
Journal of Colloid and Interface Science 629 (2023) 287–296
Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

journal homepage: www.elsevier .com/locate / jc is
Magnetically propelled chained nanocomposites for biologically relevant
media exploration
https://doi.org/10.1016/j.jcis.2022.08.154
0021-9797/� 2022 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

E-mail address: vsalgue@uvigo.es (V. Salgueiriño)
Miguel A. Ramos-Docampo a,b, Pablo Hurtado c, Ana B. Dávila-Ibáñez c, Roberto Piñeiro c,
Mónica L. Fanarraga d, Verónica Salgueiriño a,b

aDepartamento de Física Aplicada, Universidade de Vigo, 36310 Vigo, Spain
bCINBIO, Universidade de Vigo, 36310 Vigo, Spain
cRoche-Chus Joint Unit, Translational Medical Oncology Group, Oncomet, Health Research Institute of Santiago de Compostela, 15706 Santiago de Compostela, Spain
dNanomedicine Group, Universidad de Cantabria-IDIVAL, 39011 Santander, Spain
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 12 May 2022
Revised 10 August 2022
Accepted 24 August 2022
Available online 28 August 2022

Keywords:
Magnetic swimmers
Magnetophoretic mobility
Viscosity
Zebrafish yolk sac
a b s t r a c t

Elongated nanostructures to be remotely and magnetically propelled in biologically relevant media, have
gained attention as offering themselves as effective tools or carriers in theragnostics applications.
However, the magnetic actuation associated remains challenging due to the lack of mechanical informa-
tion in the media of interest, taking into account biophysical or biomedical purposes. In this study, we
detail the magnetic actuation of magnetically propelled chained nanocomposites considering their
dynamics, in which their velocity can be modulated in terms of the viscosity of the medium considered,
given a magnetic field gradient. Simpler cases of distilled water, a water/glycerol mixture and a fluid
made of cell extracts (imitating the cytosol of cells) of known viscosity are the basis experiments for
the study of more complex media inside HeLa cells, murine NIH-3T3 fibroblasts and zebrafish larvae,
offering the mechanical information required. The experimental results indicate that the magnetically
propelled performance of the chained nanostructures can be precisely controlled in potentially changing
scenarios, where drug and heat delivery, magnetic separation, or microfluidic technologies are
demanded, using a magnetic field gradient and providing good estimations of the dynamical parameters
involved.
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1. Introduction

Controlled navigation in different regions of a body shows a
huge potential when it comes to considering biodevices for min-
imally invasive interventions or medical treatments [1]. However,
the different mechanisms for such control, such as power sour-
cing, precise actuation, swarm control, in vivo imaging, real-
time motion tracking, low cytotoxicity, diagnosis treatment inte-
gration, and biodegradation are yet to be satisfactorily resolved
before clinical translation. In this context, the magnetic manipu-
lation at a distance offers a profuse option regarding these
requirements: [2,3] the use of an external magnetic force as
power sourcing [4,5] and for precise actuation [6,8], possible
swarm control given coordinated dipolar interactions to be estab-
lished [9], convenient relaxation times to be finely tuned for mag-
netic resonance imaging [10], and the consequent possibility of
real-time motion tracking [11,12]. As such, the presence of the
magnetic field gradient for a controlled magnetic manipulation
implies a ‘‘magnetic” drag force and the consequent acceleration,
overcoming the hydrodynamic (viscous) drag force [13], for the
navigating systems to move cooperatively where required. This
cooperation stems from the fact that while the magnetic force
pulls the nanostructures, a simultaneous magnetic torque causes
such structures to rapidly align forming chains, increasing the
total magnetic moment and consequently the magnetic force act-
ing on them.

In this context, analyzing and tracking the magnetic manipula-
tion of individual or assemblies of nanoparticles is usually simpli-
fied considering them under the influence of Stokes drag and the
magnetic force alone, with no fluid stream but just the Brownian
diffusion. However, besides fluid stream, increasing the complexity
of the media where these nanostructures are dispersed implies
interactions and collisions that cause them to undergo a diffusive
motion which is much greater than the standard Brownian motion
[14]. In fact, most of the micro- and nano-swimmers and motors,
when administered via common routes, face high viscosity biolog-
ical media and yet, performance has only been proved in very
diluted dispersions [15,16]. Accordingly, though reliable, these
studies are lacking comprehensive depth to deal with the complex-
ity of biologically relevant media.

When it comes to consider micro and nanoscale dynamics, iner-
tia is unimportant and the Reynolds number is small, and there-
fore, there are some flow singularities and kinematic
requirements for net translation. The Reynolds number is a dimen-
sionless quantity that qualitatively captures the characteristics of
the flow regime. For example for a low Reynolds number flow, vis-
cous forces dominate in the fluid and the fluid transport is ruled by
viscous diffusion [17,18]. Therefore, a major challenge in this field
of biophysics involves mechanical principles of locomotion with a
low Reynolds number at the small scales, that is, tens of microm-
eters and below, where while inertia plays little role, viscous
damping is paramount. This combination strongly influences the
velocity relative to the carrier fluid attained by magnetic nano/mi-
crostructures, through the magnetophoretic mobility [13,19]. Con-
sequently, to achieve their effective manipulation considering the
magnetic strategy for steering and directing the motion, cases of
viscosity-dependent complex motility taking place in biologically
relevant media such as in the cell interior (the cytosol) and in other
living systems should be further detailed. For example, zebrafish
larvae have been demonstrated as a very convenient correlative
in vivo vertebrate animal model for addressing nanotechnology
experiments [20,21], offering biological complexities that involve
not only the dynamics of interest but also events of multicellular
organisms that individual cells and cell cultures fail to provide
[22,23].
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This magnetically-induced motility of active Brownian
nanocomposites to work as microrobots is driven by an externally
oriented magnetic field gradient. To describe and control the
dynamic features of this effect to be used with biodevices for min-
imally invasive interventions [24], we have proceeded with an
experimental framework on which the complexity of the medium
increases, to prove its influence in the arrangement of magnetic
nanocomposites in chains, and the average velocity reached. These
results are used to verify the effective magnetic manipulation
using mean-square displacements that can differentiate this mag-
netic propulsion from the Brownian motion [16,25], finding that
viscosity affects both the length of the magnetic chains formed,
and the magnetophoretic ability they become endorsed with. We
validate therefore the magnetic manipulation of chained nanocom-
posites: (a) extracting information regarding key dynamical
parameters (viscosity-dependent diffusion coefficient or velocity)
in the explored media, and (b) offering a better understanding of
the magnetophoretic behavior exhibited, when immersed in cells
or organs inside living systems.
2. Materials and methods

2.1. Chemicals

Iron(II) sulfate heptahydrate (FeSO4�7H2O), and hydrochloric
acid (HCl, 37 wt%), poly(allylamine hydrochloride) (PAH,
17500 MW), poly(fluorescein isothiocyanate allylamine hydrochlo-
ride) (PAH-FITC, grafting ratio 50:1), poly(sodium-4-
styrenesulfate) (PSS, 70,000 MW), sodium chloride (NaCl, >99.5%),
glycerol (99.5%), N –Phenylthiourea (PTU), and tricaine were pur-
chased from Sigma-Aldrich. Ammonium hydroxide solution (NH4-
OH, 29 wt% NH3), and iron(III) chloride hexahydrate (FeCl3�6H2O,
97%) were provided by Fluka. Polystyrene spheres (PS,
500 ± 50 nm, 100 mg mL�1) were available from Ikerlat Polymers.
Milli-Q water (18.2 MX cm resistance). All chemicals were used
without any further purification or treatment. Murine livers were
mechanically dissociated in phosphate-buffered saline solution
(PBS) pH 7.4 for the preparation of cell extracts. Cells/DNA were
lysed using a probe ultrasonicator and the cellular extracts were
cleared using centrifugation at 20.000 g at 4 �C for 30 min.

2.2. Synthesis of iron oxide (Fe3O4/c-Fe2O3) nanoparticles

The synthesis of iron oxide nanoparticles was carried out fol-
lowing the Massart’s method. [26] Accordingly, 1 mL of a (2 M)
FeSO4�7H2O aqueous solution (dissolved in a solution of (2 M)
HCl) and 4 mL of a (1 M) FeCl3�6H2O aqueous solution were pre-
pared. Both solutions were rapidly poured into 50 mL of a
(0.34 M) NH4OH (29 wt%) solution under mechanical, vigorous
stirring. The stirring was maintained for 30 min and finally, the
nanoparticles were allowed to sediment. After 5 washing (water)
cycles of sedimentation and decantation of the supernatant, the
magnetite nanoparticles were dispersed in 50 mL in ultrapure
water.

2.3. Synthesis of PS@IO nanocomposites

To produce the nanocomposites, 130 lL of polystyrene spheres
(PS) (100 mg mL�1) (of 500 nm in diameter) were diluted up to
2 mL in ultrapure water. 15 mL of PAH (1 mg mL�1 in 0.5 M NaCl
solution) were added subsequently under soft ultrasonication
and allowed to orbital-shake for 1 h. The excess of PAH was
removed by 3 cycles of centrifugation in ultrapure water. Then,
15 mL of PSS (1 mg mL�1 in 0.5 M NaCl solution) were added,
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and the procedure was repeated up to complete 4 layers of alter-
nated polyelectrolytes, following a layer-by-layer protocol. The
PS spheres with four layers of polyelectrolytes were dispersed in
10 mL of ultrapure water. Finally, 160 lL of the freshly prepared
solution of iron oxide nanoparticles were diluted up to 5 mL in
ultrapure water and mixed with the polyelectrolyte-coated PS
solution. The mixture was shaken for 1 h. Afterwards, the colloids
were washed by 3 cycles of centrifugation. Additionally, to render
the nanocomposites fluorescent, a bilayer of PSS and PAH-FITC
(poly(sodium-4-styrenesulfate and (poly(fluorescein isothio-
cyanate allylamine hydrochloride, respectively) was added, follow-
ing the previous procedure, having the final colloids redispersed in
2 mL of ultrapure water. For the mobility experiments in zebrafish,
3.5 lm polystyrene spheres (10 mg mL�1) were used instead, to
better visualize the assemblies inside.

2.4. Chained swimmers formation and magnetic guidance

The colloids were dispersed in the medium of study, at a con-
centration of 1 mg/mL. The dispersion was transferred into micro-
scope slices that were time-lapse imaged using a Nikon A1R
scanning confocal microscope. The colloids were allowed to sedi-
ment within 2 min. Then, the movies were recorded in the absence
and presence of a 15 mT magnetic field. Movies were recorded at
200 ms for 2–5 min. The trajectories of each individual nanostruc-
ture or linear assembly were tracked using the tracking option
from NISS Elements software. The trajectories were extracted and
imported into a data processing software, where the mean-
squared displacement analysis was performed using a protocol
published elsewhere [25].

2.5. Materials characterization

X-ray diffraction (XRD) patterns from powdered samples were
collected using a Panalytical X’Pert Pro diffractometer (Cu Ka radi-
ation, Bragg-Brentano h–2h geometry) in the 2h angular range of
10–80� using a continuous scan mode (step = 0.026�, 4 s per step).
The data collected were refined using the Le Bail method using
Rietica software. Transmission electron microscopy (TEM) images
were performed on a JEOL JEM1010 instrument operating at an
acceleration voltage of 100 kV. Samples for TEM analysis were pre-
pared by dropping a diluted suspension of the nanoparticles onto
an ultrathin carbon-coated copper grid. Raman spectra were col-
lected with a Renishaw in Via Reflex Raman Microscope. Experi-
ments were conducted at room temperature using a 532 nm
laser excitation wavelength. The laser beam was focused on the
sample by a 20� objective, with a numerical aperture (NA) value
of 0.40. Magnetic measurements were performed using the vibrat-
ing sample magnetometer (VSM) option in a Physical Property
Measurement System (PPMS) from Quantum Design. Hysteresis
loops were measured at 300 K up to an external field of 2 T in pow-
dered samples. The temperature-dependent magnetization in
zero-field-cooling (ZFC) and field-cooling (FC-10 mT) conditions
was recorded applying a 10 mT magnetic field in the 10–320 K
temperature range. The LbL (layer-by-layer) self-assembly was
confirmed by f-potential measurements, using a Zetasizer
Nanoseries.

2.6. Cell culture and confocal microscopy imaging

Particles were serum-functionalized (10 lg/mL) in the medium
of cultured human epithelial cells (HeLa) or murine NIH-3 T3
fibroblasts, grown on the surface of culture dishes [27]. For high-
resolution confocal microscopy observation, some of the cultures
were placed onto or under a magnet for the indicated times. Cells
were fixed with 4% paraformaldehyde and stained with ethidium
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bromide and Hoechst. A Nikon A1R confocal microscopy equipped
with a Plan Apochromatic 100 x oil 1.45 NA objective was used.
Live cell imaging and intracellular particle speed quantification
were performed using the tracking model of the NIS-Elements
Advanced Research software.
2.7. Zebrafish experiments

Zebrafish (Danio rerio) embryos were generated by natural mat-
ing of adult fish. Embryos were incubated with PTU (N –Phenylth-
iourea), at a 0.003% w/v concentration to avoid surface
pigmentation, and maintained at 28 �C. For the mobility assays,
2-days post-fertilization (dpf) zebrafish embryos were de-
chorionized, anesthetized with 0.003% tricaine w/v in E3 water
and positioned on a 10 cm Petri dish coated with 1.5% agarose. Flu-
orescent polystyrene spheres (10 mg mL�1) of 3.5 lm coated with
a bilayer of poly (fluorescein isothiocyante allylamine hydrochlo-
ride (PAH-FITC) and poly (sodium-4-styrenesulfate) (PSS) were
used in the experiments. For microinjection, the nanocomposites
suspension was loaded in borosilicate glass capillary needles
(1 mm O.D. � 0.58 mm I.D, Harvard Apparatus) and injected into
the yolk sac using a micromanipulator and an IM 300 microinjector
(Narishige) with an output pressure of 1 psi and 0.3 ms injection
time. Immediately after injection, embryos were photographed
with a fluorescent microscope DMi8 (Leica) to determine the pres-
ence and location of the nanocomposites and placed at 28 �C for
45 min. Embryos were incubated in the presence or absence of
an external magnetic field and, after 45 min, embryos from both
groups were photographed again. The movement of nanocompos-
ites inside the yolk sac was analyzed with the software ImageJ Fiji,
measuring the distance travelled in the direction of the magnetic
field between initial point (moment of injection) and final point
(45 min after injection), taking as reference for the measurements
the closet part of the nanocomposites suspension to the magnet at
each time point. For each condition, data are representative of at
least four independent experiments, with at least 15 embryos per
group.
3. Results and discussion

3.1. Nanoparticles and nanocomposites

The synthesis of the magnetic nanoparticles was carried out
using the Massart method, [26] which consists of the instanta-
neous co-precipitation of Fe2+ and Fe3+ ions (catalyzed by alkali
media) to form an iron oxide phase, and endorses the nanoparticles
with enough charge at the surface for their subsequent
polyelectrolyte-assisted deposition onto polystyrene (PS) spheres.
Fig. 1a includes a representative transmission electron microscopy
(TEM) image of the nanoparticles (the size distribution analysis is
shown in Fig. S1, in the supplementary data (SD), indicating an
average diameter of 8.7*/1.3 nm (log-normal fit) [28]. Fig. 1b shows
the X-ray diffraction (XRD) pattern, confirming the spinel crys-
talline structure of the iron oxide obtained. For a more detailed
assessment, the XRD pattern was analyzed using the LeBail refine-
ment, permitting the assignment of peaks to the cubic spinel struc-
ture (Fd-3m space group). The cell parameter obtained using the
LeBail refinement (Rietica software) for the nanocrystals is
0.8351 nm, which is close to the one reported for pure bulk mag-
netite (a = 0.8396 nm). Raman spectroscopy was also employed
for the structural study of the magnetic nanoparticles, permitting
the differentiation between magnetite and maghemite [29].
Fig. 1c includes the Raman spectra collected at room temperature,
using a 633 nm excitation wavelength and keeping the laser power
below 1mW, to avoid further oxidation of the sample. According to



Fig. 1. TEM image (a), XRD pattern with LeBail refinement (b), and Raman spectra (c) of the iron oxide nanoparticles; TEM image of the PS@IO nanocomposites (d); and
magnetic characterization of the samples in terms of magnetization versus magnetic field (e) and versus temperature (f) for the nanoparticles (solid symbols) and the
nanocomposites (hollow symbols).
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group theory, the spinel structure presents five Raman active
modes, namely A1g, Eg, and 3 T2g, of which the A1g centered at
680 cm�1, the Eg at 314 cm�1 and one of the T2g at 175 cm�1, were
registered. The deconvolution of these bands using a Lorentzian fit-
ting renders visible the expected vibrational modes, indicated in
green in Fig. 1c, confirming the presence of magnetite (Fe3O4).
However, the three additional bands (in blue) centered at
370 cm�1, 496 cm�1 and 726 cm�1, indicate the presence of the
maghemite phase (c-Fe2O3) as well [30]. Summarizing this part,
using the Massart method, we have obtained iron oxide (Fe3O4/
c-Fe2O3) nanoparticles, which as being partially oxidized at the
surface, they are passivated and endorsed with a positively
charged surface, as indicated by the f-potential value registered
(f � +20 mV).

For the fabrication of the magnetic nanocomposites, these iron
oxide nanoparticles were deposited onto PS beads. These spherical
substrates, with an average diameter of 500 ± 50 nm, were first
functionalized by the alternated adsorption of oppositely charged
polyelectrolytes, poly(allylamine hydrochloride (PAH) and poly(-
sodium sulfonate) (PSS), attaining f-potential values of +20 and
�35 mV, respectively [31]. Fig. 1d shows a representative TEM
image of these iron oxide-coated polystyrene spheres (PS@IO)
nanocomposites with a core@shell morphology, with the magnetic
nanoparticles distributed onto the surface of the polymeric sub-
strates. Magnetometry measurements were carried out to evaluate
the magnetic behavior of these nanocomposites. Fig. 1e includes
the hysteresis loops of the sample of nanoparticles (solid symbols)
and of the sample of nanocomposites (hollow symbols), with val-
ues of saturation magnetization at 300 K of 51.2 and 10.1 Am2

kg�1 at 300 K, respectively, because of the smaller percentage of
magnetic material in the final samples [32]. The negligible values
of the coercive field in both cases indicate the superparamagnetic
state of the iron oxide nanoparticles, at room temperature, also
reflected in the temperature-dependent ZFC-FC (zero field
cooled-field cooled) magnetization curves (Fig. 1f). The average
blocking temperature for these samples, as the maximum in the
ZFC curve, decreases from 215 K to 147 K, as a result of the reduc-
tion in the dipolar interactions between nanoparticles in the sam-
ple of composites, due to the presence of the PS spheres [33].
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3.2. Magnetic manipulation

For the magnetic manipulation to be effective, these nanocom-
posites are required to respond magnetically, so that they can be
guided to the right location. Accordingly, we have to apply a mag-
netic force using an external magnetic field gradient that, in the
simplest case, can overcome the hydrodynamic drag force stem-
ming from having the nanostructures in solution [13]. In order to
assess this magnetic manipulation the PS@IO nanocomposites
were placed in three different media: ultrapure water (control), a
glycerol/water (1:2 vol) mixture, and a cell tissue extract from
mouse liver (simulating the cytosol characteristics, see the experi-
mental section), so that the viscosity parameter playing a role is
tuned. Fig. S2 in the SD includes representative confocal laser scan-
ning microscopy (CLSM) images of the PS@IO nanocomposites in
the absence (top panel) and presence of the magnetic field gradient
(bottom panel), in the three different media mentioned. If no field
is applied, the nanocomposites appear individually and randomly
distributed. Alternatively, once the magnetic field gradient is
applied, the magnetic force and torque exerted align the nanocom-
posites to form chains in the direction of the applied magnetic
field, taking advantage of the dipolar interactions between the
total magnetic moments of the composites once aligned [34].
Fig. S3 in the SD includes a photograph of the applied magnetic
field set-up to obtain the CLSM images, and the graph plotting
the magnetic field gradient employed in the three cases for the
magnetic manipulation, decreasing exponentially with the dis-
tance x to the magnet position.

Depending on the medium where the PS@IO nanocomposites
are dispersed, the average length of the final linear assemblies
observed varies significantly, as shown in Fig. S2 (bottom panel),
increasing as the viscosity of the medium considered increases.
While in ultrapure water, the chains attain an average length
of �5 lm and in the glycerol/water mixture is �12 lm, in the
much more viscous cell tissue extract the average length is about
40–50 lm. In this regard, a high viscous medium helps the dipolar
interactions between the nanocomposites to become stronger
because it implies more interactions and collisions that cause them
to undergo a diffusive motion which is much greater than the stan-
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dard Brownianmotion [35]. In this situation, the chains of n assem-
bled nanocomposites, because of the magnetic field gradient, will
reach a velocity relative to the carrier fluid defined by:

Dv ¼ nVmagnetic�shellDv
12pl0gRc

r B2
� �

¼ n
l0

r B2
� �

ð1Þ

which depends on the magnetic field gradient r B2
� �

, the viscosity

of the medium (g), the magnetic permeability of free space (l0), the
geometric volume of the outer concentric magnetic shell (V-
magnetic-shell), the chain hydrodynamic radius (RC), and the mag-
netic susceptibility of the magnetic material in the
nanocomposites relative to the carrier fluid (Dvc). The velocity
acquired by the magnetically manipulated nanostructures is there-
fore linearly dependent on their ‘magnetophoretic mobility’ (n),
which quantifies how magnetically manipulable they are in a par-
ticular medium, [19] and can be correlated to the medium viscosity.
Accordingly, to facilitate the magnetic manipulation and to gather
the dynamics information, nanostructures with a large magnetic
susceptibility at low fields and in their superparamagnetic state
are mandatory, jointly with a relatively large size (also easing its
documentation by imaging), all characteristics fulfilled by the
PS@IO nanocomposites.
Fig. 2. Diffusion experiments in three different media: ultrapure water (a, d, g), glycero
PS@IO nanocomposites in the absence (top, a, b, c) and the presence (center, d, e, f) of a
absence (black) and presence (red) of the magnetic field gradient. (For interpretation of th
of this article.)
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The motion of the PS@IO nanocomposites was pondered in the
three different media through the analysis of their dynamics in the
absence and presence of the same magnetic field gradient, as sum-
marized in Fig. 2. The different behavior stems therefore from hav-
ing them dispersed in media with different known viscosity:
ultrapure water (left, pale blue frame), glycerol/water mixture
(center, pale green frame), and cell tissue extract (right, pale pink
frame). Fig. 2a, b and c show the diffusion experiments of the
PS@IO nanocomposites with no magnetic field applied, that is,
the nanocomposite traces as control experiments. In these condi-
tions, we expect the PS@IO nanocomposites to move by merely
random (Brownian) motion, as it is indeed shown when having
the composites in ultrapure water (Fig. 2a) or cell tissue extract
(Fig. 2c). However, when it comes to the glycerol/water mixture
(Fig. 2b), the graph reveals that the nanocomposites move in a
specific direction (in this case in the positive y-axis direction) with
no need for applying the external magnetic field. In this regard, we
can take into account the wakes of spheres in a still environment of
quiescent baths of glycerin and water mixtures that were studied,
though for much larger spheres and in media with a wide range of
Reynolds numbers [36]. Still, we can associate this flow of the
nanocomposites shown in Fig. 2b as a result of the particular
regime attained in the glycerol/water medium herein considered,
by which there is a drag coefficient associated and consequently
l/water mixture (b, e, h), and cell tissue extract (c, f, i). Extracted trajectories of the
magnetic field gradient and MSD analysis (bottom, g, h, i) of the trajectories in the
e references to colour in this figure legend, the reader is referred to the web version
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a drag force, beating the Brownian motion. Accordingly, the mobil-
ity map for the particles in this glycerol/water mixture medium
reveals that Brownian motion is not governing the system, but
straight trajectories are recorded (Fig. 2b).

Alternatively, when applying the magnetic force and torque
because of a static magnetic field that generates a magnetic field
gradient in the area of study (see Fig. S3b, in the SD), the chained
nanostructures form and move cooperatively in the direction of
the magnetic field (central row in Fig. 2). With the magnetic field
gradient established in the positive x-axis direction, the magnetic
force drives the motion of every magnetic nanostructure working
now as microrobots in this direction, as shown in Fig. 2d and f,
when dispersed in ultrapure water or the cell tissue extract,
respectively. However, for the nanostructures dispersed in the
glycerol/water mixture, there is a vector sum of forces, with the
drag force and the magnetic force pointing in the positive y-axis
and x-axis directions, respectively, with the consequent displace-
ment taking place in the diagonal direction, as shown in Fig. 2e,
which implies, therefore, a less effective magnetic manipulation.

The motion of the nanocomposites (Brownian or induced) can
be analysed more quantitatively using optical tracking to obtain
a mean-squared displacement (MSD) analysis [16,25]. This MSD
as a function of short time intervals, in the absence (black) and
presence of the magnetic field gradient (red) was acquired (bottom
row in Fig. 2), so that a transition from a linear tendency (stem-
ming from a random Brownian movement because there is no
external stimulus) to a parabolic trend (induced, directed, pro-
pelled or guided movement because of some external stimulus),
can be assessed [25]. For that, the MSD plots were obtained follow-
ing the standard experimental protocol averaging all nanocompos-
ites (individual or chained) present in the different movie frames,
and considering no constrains in movement, except in the z-
direction. Given the random motion of the composites in pure
water and in the cell tissue extract in the absence of a magnetic
field, the diffusion coefficient can therefore be calculated taking
into account the motion registered by the optical tracking. Attend-
ing to the composite trajectories, since the squared displacement is
linear in time (MSD = 4DDt, vide infra) [25], the values of diffusion
coefficient can be calculated from the slope, with values of 1.16
(±0.02) lm2 s�1 and 0.43 (±0.01) lm2 s�1, in ultrapure water and
the cell tissue extract, respectively. These values imply a much
slower diffusive motion in the cell tissue extract, which can be
associated to the larger viscosity (vide infra). These values are also
in agreement with the Stokes-Einstein equation: D ¼ kBT=6pgR,
where g is the viscosity of the medium, kB is the Boltzmann con-
stant, T is the temperature and R is the radius of the colloid
considered.

Similarly, to evaluate the induced motion of the chains of
nanocomposites due to the magnetic field as an external stimulus,
the MSD analysis was evaluated. The linear to parabolic transition
expected is indeed observed in Fig. 2g and i (referred to having the
chains dispersed in pure water or the cell tissue extract, respec-
tively, and under the influence of the magnetic field gradient). This
is in agreement with a MSD in which both diffusion and directed
movement are implied, according to:

MSD ¼ 4DDt þ v2s2r
2

2Dt
sr

þ e�
2Dt
sr � 1

� �
ð2Þ

which considers the random motion (first term of the equation; no
external forces acting but just the movement due to thermal
energy), and the induced or directed motion (quadratic term of
the equation, due to the presence of an external stimulus, that is,
the magnetic force in this case). For short intervals of time, Eq. (2)
can be simplified to obtain Eq. (3):

MSD ¼ 4DDt þ v2Dt2 ð3Þ
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as reported for the induced or directed movement, considering dif-
ferent types of motilities nanoparticles can undergo [16,25]. In the
case of these magnetic chains, the parabolic trends observed, even
at such long time delays (see MDS plots (red symbols) in Fig. 2g
and i), indicate that their movement is indeed induced and guided
by the external magnetic force. Consequently, a mean velocity
(when applying the magnetic field) can be determined from these
MSD plots, considering the average of their instantaneous velocities
in every movie frame, with values of 1.56 (±0.05) lm s�1 and 1.05
(±0.06) lm s�1 in ultrapure water and cell tissue extract, respec-
tively. These values are in agreement to the experimental ones
obtained from the live tracking integrated into the tracking soft-
ware (with a very similar value v = 1.47 (±0.05) lm s�1 and
v = 1.01 (±0.05) lm s�1 for both experiments).

For the glycerol/water mixture, we observe the opposite behav-
ior, with a more linear tendency in the MSD plot once the magnetic
field is applied. Since for the parabolic behavior registered in the
absence of magnetic field, no external stimuli were applied, other
phenomena must be responsible for the non-Brownian movement
registered, with different processes such as sedimentation or con-
vective mixing currents. In the case of convective mixing, the
visual inspection of the trajectories of particles would reflect this
unidirectional motion of convection by straight lines at constant
velocities [25], such that, all particles, over the areas visualized
by optical microscopy, should move in the same direction and at
the same velocity. Accordingly, since the trajectories of all the
nanocomposites in the glycerol/water mixture (Fig. 2b) look indeed
very similar, we can point out the convection as the dominant pro-
cess moving them. At this point, it is also important to take into
account that microscopic interactions in these glycerol/water mix-
tures are not yet well understood, particularly in fractions of glyc-
erol <0.3–0.5, likely because inter-diffusion between solute–solute,
solute–solvent, and solvent–solvent molecules may cause a non-
homogeneous fluid over time [37,38]. With this into account we
can postulate that when having the nanocomposites in the glyc-
erol/water mixture, in the presence of the applied magnetic field,
the formed chains move in the direction of the magnetic field,
but the convective mixing makes less effective the magnetically
induced and guided movement, rendering the chains much slower
(see the MSD plot in Fig. 2h, red symbols and summary of dynam-
ical values in Table 1). Still, they perceive the magnetic force and
have their trajectories reoriented, demonstrating the magnetic
manipulation, and anyhow, a more detailed investigation of this
particular behavior is out of the scope in this report.

Both the diffusion coefficient of the nanocomposites in the
absence of a magnetic field, and the magnetic manipulation of
the formed chains in terms of velocity, obtained from the MSD
analysis, and the magnetophoretic mobility, calculated using Eq.
(1), are summarized in Table 1. From these results we can conclude
that: (a) the values of diffusion of the nanocomposites are in agree-
ment with the tabulated value of viscosity of pure water (10�3 Pa s)
and the values of the glycerol/water mixture (2.97 � 10�3 Pa s) and
the cell extract (3.18 � 10�3 Pa s), determined experimentally, [39]
and (b) the chains of nanocomposites perform satisfactorily both in
water and in the more viscous cell tissue extract. In this latter med-
ium, it should be pointed out the presence of large molecules such
as nucleic acids, nanometric protein aggregates (proteasomes or
chaperonins), biomolecular complexes such as ribosomes, and
mesometric organelles such as mitochondria, vesicles, or the cen-
trosome, all contributing to influence the mobility of the synthetic
particles. Summarizing this part, while an increase in viscosity
worsens the magnetic manipulation, it also increases the final
length of the chains, offering therefore a compromise between
both effects in the magnetophoretic mobility, justifying the smaller
value in the more viscous cell tissue extract. In the glycerol/water
mixture case, even with magnetic chains twice longer than in



Table 1
Calculated values of the diffusion coefficient of the individual nanocomposites (no magnetic field applied), and of velocity (Eq. (3)) and magnetophoretic mobility (Eq. (1)), of the
chained nanocomposites in the different media considered. The value* refers to HeLa cells average velocity.
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water, the magnetic force effect becomes poorer because of the
hypothesized convective mixing, reducing significantly their final
magnetophoretic mobility.
3.3. Biologically relevant media

The magnetic manipulation was assessed in vitro, in HeLa cell
cultures, and in vivo, in zebrafish larvae. For this purpose, in the
first case, the HeLa cell cultures were incubated with the serum-
functionalized PS@IO nanocomposites redispersed overnight, in
the absence or presence of a magnetic field gradient. In the first
case, and upon internalization by receptor-mediated endocytosis
and endo-lysosomal entrapment, the nanocomposites became
gathered by the cells and displayed no apparent alignment, as
shown in the representative CLSM image in Fig. 3a. As for most
endocytosed nanocomposites [27], they are randomly displayed
in a typically perinuclear disposition (see a more general overview
in Fig. S4a, in the SD), that is, close to the blue-stained nuclei. Fur-
thermore, the process by which the nanocomposites internalize
the HeLa cells and become trapped by endocytosis was followed
by TEM. Fig. S5 in the SD included images of ultra-thin sections
of the nanocomposites used in the HeLa cells, showing different
steps of the process called ‘‘canonical route”, that is, the
receptor-mediated endocytosis [40,41]. At this point, it is also wor-
thy to note that these TEM images in Fig. S5 show healthy cells
with the organelles in the cytoplasm very well preserved, revealing
the very low toxicity of the nanocomposites. To study the move-
ment of the nanocomposites within cells, and more specifically,
within subcellular compartments such as endosomes, using the
cytosol as reference, we have also checked the nanocomposites
behavior using a flatter cell type (murine NIH-3T3 fibroblasts) that
renders easier the documentation of living cells during prolonged
periods using confocal microscopy, to obtain time-lapse films, for
the random movement analysis. As shown in the VS1 video (in-
cluded in the SD), the nanocomposites become trapped in the
endosomes and if they have enough space, they move randomly.
In such a situation, it is possible to estimate the dynamic viscosity
of the lysosomal fluid by analysing the diffusion performance of
the entrapped nanostructures. The estimated value of viscosity of
0.96 Pa�s, for the average diffusion coefficient obtained (see
Table 1), is larger than other values estimated for the lysosomal
viscosity of different cells (0.41 (J774A.1 (mouse macrophages)),
0.51 (BHK (baby hamster kidney fibroblasts)) and 0.73 Pa�s (HeLa
cells)) [42]. In this regard, Devany et al. have associated increases
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in viscosity values of this kind of organelles to an increase of stor-
age of material, which can be also reasoned here because of the
presence itself of every nanocomposite, which, as shown in the
VS1 video, occupy a large percentage of the available volume of
the organelle.

Alternatively, for the Hela cells incubated with the PS@IO
nanocomposites in the presence of the magnetic field gradient, a
few intracellular short chains of nanocomposites were observed
(Fig. 3b and c, and more general overviews in Fig. S4b and c, in
the SD). Since their magnetic manipulation in the cell culture
implied the possibility of manipulation of the cells themselves
[43,44], the HeLa cells were first detached from the glass substrate
and subsequently located again under the influence of the mag-
netic field gradient, so that, the trajectories while pulling the cells
were tracked. Since the internalization of the PS@IO nanocompos-
ites was not homogenous in terms of an average number of
nanocomposites internalized per cell, only some of the cells
imaged (in pink) were displaced when manipulating at a distance
the chains of nanocomposites (the trajectories appear indicated
in yellow), whereas others remained still, on the substrate, as
shown in Fig. 3d. An analogous MSD analysis was therefore per-
formed for this system, as shown in Fig. 3e, offering the expected
parabolic trend associated to an induced and guided movement
because of the magnetic force acting as external stimulus. This
parabolic function allows us to calculate the mean velocity (con-
sidering Eq. (3)), obtaining an average value of 1.63 (±0.25) lm
s�1 for the cells imaged and showing displacement. For a clearer
inspection of the movement, the inset in Fig. 3e depicts the track-
ing of a single cell under the influence of the magnetic field gradi-
ent, of which the average speed of the cell in this distance
registered is 1.46 (±0.12) lm s�1. This value is within the range
of velocities obtained from the MSD analysis and slightly larger
than the one obtained for the case of chains of nanocomposites
navigating in ultrapure water and cell extract media. Though the
chains have attained a similar length when inside the HeLa cells
and under the influence of the magnetic field gradient as in ultra-
pure water, this velocity does not refer to their motion but to the
motion of the cells. Anyway, this analysis demonstrates the effec-
tive magnetic manipulation of cells when exerting the magnetic
force on these chains of nanocomposites, rendering them good
candidates for cell separation applications.

Finally, we consider the zebrafish larvae to assess the manipu-
lation of the PS@IO nanocomposites inside a living vertebrate, with
optimum optical transparency that favours the experiments by



Fig. 3. CLSM projection images of HeLa cells (scale bar in a), b) and c): 10 lm). Nuclei stained with Hoechst (blue channel) displaying randomly distributed cytoplasmic PS@IO
nanocomposites (green channel), in the absence of a magnetic field gradient (a). Confocal single z-plane images of the cytoplasm of Hela cells stained with ethidium bromide
(red channel) in the presence of a magnetic field gradient, with the internalized fluorescent PS@IO nanocomposites forming magnetic chained swimmers (b and c). Whole
HeLa cells (purple dots) containing intracellular chained swimmers upon the presence of an external magnetic gradient (yellow lines indicate the whole-cell trajectories in
the media (scale bar: 50 lm) (d). MSD analysis of these cell ensemble trajectories (e) (inset: tracking of a single cell under the influence of the magnetic field gradient). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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which studying the magnetophoretic mobility of the chains of
nanocomposites in a highly viscous and bio-relevant environment
[45,46]. Consequently, larger (3.5 lm in diameter, because of ease
of imaging) PS@IO nanocomposites were similarly prepared and
injected into the zebrafish yolk sac. The yolk sac is a nutrient
reserve for the zebrafish embryo, separated from the rest of the
embryo by the yolk syncytial layer, a multinucleate layer of cells
that plays a nutritive role during embryonic and larval stages
[47]. The yolk sac provides for the embryo growth during the early
developmental stages with lipids, proteins, and micronutrients,
and offers therefore a highly viscous medium to test both the indi-
vidual nanocomposites and the chains. Additionally, either with
the nanocomposites or the chains trapped in the yolk sac, both
the dissemination via the vasculature and/or the binding of the
nanocomposites to the endothelium can be avoided, as both effects
would interfere with the magnetic manipulation experiments to be
analysed. Furthermore, the initial nanocomposites were loaded
with the fluorescent PAH-FITC (poly(fluorescein isothiocyanate
allylamine hydrochloride)) polyelectrolyte on their surface,
enabling their distribution and mobility to be easily monitored.
Between 15 and 20 repeats conducted in each of four independent
experiments were carried out, by which the individual or the
chains of nanocomposites were let to distribute within the yolk
sac, that is, in the absence or presence of a magnetic field gradient,
showing the series of these four independent experiments similar
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repeatability. Fig. 4 includes representative microscopy images of
the zebrafish embryos, on which we can observe the cloud of
injected nanocomposites, coloured in green. The images of the zeb-
rafish in the absence (a and b) and presence (c, d) of a magnetic
field gradient (represented using the magnetic field black lines
included in the bottom right scheme), right after the injection (left
column) and after 45 min (right column), illustrate how the
nanocomposites individually or as chains become distributed.
While a confined localization in both cases is attained right after
the injection (Fig. 4a and c), the nanostructures distribute differ-
ently inside the yolk sac when in the absence or presence of the
magnetic field gradient, that is, randomly (Fig. 4b) or with an
induced motion guided in the direction of the established magnetic
field gradient, after incubation of the embryos for 45 min (Fig. 4d),
though with some passive diffusion contribution. Please notice
that the green fluorescence seen around the yolk sac is a back-
ground signal. Fig. 4e includes the average distance distribution
(travelled 45 min after the injection, by the nanocomposites, in
blue, and the chains, in red), fitted to log-normal functions, such
that average values of 80 (*/3) lm (in all directions) and 135
(*/2) lm (in the magnetic field gradient direction) respectively,
were obtained. These average values demonstrate indeed the
occurrence of an induced guided movement inside the zebrafish
yolk sac. That is, when dispersed in the yolk sac, the average veloc-
ity of the nanocomposites (calculated considering these average



Fig. 4. Representative microscopy images (scale bar: 500 lm) of zebrafish embryos injected with PS@IO nanocomposites, right after the injection (a, c) and the same embryos
incubated in the absence (b) and presence (d) of a magnetic field gradient (represented using a magnet scheme from which we can observe the magnetic field lines) after
45 min. Distance (traveled by the nanocomposites) distribution analysis (e), fitted to log-normal functions.
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values of distances travelled by the nanocomposites in the 45 min
period of the experiment) increases from 0.030 lm s�1 (in the
absence of magnetic field) to 0.050 lm s�1 (under the influence
of the magnetic field gradient, and therefore working as chains
magnetically propelled). These values imply a much slower move-
ment in both cases if compared to the other media, also taking into
account the identical magnetic field gradient and even considering
the larger size of the initial nanocomposites. This indicates the
important role of the viscosity inside the yolk sac slowing down
both the Brownian and the induced guided movement. To support
this final conclusion, we have proceeded with an estimation of the
viscosity of the yolk sac internal medium taking into account the
average velocity under the influence of the magnetic field gradient,
obtaining a rough value of �1.26 Pa�s, that is, more than one thou-
sand times the viscosity of pure water, which can also explain the
very slow diffusion of the individual nanocomposites in the
absence of the magnetic field, also taking into account the larger
size of the PS spheres employed in this final case.
4. Conclusions

This work demonstrates that different biological media can be
explored by magnetically propelled chained nanocomposites. The
effects physical parameters like density and viscosity of the med-
ium to be explored can exert on the chain formation and on the
magnetic manipulation can indeed be correlated to the movement
induced. The initial analysis of the dynamics governing the process
of chain formation and magnetic manipulation in three different
media (water, glycerol/water mixture and cell tissue extract) paves
the way for the analysis of more complex biological media, such as
the ones inside the lysosomes of cells or inside the yolk sac where
nutrients to feed zebrafish embryo are loaded. In detail, the
dynamics information associated to the Brownian or magnetically
induced motion and obtained from optical tracking permits to esti-
mate diffusion coefficients and velocities. These values allow the
estimation of viscosity values in different biologically relevant
media, offering an easier to implement method and analysis than
previous strategies designed for this aim [6,42]. Further studies
are under way to determine values of viscosity and modes of diffu-
sion in other media (mucosa, blood–brain barrier, etc.), where a
magnetically driven enhanced diffusion and propulsion can play
a role in key applications like drug delivery.
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