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Figure 2: (a) Fe nanopatrticles of smaller size have lower magg@in due to the larger fraction of Fe-oxide laged
(b) larger Fe particles show higher magnetizationtdugegligible Fe-oxide layer.



The Fe particles of various sizes could be syntiegsusing techniques such as inert gas condensatitn
chemical methods such as borohydride reductiomptaledecomposition and polyol process [9, 10]. The
chemical methods such as polyol process is higtilyaatageous since the Fe particles could be fraa fr
contamination and surface modification is also iidss The surface modified nanoparticles could thent
dispersed in a biocompatible fluid and injectea itite blood stream and targeted to specific sissguan
external magnetic field [11]. The drug deliveryigfincy for the magnetic nanoparticles to reachciige
target is influenced by various factors such ameéter of the circulatory path, force due to blolmavfand the
magnetic field. Magnetic particles of larger sizmild be delivered through the venule and artenah®se
radius ranges from 8 um to 0.07 mm whereas partide should be less than 100 nm to pass through
capilaries [12]. Generally magnetic nanoparticlgstisesized will have a distribution in sizes andsthihe
magnetization and flow characteristics in a fluitl wary with size. For a single particle, the fescacting on
the particle in a fluid can be obtained from Nevisdaw

mddL—F +F, +F, (1)

Where m, and v, are the mass and velocity of the particle, is the magnetic force given by

= (/,1 D),uf H wherey, is the effective magnetic dipole momeptjs the permeablhty of the fluid
andH is the external magnetic field. The drag forcetenparticleF; is given byF, = 6777R (V -V )
where is the viscosity of the fluidR, andv, are the radius and velocity of the particle and; the veI00|ty
of the fluid.Fg is the sedimentation force due to density diffeeebetween the particles and flukg,.is given
by Fg =ApVQg, whereAp is the density differencé/ is the volume of a particle, amgis the gravitational
acceleration.

Most research in microcirculation has involved eipental studies using optical techniques mainlgause
they are less invasive for measuring the flow fighbwever, the fact that measurements of blood fiow
microcirculation need to be performed at very srsallles, have limited the number of flow measurémen
techniques suitable for this purpose. For instandBl and ultrasonography are not suitable to obtain
quantitative flow information in microvessels mgimue to their poor spatial resolution. The majodf the
works performed in the past to measure velocityileof blood flowin vivo andin vitro are the double-slit
photometry, video microscopy and image analysid,laser-Doppler anemometry. Recently, the considera
progress in computers, optics and digital image@ssing techniques made possible to successfuitpioe

the conventional PIV system with an inverted micogse [13]. This combination, known as micro-PIVsha
greatly increased the resolution of conventional;Ris a result, this technique was been recenthd us
investigate biological flow behavior in microchaln§l4-19]. However, to our knowledge micro-PIV/PTV
measurements of physiological fluids containing nedix nanoparticles was not performed in glass
capillaries. The present study aims to measureexatliate the flow behavior of magnetic nanopauice
different flow rates and magnetic fields throughOfum glass capillary by means of a micro-PTV system.

MATERIALS AND METHODS

Working fluids, microchannel and magnetic field

The working fluid used in this study was Dextran dix40) seeded with magnetic nanoparticles with
diameters of 25 nm (Fe25). The microchannel usethig study was a 10@m circular borosilicate glass
microchannel fabricated by Vitrocom (Mountain Lakig, USA). The microchannel was mounted on a slide
glass (~120um thick) where it was immersed in a fluid (glyc@rah order to minimize some possible
refraction from the walls of the microchannel. (§égure3).
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Figure 3: Diagram showing the components of the microchadeeice.

Figure 4 shows a schematic illustrating the effect of statiagnetic field on the magnetic nanoparticles.
Briefly, a permanent magnet was attached into aleesnd the strength of the magnetic field wase¢hby
changing the position (L) of the magnet. By placihg needle around the middle plane of the micnocbk
we were able to create a magnetic field of 0.25m@ @4mT. The magnetic field was measured by uaing
Gauss meter (GM-301, Denshijiki).
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Figure 4: Diagram showing the effect of the magnetic fiefdtiee magnetic nanopatrticles.

Experimental set-up

The microvisualization system used in this studgliswn in Figureb. The system consists of an inverted
microscope (IX71; Olympus, Japan) combined withightspeed camera (Phantom v7.1; Vision Research,
USA). The circular microchannel was placed on tlages of the inverted microscope and by using axgeri
pump (KD Scientific, USA) a pressure-driven flowsMeept constant at 0.38/min which corresponds to a
Reynolds of ~ 0.01. All the images were captureduad the middle of the microchannels with an air
immersion 6& objective lens with a numerical aperture (NA) dqua0.9. The flow images were first
recorded with a resolution of 64480 pixels, at a rate of 200 frames/s (time intenfa5 ms) and then
digitized and transferred to a computer to be eatell by using a Phantom camera control softwar&QP)



a Image J (NIH) [20] and by a manual tracking MKkh¢21] plugin. As a result it was possible to kac
clusters of nanoparticles flowing within the michaanel.
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Figure 5: Experimental set-up to investigate the effectrofaternal magnetic field on the fluidic paths loé imagnetic
nanoparticles.

RESULTS AND DISCUSSION

Flow visualization

Figures6-10 show the effect of a local electromagnetic foroettee flow behavior of magnetic nanoparticles
with a diameter of 25nm and a flow rate of Qui&in and 3%l/min. Additionally by changing the position of
the permanent magnet we were also able to vargttbagth of an external magnetic field. As a reguktas
possible to investigate the migration behavior @gmetic nanoparticles in an applied magnetic field,,
0.25mT and 0.4mT.

Magnetic field of 0.4mT

First we investigated the effect of a magnetiadfief 0.4mT on the nanoparticles flow behavior tiytoa 100
pm circular microchannel. Figure 6 shows clearlyttfiar a flow rate of 0.25ul/min the magnetic
nanoparticles tend to attach to the wall side wiieeemagnetic force is applied. It is also possiblebserve
that the concentration of the nanoparticles teriddmease as a function of time.
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Figure 6: Effect of the local electromagnetic force on tlemoparticles flow behavior in a circular microchahfor a
flow rate of 0.254//min. Magnetic field of 0.4mT.

Figure 7: Effect of the local electromagnetic force on tlenaparticles flow behavior in a circular microchahfor a
flow rate of 35ul/min. Magnetic field of 0.4mT.

We also carried out qualitative measurements tedtigate the effect of the flow rate for a magnéétd of
0.4mT. Figure7 shows that for a flow rate of 38/min there is no visible aggregation of nanopéetcon
wall of the microchannel. It means that the floweratrongly influence the binding capacity of thagmetic
nanoparticles to attach on the microchannel surface



Magnetic field of 0.25mT

We also investigated the effect of a weaker magrietid of 0.25mT on the nanoparticles flow forlaw rate
of 0.25ul/min. The results from Figure 8 show smaller antooinmagnetic nanoparticles when compared
with Figure6. This phenomenon is due to the decrease of exteragnetic field.

t=1000 ms t=1250 ms

Figure 8: Effect of the local electromagnetic force on tlemoparticles flow behavior in a circular microchahfor a
flow rate of 0.254//min. Magnetic field of 0.25mT.

Tracking clusters

By using an high speed camera the flow images vez@rded at a rate of 200 frames/s (time interal ims)
and then by using a manual tracking MTrackJ pldgm Image J (NIH) it was possible to track clustef
nanoparticles flowing within the microchannel, aswn in Figure® and10.

Magnetic field of 0.25mT and flow rate of 0.25 gd/min

Figure9 shows the trajectories of nanoparticles flowingniddle (Tk2) and near the wall of the microchannel
(Tk1). For the case of the middle nanoparticlesapglied magnetic field (0.25mT) seems not to feterin
its trajectory. A possible explanation is the highgdrodynamic force acting on the nanoparticlesnvh
compared with the magnetic force generated by #termal magnet. In contrast the nanoparticles fhawi
near the wall the trajectories tend to change thajectories due the magnetic field strength. FBd0 clearly
shows the effect of the applied magnetic field lo@ instantaneous velocities on the cluster 1 (ki 2
(Tk2). The results from the cluster (Tk2) flowingoand the middle of the microchannel indicates that
velocity tend be nearly constant. The deviationseoled in cluster 2 may be mainly due to the tragki
method used in the present study and not to thenet&gfield. On the other hand, the cluster (TKaing
near the wall suffer not only an abrupt change terflow direction but also a significant decreaseits
velocity, with values initially around 0.5 mm/s dowo nearly 0 mm/s.



Figure 9: The effect of the local electromagnetic force ba tisplacement of cluster 1 (Tk 1) and 2 (Tk &wihg
through a 10Qum glass capillary. Magnetic field of 0.25mT.
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Figure 10: The effect of the local electromagnetic force ba instantaneous velocities of cluster 1 (Tk 1) andk 2)
flowing through a 10@um glass capillary. Magnetic field of 0.25mT.

CONCLUSIONS AND FUTURE DIRECTIONS

The present study corresponds to the first attempheasure the flow behavior of magnetic nanogdasic
through a 100m microchannel by using a micro-PTV system. Althoug was not possible to track
individual nanopatrticles, the results demonstratedability of our system to measure clusters ofjmetic
nanoparticles generated by an external magnetid. fighe preliminary results show that the nanopkesi
fluidic paths are strongly dependent not only by thagnetic field strength but also by the hydrodyica
force. For instance, for a magnetic field of 0.4mdd flow rate of 0.25u/min the nanoparticles tend to
change their fluidic path and attach onto the weédéreas for the same magnetic field and higher fiate of
35 pl/min the magnetic effects are negligible. Furtkardies are needed to clarify the effect of theicsta
magnetic field on the flow behavior of magnetic oparticles.



In this study, the magnetic field was generatedidigig an external permanent magnet. In the fut@réntend
to study the flow behavior of magnetic nanoparsiclsder the influence of an alternating (AC) maignet
field. By using an alternating field the magnetanoparticles can generate heat and can be usedvak n
treatment technique to destroy tumours.

ACKNOWLEDGEMENTS

This study was supported in part by the followingards: Grant-in-Aid for Science and Technology
(PTDC/SAU-BEB/108728/2008, PTDC/SAU-BEB/105650/20&8d PTDC/EME-MFE/099109/2008) from
the Science and Technology Foundation (FCT) and €8ME, Portugal and Grant-in-Aid for Scientific
Research (S) from the Japan Society for the Pramotf Science (JSPS; No0.19100008). We also
acknowledge the support from the 2007 Global COBgRmM “Global Nano-Biomedical Engineering
Education and Research Network”.

REFERENCES

[1] Pankhurst QA, Connolly J, Jones SK, Dobson Jlisptions of magnetic nanoparticles in biomedicidePhys. D:
Appl Phys 2003; 36: R167-81.

[2] Tartaj P, Morales MP, Verdaguer SV, Carreno T&&rna CJ. The preparation of magnetic nanopartices
applications in biomedicine. J Phys D: Appl Phy82036: R182-97.

[3] Berry CC, Curtis ASG. Functionalisation of magnetanoparticles for applications in biomedicine.hy$D: Appl
Phys 2003; 36: R198-206.

[4] Sachdeva MS. Drug targeting systems for catteenapy. Expert Opin Invest Drugs 1998; 7: 1849-64.

[5] Gupta AK, Gupta M. Synthesis and surface engjimg of iron oxide nanoparticles for biomedicalpbgations.
Biomaterials 2005; 26: 3995-4021.

[6] Cullity BD, Graham CD. Introduction to magneti@atarials. Wiley, NJ, 2009.

[7] Joseyphus RJ, Matsumoto T, Sato Y, JeyadevaroBjj K. Role of Polyol on the formation of Fe paltis. J Magn
Magn Mater 2007; 310: 2393.

[8] Peng S, Wang C, Xie J, Sun S. Synthesis andlig&tton of monodisperse Fe nanoparticles. J Amr@isoc. 2006;
128: 10676-7.

[9] Hyeon T. Chemical synthesis of magnetic nanaglag. Chem Comm 2003; 927-34.

[10] Cushing BL, Kolesnichenko VL, O'Conoor CJ. Recedvaamces in the liquid-phase syntheses of inorganic
nanoparticles. Chem Rev 2004; 104: 3893-946.

[11] Jeong U, Teng X, Wang Y, Yang H, Xia Y. Supmaamagnetic colloids: controlled synthesis and eigpplications.
Adv Mater 2007; 19: 33-60.

[12] Arruebo M, Pacheco RF, Ibara MR, Santamariaagmétic nanoparticles for drug delivery. Nanotog@97; 2: 22.

[13] Meinhart C, Wereley S, Santiago J. PIV measer@mof a microchannel flow. Exp Fluids 1999; 274-49.

[14] Lima R, Wada S, Tsubota K, Yamaguchi T. Confonaro-PIV measurements of three dimensional psfif cell
suspension flow in a square microchannel. Mead &chinol 2006; 17: 797-808.

[15] Lima R. Analysis of the blood flow behavior ¢tlugh microchannels by a confocal micro-PIV/IPTV eyst
PhD(Eng.), Bioengineering and Robotics Departmeolhdku University, Japan, 2007.

[16] Lima R, Ishikawa T, Imai Y, Takeda M, Wada Sarvaguchi T. Radial dispersion of red blood cellblood flowing
through glass capillaries: role of heamatocrit gadmetry. J Biomech 2008; 41: 2188-96.

[17] Lima R, Wada S, Tanaka @t al. In vitro blood flow in a rectangular PDMS microcimel: experimental
observations using a confocal micro-PIV system. Bidrivlicrodevices, 2008; 10, 2: 153-67.

[18] Fujiwara H, Ishikawa T, Lima Rat al. Red blood cell motions in a high hematocrit blolmvfng through a stenosed
micro-channel. J Biomech 2009; 42: 838-43.

[19] Lima R, Ishikawa T, Imai Y, Takeda M, Wada Sn¥aguchi T. Measurement of individual red blood cedtions
under high hematocrit conditions using a confocatoaPTV system. Ann Biomed Eng 2009; 37, 8: 1546-59

[20] Abramoff M, Magelhaes P, Ram S. Image proceggiith Image J. Biophotonics Int 2004; 11: 36—42.

[21] Meijering E, Smal |, Danuser G. Tracking in lexular bioimaging. IEEE Signal Proc Mag 2006; 28+ 5



