Study of Galfenal direct cytotoxicity and remote microactuation in cells
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Abstract

Remote microactuators are of great interest inolgipland medicine as non-invasive intracellular station
tools. Remote actuation can be achieved by acti@gnetostrictive transducers which are capable ahgimg
shape in response to external magnetic fields Mlyerereating controlled displacements. Among the
magnetostrictive materials, Galfenol, the multiteceiron-based smart material, offers high magrettion
with robust mechanical properties. In order to emplthese capabilities for biomedical applicatioitsis
necessary to study the feasibility of material miniization in standard fabrication processes dsasecvaluate
the biocompatibility. Here we develop a technolofyy fabricate, release, and suspend Galfenol-based
microparticles, without affecting the integrity die material. The morphology, composition and mégne
properties of the material itself are characterjzedl the direct cytotoxicity of Galfenol is evakegin vitro using
human macrophages and osteosarcoma cells. In@ddititotoxicity and actuation of Galfenol microfieles are
evaluated using human macrophages. The biologaralnpeters analyzed indicate that Galfenol is ntitoyic,

even after internalization of some of the partidbgsmacrophages. The microparticles were remotelyated
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forming intra- and extracellular chains that did mopact the integrity of the cells. The resultsgwse Galfenol

as a suitable material to develop remote micro&atsidor cell biology studies and intracellular hpgtions.
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1. Introduction

The development of biological or biomedical micemtfomechanical systems (BioMEMS) has created
multipurpose tools able to individually addresschiemical [1] or mechanical [2] processes carriedbyucells.
Besides their sensing abilities, there has beawaigg interest in the actuation features offergdHese devices
through electric [3], mechanical [4] or magnetig¢ {&rces. With the introduction of smart materiaito these
devices, it has been possible to achieve exterradigressable control, avoid tethering problemsilitze
targeting, and localize actuation [6]. Among thes&terials, giant magnetostrictive solutions haverged as
effective tools to create remotely controlled defations using external magnetic fields [7], to lacthemselves
[8] or in combination with other smart materialstandem to create more complex capabilities [9]falct the
integration of magnetoelastic materials into MEMS&s hbrought an outstanding performance, as they give
properties of “self-test, self-calibration and réengensing and actuation” already stated by Gittb§ which
certainly offers the perfect tool for biomedicadanvasive tools.

One of the most versatile examples of giant magtettive materials is Galfenol [11], an alloy maaféron and
gallium, able to transduce magnetic energy intohaeical deformation with strains that go up to hmedd ppm

at low saturating magnetic fields [12]. Its mecltahstrength overcomes the mechanical problemts daimous
counterpart Terfenol-D which has a higher magngtdgtin (~2000 ppm) [13], but is very brittle atom
temperature [14]. On the contrary, Galfenol hashdgctility and great durability under tensile, bewy and
compressive forces [15], which are preserved atan@nd nanoscale [16]. It can also be sputterawh fa fixed
composition alloy target, creating high quality asmmpositionally consistent thin films [17], withe correct
proportion of gallium and iron to ensure its magséiction [17]. The versatility of this materiaa$ opened the

path to multiple applications from microactuataot8][to micro- and nanorobots [19]. Although theadfuction



of Galfenol to BioMEMSs is only exploratory to dd@0], it still is necessary to ensure its bioconighty, as a
first step in the development of medical applicasioThe first attempt to evaluate the biocompditjbibf
Galfenol [21] was performed through indirect cytatity analyses using millimetric blocks in contagith the
culture media. Once the blocks were removed, thdianeas used for fibroblast incubation with no adee
results in the cell survival. Additionally the biegradable properties of Galfenol were also founbetmegligible
[21], showing a great future for the alloy in bipéipations. Going down in scale, Galfenol nanowiveere also
internalized by cells, showing cell viability inpaeliminary qualitative toxicity assay [22].

The present study evaluates the integration ofdBalfto suspended microdevices for cell biologydiss and
intracellular applications. As a first stage, thims of the alloy were fabricated to charactetize properties of
the material and to perform an initia vitro test, growing cells (human macrophages and ostamsar cells)
directly on the Galfenol surface. Then, to evalihtereaction of macrophages to the internalizadib@alfenol,
3um x 3um x 1um silicon oxide microparticles were fabricated, @md with a thin layer of the alloy, and
added to cell cultures. Finally, by means of aneedl magnetic field, the interactions between atet

microparticles and cells were analyzed.

2. Materialsand Methods

2.1. Fabrication of Galfenal test surfaces and Galfenol-based microparticles

Uniform Galfenol films, 160 nm thick, were deposlitey radio frequency (RF) magnetron sputter dejposanto
polysilicon substrates. The parameters of the déposvere 200 W for 45 min using a target with4.8t% Ga
nominal (Etrema Inc., USA) and an Ar pressure 8fr@Torr (30 sccm).

Galfenol-based microparticles were fabricated udingm thick thermal silicon oxide grown on a 100 @p-
type silicon wafer (Fig. 1A). Positive UV photorgisiwas used to define an array ofuB x 3um squares
separated by @m (Fig. 1B). The oxide was patterned by ReactiveHtching (RIE; Alcatel 601E, France) with
CHF; plasma for 11 min (Fig. 1C), followed by a striptlee photoresist, leaving the silicon oxide paesc(Fig.
1D). Next, partial isotropic etching by RIE createdarrow anchor (Fig. 1E), followed by a thin lagleposition

of Galfenol (160 nm) by same process used for ilnesfabove (Fig. 1F). The particles were releassidgu



mechanical peeling [1] which broke the silicon amchithout affecting the integrity of the Galferfdin (Fig. 1

G). Finally the particles were collected and susgerin ethanol for their storage (Fig. 1H).
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Fig.1. Fabrication process of Galfenol microparticles) fabrication started with a silicon substrate withum thick thermal oxide
growth. (B)(C) (D) Photolithography followed by antical etching defined the structure. (E) Ancheese made by etching the silicon
isotropically. (F) 160 nm of Galfenol was deposited sputtering. (G) The particles were mechanicedlpased, (H) collected and
suspended in ethanol.

Finally, another thin layer of Galfenol (160 nm)sasputtered on glass coverslips (Gold Seal, Pod#mdiH,
USA) with dimensions of 18 mm x 18 mm x 0.13 mmruagnetostriction measurements.

2.2.  Characterization of the alloy surfaces and the microparticles

Grain morphology of the samples was observed wsiaganning electron microscope (SEM; Carl Zeissjgau
Series, XV, Germany). The surface roughness of both sampies measured by means of an atomic force
microscope (AFM; Veeco, USA) using the tapping motlee morphology of the microparticles was observed
using SEM, in order to verify the shape, size amchar for releasing them effectively. A micropasigvas cross
sectioned by focused ion beam (FIB; Leo 1530 Zdissmany) and observed with a Gemini SEM column, to
observe the interface of the Galfenol film and itieroparticle. The FIB used a G@n beam at an accelerating
voltage of 30 kV and a beam current of 30—100 pAe Tomposition of the Galfenol was confirmed thioug
energy dispersive X-ray spectroscopy (EDX; CarlsgeiAuriga Series, BV, Germany). The crystalline

microstructure of the alloy was studied using ama)(-diffractometer (XRD; Bruker, AXS D8-Advance)prf



which the thin film specimens were cut into rectaag pieces (0.8 cm x 0.7 cm). The integrity o€ th
microparticles after their release was evaluatetelasing a 2 uL drop of the ethanol suspensitom amclean Si
substrate. Once the ethanol evaporated, the partiebre observed using SEM. In terms of functigmaperties
of the material, the magnetic properties of the amwere measured with a vibrating sample magretem
(VSM; MicroMag 3900; Princeton Measurements Corfiora USA) at room temperature (RT), applying a
maximum field of 10 kOe. The VSM samples were 160 @Galfenol films on polysilicon substrates (6 mn8 x
mm) and a platform of the same size with unrelea&adfenol/SiQ microparticles. Furthermore, the
magnetostriction of Galfenol on glass coverslips waeasuredising a capacitive bridge system described in
detail in [23].

23. Cdllines

Two different human cell lines were used to test #ffects of Galfenol films and microparticles. THP
monocyte cells were grown under standard conditi@¥% °C and 5% C§) in RPMI 1670 medium (Life
Technologies, UK) supplemented with 25% fetal bevserum (FBS; Life Technologies, UK) and 5% L-
glutamine (Biowest, USA). To differentiate monocyteto macrophages, 16ells were seeded into 4-well plates
and treated with 0.16 mM phorbol-12-myristate-18tate (PMA; Sigma, USA) for 48 h. The human
osteosarcoma cell line Saos-2 (ATCC, USA) was oedtliin Dulbecco’s modified Eagle medium (Invitrogen
USA) with 10% FBS under standard conditions.

24. Cdl viability assay

Two different cell viability assays were conductedneasure direct cytotoxicity. In the first stutlye cells were
seeded onto 1 cm x 1 cm Galfenol-coated polysiliibns which were cleaned with absolute ethanol and
sterilized with UV light for at least 1 h insidewkll culture plates. Once sterilized, 5 x* t3teoblasts or 1 x 10
monocytes were seeded on top of each film andredttor 24 h or 48 h, respectively. In parallelntol cells
were seeded directly onto glass coverslips in theeiace of the Galfenol films. Once seeded, monsoytre
induced to differentiate into macrophages as dasdriabove. In the second study, the effect of @Galfe
microparticles (3 um x 3 um x 1 um) on cell vidgilivas studied. Microparticles were added dired¢tly

differentiated macrophages at a 1:1 ratio and iatdfor 24 h. In both assays, cell viability waslaated by



detecting the activity of intracellular esterasemg the LIVE-DEAD® Viability/Cytotoxicity kit formammalian
cells (Invitrogen, USA), according to the manufaetis protocol. Images from different regions o€ thell
cultures were captured using an inverted epifluzese microscope (Olympus X7, Germany). Each éxet
was done in triplicate. A minimum of 300 cells wenealyzed per group. Data were analyzed for sicpnifte
using the Fisher’'s exact test for comparison betmgreups. Statistical significance was considerégwp <
0.05.

25.  Cdl morphology analysis

The same samples used for the cell viability aseays subsequently processed for SEM morphologitalysis.
Briefly, cultured cells were rinsed twice in phoaph buffered saline (PBS), fixed in 4% paraformajdie
(Sigma, USA) in PBS for 15 min at RT and rinsedcevin PBS. Cell dehydration was performed in sevies
ethanol (50%, 70% and 90% once, and twice in 100P6nin each. Finally, samples were dried using
hexamethyldisilazane (HMDS; Electron Microscopyedcies, USA) for 15 min, mounted on special stult an
analyzed using SEM.

2.6. Internalization assay of Galfenol-based microparticles

The uptake of Galfenol-based microparticles by mplsages was analyzed by confocal scanning laser
microscopy (CLSM; Leica TCS SP5, Germany) and SHidr this study, microparticles were added to
differentiated macrophages cultured on glass cpsrat a 1:1 ratio (IOmicroparticles: 10macrophages). After
24 h, cells were washed with a medium without seamah stained with Cell Mask Deep Red plasma mengbran
stain (Life Technologies, UK) for 10 min at 37 ®overslips were placed upside-down on specificdnotglass
dishes (MatTek, USA). Samples were visualized using3x oil immersion objective, and xyz sequential
acquisition was performed to determine the locatibthe microparticles within the cell. For SEM iges, cells
were fixed, dehydrated and dried as discussedeearli cell morphology analysis (section 2.5). Irdenr to
confirm the uptake of the microparticles inside twlls, FIB was used to mill the cell and localittes
microparticle in a cross sectional view. The iomrewas operated with an acceleration voltage df\B8With
varying beam current ranging from 2 nA to 500 pAeTross-sectional milled area was analyzed by SEM.

2.7.  Invitro magnetic evaluation of the Galfenol microparticles



To asses if a magnetic field produced any effecthim macrophages, with or without internalized Eadi
microparticles, 10 macrophages were incubated for 24 h with Galfenol microparticles on reticulated
coverslips. Then, an external magnetic field wasliag@ through a cylindrical neodymium permanent rmegpf

20 mm diameter and 10 mm height (S-20-10-N, Supgneiz, Germany) which was positioned between the 4
wells, with the north face parallel to the baséhef plate. This magnet had a magnetic flux demsityhe edge of
250 Gauss at the edge of the plate (20 mm, whickegponds to the center of each of the wells. Theated a
magnetic field gradient, with a higher intensitytle cells located close to the border of the celplate. Images

of different areas of the cell culture were takemler an inverted microscope, before and after 1 ohithe
application of the magnetic field. Cell culturesravenaintained for another 24 h in the presencéefmagnet
under standard conditions. Afterward, microtubutiestribution was evaluated by immunofluorescencellsC
with microparticles and control cells were fixed4fo paraformaldehyde in PBS for 15 min at RT tolust
microtubules distribution by immunofluorescencellCaere permeabilized with 0.1% Triton X-100 (Sm
USA) in PBS for 15 min and blocked for 25 min witB bovine serum albumin (BSA; Sigma, USA) in PBS at
RT. Samples were then incubated with a mousecantiulin primary antibody (1:1000; Sigma, USA) &0 min

at RT and washed with 1% BSA-PBS. Next, the sampte incubated with a FITC-conjugated anti-mouge |
(1:150; Sigma, USA) for 50 min at RT, washed witB61BSA-PBS, and incubated again with Hoechst 33258
(Sigma, USA). Finally, the samples were washed% BSA-PBS, air-dried and mounted on MatTek dishes
using Fluoroprep mounting solution (Biomerieux, i&@). The samples were evaluated with a CLSM, where
series of horizontal optical sections were collécterthogonal projections were generated with Imadftware

(Bitplane AG, Switzerland).



3. Resultsand Discussion

3.1.  Morphological and structural studies of the alloy (SEM-FIB)

Surface topography is one of the most significastdrs when the biocompatibility of a material isleiated, as
this is the first interaction that defines the caftachment and further survival of the cells [22%]. The
roughness of the Galfenol alloy was studied by olisg the grain structure over the samples. Thangra
morphology of the alloy on polysilicon revealeddgargrains (Fig. 2A left) that are typical for thige of
substrate. Observing these grains in detail, thé/ AEsults revealed that there was a bimodal grée s
distribution: larger grains of 203 + 11 nm (Fig. 2Addle) of polysilicon coated with smaller graimis36 + 4 nm
Galfenol (Fig. 2A right). In the case of the allsguttered over smooth silicon oxide microparticiesly the
small uniform grains of Galfenol were observed ENS(Fig 2B left). AFM of the microparticles indi@athat
Galfenol on silicon oxide was not very rough wittommodal grain size of 32 + 4 nm (Fig. 2B middight).
The phase image of the samples showed that thesiadhef these grains to the substrate was unifdinese
results are encouraging because a smooth surféikeljsto promote interfacial biocompatibility arghhance the

early adhesion of the cells [26].
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Fig. 2. Morphology analysis of the Galfenol alloyGrain observed of Galfenol over polysilicon byMskmage (A left), by AFM
topography image (A middle) and by AFM phase imggeight) of the same polysilicon sample, giving maletail of the inner smaller
grains (AFM scan size: 1xim?). The grain of Galfenol observed over the silicaiide microparticles by SEM image (B left), by AFM
topography image (B middle) and by AFM phase imégeight) of the same microparticle (AFM scan si&0x500 nrf). SEM
images of (C) the Galfenol-based microparticleadditd to the silicon substrate, (D) cross sectfahe microparticle milled by FIB,
(E) microparticles released and (F) the same retkascroparticles after the exposure of a magriiefid, showing chain alignment.



Continuing with the morphology analysis, the siticaxide microparticles observed by SEM (Fig. 2CtEyealed
a well-defined shape. The Galfenol layer was unifall over the surface of the particles, by thessrsectional
FIB image of the microparticle in Fig. 2D. The triess of the Galfenol layer observed through ttossection
over the particle was 156 nm and the anchor's widtls 957 nm, which compared to the dimensions ef th
microparticle (3um x 3um x 1um ) made it easy to peel the microparticles offtted substrate. This clean
release method was very effective, ensuring a tlensiaround 1.5 x 10microparticles per 1 ml of ethanol.
Additionally, this method also preserved the initygef the alloy (Fig. 2E) and prevented the coritaation with
external chemicals that are often present in atblease processes, such as chemical etching, anddwadays
are avoided due to toxicity [27]. Once in suspemsibe microparticles were exposed to a magnetid fio
observe their behavior and determine if they watllester. Under an optical microscope, it was pdssib
observe chains of microparticles as a result obldipinteractions (Fig. 2F). These dipolar intei@ts orient the

microparticles into chains with magnetizations par#o the applied magnetic field.
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Fig. 3. X-Ray analysis of the Galfenol film. The fundartar{1 1 0) reflection of the magnetostrictive glis indicated. Other peaks
correspond to the silicon (100) wafer.

The composition of the Galfenol alloy was measwsidg EDX to be 15.63% Ga and 84.37% Fe (atomién%)
both samples, maintaining the target stoichiomathych as the best magnetostrictive coefficientshef alloy
system. Additionally, the theta — 2 theta XRD pattghowed a peak at 44.4° that corresponds tcetidehcy of

the material to be oriented along the (110) origonigFig. 3) which is the closest packing of theéBstructure.
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Fig. 4. Normalized hysteresis loops at room temperatfi(d)oGalfenol over polysilicon film and (B) the Genol-based microparticles
still attached to the platform

The hysteresis loops measured by VSM revealed leehigoercivity for the films on polysilicon (Fig.A) in
contrast to the microparticles when they were atithched to the chip (Fig. 4.B). The coercivitytled Galfenol
film on the structured polysilicon sample measuned 48.98 Oe and in the microparticles (still dteat) was
21.11 Oe. These low values of coercivity suggeatedft magnetic behavior of Galfenol in thin filnasbehavior
consistent with the results found in [28]. Furthere a magnetostriction constant of approximat@ypm was
measured on the 160 nm thick films deposited owvegerslips following the capacitance bridge methtadesl in
[23].

3.2.  Cytotoxicity in the Galfenal test surfaces

The cytotoxicity of Galfenol films was analyzed buantifying the number of live cells with esteraszivity
(presenting green fluorescence) and the numbeeadl aells (presenting red fluorescence) (Fig.5/lfeBol
films had no effect on the viability of either maytes differentiated into macrophages or Saos-B&.c€he
percentage of live cells was higher than 93% it loedl lines, and no significant differences websarved when

compared with control cells grown on glass covpss(Fig.5B).
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Fig. 5. Viability and morphology of macrophages and S2aa®lls growing on Galfenol films. (A) Live (greeahd dead (red) Saos-2
cells and (B) percentage of viable macrophagesSaus-2 cells growing on top of Galfenol films oagg coverslips (Ctrl), evaluated
using the LIVE/DEAD viability/cytotoxicity kit. SEMimages of well-spread macrophages (C) and Saadl® (©) adhered to the
Galfenol films.

Cell morphology was evaluated using SEM. Macropbagere completely spread and adhered onto the film
surface after 48 h of culture (Fig. 5C). SimilaiBaos-2 cells were also well-spread and adher#tetsurface,
showing some cytoplasmic extensions after 24 hubtfie (Fig. 5D). For both cell types, morphologgsasimilar

to that of control cells growing on glass coversliphus, the high percentages of living cells drairtnormal
morphology revealed that Galfenol did not affedhdar viability.

Previous studies had indirectly demonstrated tledmpatibility of Galfenol by culturing cells in editioned
medium earlier incubated with Galfenol samplestifferent time-points [21]. To the best of our krledge, this

is the first time that Galfenol cytotoxicity hasemetested directly by culturing the cells over aoefs of this alloy.



3.3.  Cdlinternalization of the Galfenol-based microparticles

Fig. 6. Galfenol microparticles internalization. SEM imag#smacrophages with (A) an internalized micropeti(arrow) and (B) a
microparticle on the plasma membrane (arrow). (@tad of a FIB-milled macrophage with an internatizmicroparticle. The
microparticle, with the Galfenol surface (arrowg, surrounded by the plasma membrane. (D) SEM iméthe several internalized
microparticles. (E) CLSM orthogonal image of madrage with one internalized microparticle.

When Galfenol microparticles were added to the celtures, the percentage of live macrophages wag¥8
after 24 h in culture and no significant differemeeere observed compared with macrophages culturaosence

of microparticles (89.8%).

Micropatrticle internalization was evaluated usiigMg FIB and CLSM. SEM images showed some macroghage
with Galfenol a micropatrticle internalized (Fig. 6And others with a microparticle on its plasma feme (Fig.
6B). Some macrophages previously selected by SHive wross-sectioned using the FIB to confirm that
microparticles were certainly inside the cells, amat under them, as it can be clearly seen in 6. No

differences in cell morphology were observed whemgared with control macrophages cultured in theeabe



of microparticles. In all cases, cells showed rathdr polygonal shape, with a nucleus containingerss
nucleoli, a sign of cellular activity, also obsetvén macrophages that had more than one interocalize
microparticle (Fig. 6D). Furthermore, micropamicghternalization was also confirmed by CLSM (Fég), in
which cells can be analyzed alive, without fixateomd dehydration. When labeling the plasma memb@h&M
analysis allowed to determine precisely whetheropiarticles were located inside or outside thescé&ttevious
studies had demonstrated that macrophages can@tegbfferent artificial microstructures such asygilicon,
gold or chromium microparticles (3 um in diameteihout effects on viability [29] [30]. Our resulshowed
many macrophages with one or more microparticlgbeir cytoplasm and, together with the viabilBEM and
FIB results, they demonstrated that Galfenol irabration did not change any of the biocompatipifiarameters
analyzed. .

34. Magnetic effect on the Galfenol-based microparticles

A magnetic field was applied to observe the renamtieiation possibilities for extra- and intra-cedlulGalfenol
microparticles. Before the application of a magndéeld, microparticles were scattered throughdw ¢tulture
plate (Fig. 7A, yellow arrows) and the cytoplasnmsofne cells. However, after the field was appleedjmilar
chaining effect as that seen in the ethanol suspenwas observed. After 1 min, almost all isolated
microparticles had joined a chain, bonded eithethtomicroparticles on cell surfaces or to micrtiphes that
were apparently internalized (Fig. 7B, red arrows)some cases, internalized microparticles gathergether in
chains inside the cells upon the application offible (Fig. 7A and B, and inset). The parametdraatuation did
not cause any visible effect on the cells. This field guaranteed that even after internalizatiba particles

could gather together without disrupting the membra



Fig. 7. Magnetic field effect on macrophage cultures irated with Galfenol microparticles. Images captuyefbre (A) and 1 min after

(B) the magnetic field application. Free Galfendtroparticles (yellow arrows) became associatedh witcroparticles adhered to the
cell surface (green arrows), forming small chaired (arrows), after magnetic field exposure. Insc@lith apparently internalized

microparticles (inset in A), these ones gatherggtirer after magnetic field exposure forming snmtbacellular chains (inset in B).

The formation of chains among magnetic particles isvell-known effect that occurs due to dipole—tipo
interactions, mostly in nanoparticles [31]. Int¢iregy, the chain effect observed in the Galfenatnoparticles
can be compared to the chains found in the magwiotbacteria, where the alignment allows the mization
of magnetization as this makes them more susceptiblan external magnetic field [32]. In the ca$ehe
bacteria, this chain effect is only possible thitodmplogical structures that prevent them from fmgnclusters
whereas in this work, the remanent polarizatiothenmicroparticles aligned the domains with the negig field,
allowing the effect even with some of the partidlest were internalized in the cell. Hence, thdsarcstructures
can be seen as assembled microactuators [33] [&Brsors with an enlarged cluster effect [35] diiercells.
The integrity of the morphology in cells interagtiwith the microparticles was observed after 24 magnetic
field exposure. Microtubules (cytoskeleton) werbelad to analyze their organization inside the eeld
indirectly, the location of the microparticles. F§ shows a macrophage with several Galfenol manages,
outside and inside the cell, with clearly defineidnotubules extended throughout the cytoplasm. greeence of
two microparticles inside the cell did not altee tmicrotubule gross distribution as it is cleades in Fig. 8B.
Thus, it is clear that a weak magnetic field camately activate a particular movement of these oparticles

without inducing the disruption of the cytoskeletaor on the viability of the cell itself.



Fig. 8. Macrophage cytoskeleton interaction with Galfenol-base microparticles after magnetic exposure. (A) CLSM reconstructed

3D and (B) orthogonal image of the same macrophagpssed to the magnetic field (1 min) and cultufed24 h. One of the

macrophages showed 6 Galfenol microparticles, idénthe red circle and 2 pointed by red arrows @xthogonal projection (B) shows
that at least two of these microparticles weredaghe cell (yz image (right) and zx image (botfpriicrotubules stained in green
show a normal distribution. Nuclei stained with Idst are in blue and microparticles visualizedddflection are seen in white.

4. Conclusions

Suspended Galfenol microparticles were succesgintiguced through semiconductor technology proceSse
alloy features were studied to guarantee that tbeess followed during the fabrication of the maicles did
not alter their properties, which makes this miabofcation process suitable to integrate this atimymore
complex devices. The microparticles were releasigd an efficient peel-off method that preserved ititegrity
of the material, leaving them in suspension readyiological testing.

On the other hand, the evaluation of the biocorpityi of the alloyin vitro by analyzing the direct cytotoxicity,
with films and with micropatrticles, on two differecell lines (osteoblasts and macrophages), demadedtthat
the alloy was not cytotoxic, even after interndima of the microparticles. The cell culture withet
microparticles was also exposed to a magnetic fiéld permanent magnet, which in turn created cblisters
of microparticles over the cell membrane and ingfde cells. These chains were remotely controllé&t the

magnetic vector field, performing a smooth assethblgtuation that did not affect the morphologytd tells in



the short term. Moreover, the same culture wasuefter the effect of that magnetic field for 24chanalyze
changes in the internal structure, but there weredisturbances in the microtubule gross distritrutitn
summary, the direct cytotoxicity and actuatiarvitro tests carried out revealed that Galfenol has al gbort-
term biological safety under the chosen test cardit These results open a window for Galfenol hie t
development of novel integrated remote micro- asaaoaevices that might include other smart matefialsnore

complex tasks, which would include sensing andatttg inside living cells in a minimally invasiveay.
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