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swimming of microrobots such as helical propulsion, [ 9,10 ]  trave-
ling wave propulsion [ 11 ]  or pulling with magnetic fi eld gradi-
ents. [ 12 ]  If a micro- and nanoparticle exhibits a chiral geometry 
such as a helical shape rather than a symmetrical shape, then 
a non-reciprocal motion can be generated. This concept has 
been used for helical propulsion-based swimming. The fabri-
cation of such helical microstructures was reported by several 
research groups using different techniques, such as glancing-
angle deposition [ 13 ]  and self-rolling technology. [ 14–16 ]  In previous 
studies, we designed a chiral microstructure displaying the 
helical geometry of bacterial fl agella using direct laser writing 
(DLW) with two-photon polymerization [ 17 ]  and photosensitive 
polymers. [ 18,19 ]  By coating this polymeric helix with magnetic 
materials, a stable magnetic structure that exhibited a similar 
size and geometry to bacterial fl agella and capable of controlled 
“swimming” by magnetic actuation was generated. The appli-
cation of a temporally constant and rotating magnetic fi eld 
at appropriate frequencies on these microstructures allowed 
indeed stable dynamic motion to be produced along the lon-
gitudinal axis of the helix and propulsion occurred. [ 18 ]  These 
magnetic helical structures, called artifi cial bacterial fl agella 
(ABFs), could be precisely controlled by weak-strength rotating 
magnetic fi elds (<10 mT), that has great potential for biomed-
ical applications, such as targeted drug delivery. [ 6,7,20 ]  

 In our previous work, the functionalization of ABFs with 
liposomes containing fl uorophores and drug models was 
achieved and a cargo could be delivered in vitro to cells [ 21,22 ]  
to demonstrate the possibility of using ABFs as active drug 
delivery devices. In this work, we describe the surface func-
tionalization of ABFs with near-infrared probes (NIR-797) that 
allowed whole-body optical (fl uorescence) imaging to track for 
the fi rst time in vivo the magnetically controlled navigation of a 
swarm of functionalized ABFs ( f -ABFs) in the peritoneal cavity 
of a mouse. 

 The production of ABFs was optimized by designing a 
microstructure with the helical geometry of bacterial fl agella 
combining 3D-DLW with two-photon polymerization [ 17 ]  and 
photosensitive polymers. [ 18 ]  By coating this polymeric helix 
with magnetic materials, stable magnetic structures that exhibit 
a similar size and geometry to bacterial fl agella were success-
fully prepared. The rotation of temporally constant magnetic 
fi eld at appropriate frequencies allowed the generation of stable 
dynamic motion along the longitudinal axis of the helix and 
consequently allowed propulsion to occur.  Figure    1  A shows the 
fabricated ABFs. The helical bodies of ABFs could be obtained 
in different sizes, such as 8 µm (Figure  1 A(a)) and 16 µm 
(Figure  1 A(b)) in length. Following DLW, the polymeric bodies 
were coated with 50 nm-thick layer of Ni and 5 nm layer of Ti. 
Magnetic material such as Ni enabled us to wirelessly control 
ABFs, and Ti was used to improve the biocompatibility of the 

  Signifi cant attention has been placed recently on the fabrication 
of micrometer or sub-micrometer structures whose motion can 
be directed within liquids, enabling controlled navigation to tar-
geted locations and/or achieving tasks under physiological con-
ditions and environments. [ 1 ]  The design of such sophisticated 
“microrobots” could potentially revolutionize many fi elds of 
medicine, enabling active drug delivery [ 2 ]  or microsurgery [ 3 ]  or 
their combination. 

 Manipulation of larger-scale objects (typically of a few centi-
meters) has been achieved in liquids and tissues. [ 4 ]  In par-
ticular, signifi cant advances have been achieved in the develop-
ment of robot assisted-colonoscopy and in miniature robots 
for use in the gastrointestinal (GI) tract. [ 5 ]  Such robots on a 
milli meter or sub-millimeter scale would enable new diagnosis 
and therapeutic procedures that were not possible before as 
additional locations in the human body become accessible. [ 6 ]  
Reaching equivalent or higher level of control for sub-micro-
meter devices appears to be a more challenging task. The main 
reason being that at small length scales motion is governed by 
viscous forces. Micrometer-scale objects, including most micro-
organisms such as bacteria, typically move at a low Reynolds 
number,  R  e , which represents the ratio of inertial to viscous 
forces (for  Escherichia coli R  e  is 10 −4  and for a human swimmer 
 R  e  is 10 5 ). [ 7 ]  A micrometer or sub-micrometer object needs to 
execute a non-reciprocal motion at low Reynolds number in 
order to be able to “swim” and subsequently to overcome the 
viscous pulling forces. [ 8 ]  The swimming motion of artifi cial or 
tailor made micrometer scale robots will therefore have to be 
inspired by the natural asymmetric time sequence of micro-
organisms (screw-like or fl exible oar-like movements) such as 
bacteria or spermatozoa. 

 Different approaches have been envisioned to mimic 
the behavior of bacterial and eukaryotic fl agella to enable 
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devices. [ 19,23 ]  A large number of ABFs (10 080 in each batch) 
was produced on a glass slide that served as a substrate and 
subsequently coated with a Ni/Ti layer (Figure  1 A(c)).  

 Fluorescence-based in vivo imaging in the near-infrared 
(NIR) spectral region has proven to be a benefi cial tool for the 
development of novel delivery vectors and in particular for mon-
itoring drug targeting. This technique offers the possibility to 
image agents with higher signal-to-background ratio, and able 
for deep tissue penetration as a result of the low photon absorp-
tion of endogenous biomolecules in the range of 650–1000 nm 
wavelength. [ 24 ]  NIR-797 was selected as a NIR-emitting fl uoro-
phore in order to monitor the magnetically controlled in vivo 
navigation of the ABFs using whole-body optical (fl uorescence) 
imaging (IVIS system). The ABFs were functionalized with 

NIR-797 prior to untethering from the glass 
substrate in a three-step procedure: i) for-
mation of an oxide layer; ii) derivatization of 
the hydroxyl groups into amino groups; and 
iii) coupling with NIR-797 molecule via the 
reaction between isothiocyanate groups pre-
sent in NIR-797 molecule and the amino 
groups on the ABF surface (Figure  1 B,C). 

 The fi rst step that is the formation of a 
titanium oxide layer was performed by the 
anodization process. This method has com-
monly been used to produce a Ti-rich oxide 
layer on surfaces of super-elastic NiTi alloys 
for biomedical applications in order to 
improve corrosion resistance of NiTi-coated 
materials in physiological environments. [ 25 ]  
In our case, the formation of an oxide layer 
by anodization was used for the introduction 
of hydroxyl groups to facilitate the coupling 
with NIR-797 molecules onto ABF surfaces 
while leaving the Ni atoms, responsible for 
the magnetic properties of the swimmers, 
unaffected. A cross-section of the Ni/Ti-
coated glass slide before and after the ano-
dization process is shown on  Figure    2  A. The 
thickness of the titanium oxide layer could be 
roughly estimated at 120 ± 30 nm by meas-
uring the difference in thickness before and 
after anodization with ImageJ using four dif-
ferent samples.  

 The atom composition of the ABF sur-
face substrate before and after anodization 
was characterized using energy-dispersive 
X-ray spectrometry (EDS) (Figure  2 B) using 
an uncoated glass slide as a control. The data 
confi rmed the presence of Ni/Ti atoms on 
the coated substrates and on the anodized 
surfaces. The presence of oxygen, aluminum, 
sodium, potassium, and silane in high pro-
portion could be observed on all samples. 
These atoms are indeed characteristic of 
atoms present on a glass slide. The atomic 
percentage content of oxygen, titanium, and 
nickel atoms on the surface of the different 
samples, normalized to the control glass sub-

strate, are shown on Figure  2 C to indicate that oxygen content 
signifi cantly increased after the anodization step, while the one 
of titanium and nickel remained stable, confi rming the forma-
tion of the TiO 2  layer on the coated glass substrate. 

 The addition of reactive amine groups onto the coated ABF 
surface for the subsequent reaction with the isothiocyanate 
NIR-797 was performed by introduction of an aminosilane 
layer. This method was previously reported by Bakhshi et al., in 
order to coat a polyhedral oligomeric silsesquioxane (POSS)–
nanocomposite polymer onto NiTi surfaces. [ 26 ]  The function-
alization of the ABF surface with the aminosilane was found 
to be highly reproducible and the loading of primary amine 
groups was around 0.94 nmol cm –2  (SD 0.08 nmol cm –2 ) 
and considering the surface area of a single ABF 
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 Figure 1.    Fabrication of ABFs and their functionalization with NIR-797 dyes ( f- ABFs). A) ABFs 
with different lengths (8 µm (a) and 16 µm (b)) were fabricated by DLW, scale bars 4 µm; c) one 
array of ABFs with 16 µm length (10 080 ABFs) were produced on the glass substrate (dark 
square inside the red box). B) Functionalization of ABFs with NIR-797 dyes. i) After fabrication, 
ii) the Ni/Ti surfaces of ABFs were anodized, and iii) covalently coupled with NIR-797 dyes. 
(iv) After functionalization, the  f- ABFs were detached from the substrate by sonication. C) The 
fl uorescent image of  f- ABFs after functionalization. D) The  f- ABF suspension in a centrifuge 
tube (left) and near (right) a permanent magnet (500 mT).
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(251.33 µm 2 ), the functionalization was found to be around 
2.36 × 10 −7  nmol/ABF (1 amine group per 17.7 Å 2 ) (Figure S1, 
Supporting Information). 

 Following this step, the coupling with NIR-797 isothiocy-
anate was performed at room temperature for 2 d in chloro-
form/methanol (50/50 vol%). A control reaction was conducted 
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 Figure 2.     f- ABFs characterization; A) Thickness of the titanium oxide (TiO 2 ) layer after anodization of a Ni/Ti-coated array of ABFs on a glass substrate. 
i) Scanning electron microscopy (SEM) image of a cross-section of a Ni/Ti-coated glass substrate. Thickness of a Ni/Ti coated glass substrate ii) before 
anodization and iii) after anodization. The thickness of the oxide layer could be estimated by measuring the difference in thickness between anodized 
sample and a sample before anodization on four different images using ImageJ software. B) EDS Spectra of i) glass substrate, ii) Ni/Ti-coated glass 
substrate, and iii) anodized Ni/Ti-coated glass substrate. The red arrows highlight the presence of titanium and nickel on the coated glass substrate. No 
nickel is detectable on the uncoated glass substrate, however silane, oxygen and aluminum could be detected in every sample as they are component 
elements of the glass substrate. C) The comparison of elements (O, Ti and Ni) on glass substrates before and after anodization. D) i) SEM images of 
coated ABFs and ii) optical microscopy image of an untethered coated ABF before functionalization. Epifl uorescent images of iii) FITC-functionalized 
ABFs and iv) untethered FITC-functionalized ABF. E) Characterization of  f- ABF fl uorescence: i) fl uorescence signal at 820 nm of  f -ABFs dispersed in 
IPA at increasing concentrations (10 000; 20 000; 30 000; 60 000 and 100 000  f- ABFs mL –1 ) ( λ  exc : 795 nm); ii) Calibration curve of  f- ABFs dispersed in 
IPA. The volume of the tested samples was 10 mL. F) The IVIS fl uorescence signal of the  f -ABFs at different concentrations in IPA (60 000; 30 000; 15 
000  f -ABFs mL –1 ). A fl uorescent signal could be detected at a minimum concentration of 15 000  f -ABFs mL –1 .



2984 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TI

O
N under the same conditions using a fl uores-

cent isothiocyanate (FITC) ( λ  exc  = 488 nm 
and  λ  em  = 568 nm) that allowed the obser-
vation of fl uorescently labeled ABFs under 
an epifl uorescent microscope. The resulting 
FITC-functionalized ABF surfaces were char-
acterized by fl uorescence microscopy and the 
images are shown in Figure  2 D(iii). The data 
demonstrated a homogenous fl uorescence 
labelling of the functionalized ABF surfaces. 
The fl uorescent signal of the dispersed FITC/
NIR-797 functionalized ABFs was character-
ized by spectro-fl uorimetry and fl uorescence 
microscopy (Figure  2 D(iv)). In order to quan-
tify the reaction yield of the coupling with 
NIR-797, a calibration curve was generated 
using different  f- ABF concentrations in iso-
propyl alcohol (IPA) (Figure  2 E). The amount 
of NIR-797 on each  f- ABF could be estimated 
and was found to be 1.09 × 10 −5  nmol per 
 f -ABF. The yield of the NIR-797/NH 2 -func-
tionalized ABF coupling reaction was there-
fore around 5%. This low yield was explained 
by the fact the NIR-797 is a bulky molecule 
with limited accessibility to the amino groups 
located on the surface of the ABF. 

 The fl uorescent signal of the NIR-797/
ABF coupling was then studied in aqueous 
and physiological media such as HEPES 
buffer (25 × 10 −3   M , pH 7.4), 5% dextrose, 
and mouse serum (Figure S2A, Supporting 
Information). The intensity of the fl uorescent 
signal of the  f- ABFs varied in the different 
solvent systems (Figure S2B, Supporting 
Information), this was consistent with the 
extinction coeffi cient of NIR-797 in the same 
solvents. NIR-797 extinction coeffi cient was 
found to be higher in mouse serum than in 
all the other solvents. Mouse serum appeared 
to be the best solvent for an optimal NIR-797 
fl uorescent signal. The stability of the fl uo-
rescent signal of the  f- ABFs in 5% dextrose 
and 50% mouse serum was also studied over-
time (Figure S2C, Supporting Information). 
The fl uorescent signal remained unchanged 
over a period of 2 weeks in all media used. 

 In order to investigate the swimming ability of the 
 f- ABFs, the intensity of the NIR fl uorescent signal was deter-
mined using the IVIS optical imaging system at an exci-
tation wavelength of 745 nm, at which the absorption of 
endogenous biomolecules is expected to be low.  f- ABFs 
were dispersed in 5% dextrose at different concentrations 
(60 000, 30 000, and 15 000  f- ABFs mL –1 ) were prepared and the 
fl uorescent signal was investigated. The results are shown in 
Figure  2 F. The fl uorescent signal decreased with decreasing the 
number of  f- ABFs, and a fl uorescent signal could be detected 
with a concentration of  f- ABFs as low as 15 000  f- ABFs mL –1 . 

 The  f- ABFs in vitro swimming capabilities by wireless mag-
netic actuation were then investigated.  Figure    3  A and Movie S1 

and S2 in the Supporting Information show the controlled 
motion of a  f -ABF swarm (of around 20 000 ABFs) observed 
by optical microscopy using three pairs of Helmholtz coils that 
provided a rotational magnetic fi eld (Figure S3, Supporting 
Information). The application of a rotational magnetic fi eld 
allowed the  f -ABFs to translate a rotational movement into 
propulsion (Figure S4A, Supporting Information). [ 27 ]  Since the 
intensity of the magnetic fi eld inside the coil was uniform, the 
whole swarm of  f -ABF movement could be precisely controlled. 
Depending on the input magnetic fi elds, ABFs can assemble 
and disassemble. The assembly between two ABFs can alter the 
swimming speed depending on the angle of assembly. When 
this event occurs, as was previously demonstrated in our group, 
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 Figure 3.    Controlled swimming of  f -ABF swarm in vitro under 9 mT and 90 Hz. A) A swarm of 
ABFs swims on a polished Si wafer in distilled water tracked by optical microscopy. B) A swarm 
of ABFs swims in a 1 cm × 1 cm vial tracked by the IVIS Lumina III and Live Imaging software. 
The colored lines around the clouds present the contours of the clouds, measured by Icy soft-
ware and the “�” symbol indicates the centroids of the clouds.
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the assembled ABFs are still able move in a same direction and 
the swimming can still be controlled. [ 28 ]   

 Altering the rotating magnetic fi eld parameters such as fi eld 
strength and frequency allowed the tuning and control of the 
swimming direction and speed of the swarm. Yaw and pitch 
were the steering parameters in order to control the orientation 
of the ABFs in the horizontal plane and out-of-plane, respec-
tively. In addition, the  f -ABFs could swim with six degrees of 
freedom (left, right, forward, backward, up, down, and free 
rotation about three perpendicular axes). [ 27 ]  When ABFs swim 
on an in-plane surface, they have both forward and drift speeds 
due to the drag force imbalance of the wall effect. In order to 
reduce the drift speed, the swimming experiments were con-
ducted at 10° out-of-plane (pitch 10). The average speed of the 
 f -ABFs was 70.4 µm s –1  (the forward speed 69.1 µm s –1  and the 
drift speed 13.3 µm s –1 ) under a magnetic fi eld of 9 mT and 
90 Hz (Figure S4B, Supporting Information). 

 The swimming of  f- ABF swarms was then studied by IVIS 
optical imaging. 120 000 ABFs were suspended in a total 
volume of 1 cm 3  (with a calculated mean spacing for that ABF 
suspension of 184 µm between each swimmer). Mild sonica-
tion was applied prior to all swimming experiments. Figure  3 B 
shows the controlled motion of a  f -ABF swarm (about 
110 000 ABFs dispersed in 1 mL of 5% dextrose) in a 1 cm × 
1 cm quartz cuvette. The three Helmholtz coils were placed 
inside the IVIS chamber under the camera to allow direct visual-
ization of the  f- ABF swarm swimming. The fl uorescence signal 
generated by the  f- ABF dispersion in 5% dextrose appeared as 
a red cloud in the IVIS images (Figure  3 B) and indicated the 
location and distribution of the  f -ABF swarm. The rotation of 
the magnetic fi eld was programmed for a precise trajectory: 
from their initial position, the  f- ABF swarm was exposed to a 
rotating magnetic for a propelling motion to the right (9 mT, 
90 Hz, yaw 90, pitch 10, 1 min exposure time) (Figure  3 B(1),(2)), 
then the direction of the rotating magnetic fi eld was changed 
for a propelling motion to a diagonal direction toward the upper 
left corner of the quartz cell (9 mT, 90 Hz, 1 min exposure time) 
(Figure  3 B(3)). Images of the  f- ABF swarm before application of 
the fi eld were fi rst recorded, and then every minute after appli-
cation of the fi eld. 

 The swimming pattern of the  f -ABF swarm was demon-
strated by the changing shape of the cloud. In order to statis-
tically study the movement of the swarm, the movement of 
the centroid of the cloud was studied and quantifi ed using Icy 
software 1.4.3.5 to determine the centroid position by an active 
contour function and a home-made Matlab code (Figure S5, 
Supporting Information). The centroid moved 1182 µm toward 
the right from (1) to (2) with a total speed of 19.7 µm s –1  (for-
ward speed 18.5 µm s –1 , drift speed 6.8 µm s –1 ) (Figure S5A, 
Supporting Information). Afterwards, the centroid appeared 
to be displaced to 1102 µm diagonally, toward the upper left 
corner from (2) to (3) (at total speed of 18.3 µm s –1 , forward 
speed 18.0 µm s –1 , and drift speed 3.6 µm s –1 ) (Figure S5B, 
Supporting Information). The movement of the cloud centroid 
was found to be consistent with the actuation trajectory. Both 
the optical (Figure  3 A) and IVIS tracking (Figure  3 B) showed 
that the swarm of  f -ABFs exhibited controlled motion by actua-
tion of the rotational magnetic fi eld. The speed of movement 
of the centroid in 5% dextrose was found to be slower than the 

speed measured in IPA in Figure  3 A. This could be explained 
by possible aggregation of the  f -ABFs due to their surface modi-
fi cation, change of media from IPA to an aqueous medium 
and the magnetic attraction between  f -ABFs. When aggregated, 
the ABFs were still able to move forward, however their speed 
decreases as previously described. [ 28 ]  

 We then investigated the controlled propelling of the  f- ABF 
swarm in vivo. A swarm of  f -ABFs dispersed in 5% dextrose 
(80 000  f -ABFs in 400 µL) was injected in the intra-peritoneal 
cavity of a 4-week old Balb/C mouse. All in vivo experiments 
described in this work were performed in accordance and 
approval by the UK Home Offi ce (Animal Scientifi c Procedures 
Act 1986, UK) and all Ethical Review Committees that oversee 
such work. The peritoneal cavity is the space between the pari-
etal peritoneum and visceral peritoneum [ 29 ]  and was selected as 
a site of injection that would allow enough space for naviga-
tion of the swimming  f- ABFs. Immediately after injection, the 
animals were anesthetized and placed upside down with the 
lower abdominal part located at the center of the three pairs 
of the Helmholtz coils ( Figure    4  A(i)). This experimental setup 
is shown in Figure S6A (Supporting Information). A fl uores-
cent signal could be detected in the lower part of the abdom-
inal cavity consistent with the location of the injected  f -ABFs 
(Figure  4 A(ii)). Intraperitoneal administration with a 5% dex-
trose solution showed no background fl uorescent signal with 
the optical setup used, confi rming that the fl uorescent signals 
detected originated from the swarm of  f -ABF (Figure S6B, Sup-
porting Information). A rotational magnetic fi eld was applied 
(9 mT, 90 Hz, yaw 0, and pitch 10) for 5 min to induce a pro-
pelling actuation of the  f -ABFs at a direction toward the lower 
part of the animal body. Images were captured every minute. 
As shown in Figure  4 B, the  f -ABF swarm represented by the 
red and yellow cloud appeared to move toward the direction 
of the magnetic fi eld overtime. This suggested that the  f -ABFs 
responded to the rotational magnetic fi eld and could swim 
within the intraperitoneal cavity. Similar to the in vitro studies, 
the location of the  f -ABFs cloud centroid was monitored and 
quantifi ed (Figure S7, Supporting Information). The downward 
motion of the cloud centroid was estimated to be 1.25 mm after 
5 min of fi eld exposure and the speed of the cloud was found to 
be 6.8 µm s −1  (forward speed 4.2 µm s −1  and drift speed 
5.4 µm s −1 ) which was slower than the speed measured in the 
in vitro studies. The decreased speed of the propelling  f -ABF 
motion can be explained by increased fl uid viscosity, the change 
of surface properties of  f -ABFs, the shift of the step-out fre-
quency of  f -ABFs and the change of the effective hydrodynamic 
pitch of ABFs inside the intraperitoneal cavity due to the pres-
ence of proteins and other endogenous bio-macromolecules. 
Also, the tissue in vivo presents various anatomical barriers 
to  f -ABF swimming that will also be another reason for the 
reduced speed of the   in vivo swimming observed.  

 Another explanation of the reduction of the swimming speed 
is that during the in vitro experiments under the optical micro-
scope, the ABFs operated at the step-out frequency. At that 
frequency they reached their maximum swimming speed. For 
the in vitro and in vivo experiments in biological media, this 
remains unclear as the step-out frequency was determined in 
water or IPA. As a consequence the  f- ABFs may operate below 
the step-out frequency. In addition to the technical challenge 
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of navigating this type of swimmers in an in vivo environ-
ment (within tissues and organs as potential obstacles) using 
a rotating magnetic fi eld, another technical issue had to be 
considered carefully such as the development of a suitable 
imaging technology that could allow monitoring of actuation of 
such small-sized devices by wireless actuation. The right bal-
ance between the number of swimmers that could allow strong-
enough detectable signal to allow monitoring and tracking with 
preservation of control of their in vivo actuation and navigation 
needed to be optimized. A high amount of swimmers (80 000) 
were required in order to obtain a suffi cient signal that allow 
accurate in vivo tracking increasing the possibility of move-
ment impairment of the swimmers and therefore signifi cant 
reduction of the swimming speed. 

 Recent interest has focused on the design and utilization 
of magnetically propelled constructs to transport therapeutic 
agents to precisely targeted locations of the body by active 
navigation, despite this remaining challenging. [ 30–34 ]  Signifi -
cant progress has been achieved in manipulating larger scale 
materials in liquids and tissue. For example, the navigation of 
a 1 cm ferromagnetic screw in tissue with a rotating magnetic 

fi eld, as well as the navigation of a 1.5 mm bead in the carotid 
artery using magnetic fi eld gradients were reported. [ 35,36 ]  The 
use of the magnetic fi eld as an external source of power for 
microswimmers is the common route for powering swimming 
motion as magnetic fi elds are known to be less invasive than 
other forms of actuation. In addition, the utilization of mag-
netic fi elds in medicine and in biological environments is well 
accepted as the widespread use of magnetic resonance imaging 
(MRI) can demonstrate. One of the approaches to navigate 
magnetic micro- and nano-particles is to use external magnetic 
fi eld gradients to provide a translational motion. However, an 
important consideration when utilizing magnetic fi eld gradi-
ents to be taken into account is the system scale size. It has 
been demonstrated that producing a magnetic fi eld gradient to 
propel objects over long distances, typically required for in vivo 
applications, becomes unattainable when considering the capa-
bilities of available sources of magnetic fi elds. [ 37 ]  

 Another approach to achieve navigation of magnetic 
micro- and nanoparticles using magnetic fi elds is based on the 
exploitation of the mechanism of traveling wave propulsion. 
This method of navigation relies on the creation of a traveling 
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 Figure 4.    Controlled swimming of a swarm of  f -ABFs in the intra peritoneal cavity of a Balb-C mouse under 9 mT and 90 Hz. A) The scheme of the 
in vivo experiment (i) and the original data taken by the IVIS Lumina III using Live Imaging software; ii) Image of an anesthetized 4 week old Balb-C 
mouse inside the magnetic coils. The red spots represent the fl uorescent signal of the injected  f -ABFs. B) A swarm of  f -ABFs (80 000  f -ABFs in 400 µL) 
swimming downward under the actuation of a rotating magnetic fi eld (9 mT, 90 Hz). The upper array of three images shows the swarm of  f -ABFs 
swimming downwards (total movement of the swarm center of mass: 1.3 mm) and the bottom images are the magnifi ed image from the upper array. 
The contour of the yellow cloud was determined using a homemade Matlab code and was used to determine the movement of the swarm of  f -ABFs.
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wave to generate propulsion the same way as that of eukaryotic 
fl agella. [ 38 ]  This method is found to be a very effective means 
of propulsion, possibly more effective than helical propulsion. 
However, the development of such systems in terms of fabrica-
tion, power, and control appears to be challenging with regards 
to the type of distributed actuation seen in eukaryotic fl agella. [ 6 ]  
The advantage of using helical and screw-like structures, as in 
the case of ABFs, is their ability to operate with the application 
of a weak (<10 mT) and homogenous external magnetic fi eld. 
At such fi eld intensities spherical or symmetrical ferromagnetic 
nanoparticles cannot be propelled, nor be dragged. When the 
magnetic fi eld rotates in a plane orthogonal to the main axis 
of the helix, the ABF rotate and as a result a propelling motion 
is achieved (similar to a screw turning), going forward or back-
ward depending on the direction of rotation of the fi eld. [ 8 ]  

 Various microrobot designs, using different forms of actu-
ation have been reported to swim in vitro in physiological 
environments. [ 39–44 ]  Magnetically actuated micro- and nano-
swimmers have been studies in biological fl uids such as fetal 
bovine serum, [ 28 ]  human serum, [ 45 ]  undiluted human blood [ 46 ]  
and saliva. [ 47 ]  In addition, our previously published work dem-
onstrated that use of a Ni/Ti coating on the ABFs were not 
found to induce any cytotoxicity to mouse myoblasts (C2C12) 
after 72 h of exposure, or HEK293 cells within 96 h of expo-
sure. The cells readily adhered, migrated and proliferated over 
the devices. [ 18,23 ]  However, the present study reports previously 
unattained in vivo navigation of a swarm of microscale, mag-
netically-actuated swimmers. The “swimming” motion of the 
surface-functionalized ABFs as a result of the application of a 
mild external rotating magnetic fi eld in the peritoneal cavity 
of an anesthetized mouse could be tracked and monitored in 
real time using live fl uorescence imaging. The anticipated dilu-
tion effect and fl uid absorption by the tissue following injec-
tion, along with the interaction with proteins and other bio-
molecules present in the peritoneal cavity represent signifi cant 
obstacles for the smooth navigation of the ABFs compared to 
an in vitro environment. There has been no prior knowledge 
or report on how such micro-objects would react in a living 
physiological environment. For many applications, as well as 
being able to potentially retrieve the swimmers, the ability to 
visualize and monitor the “swimming” motion of microrobots 
will be essential. This study demonstrates the ability to navigate 
these microrobots in an in vivo set-up that has not been previ-
ously achieved. However, for the translation of this technology 
in clinical applications there are still important challenges to be 
addressed, such as: i) the ABF surface interaction with biomol-
ecules and their impact on their swimming properties; ii) the 
number of ABFs to be used in a swarm for optimal delivery of 
drugs to a targeted site; and iii) a thorough investigation of the 
ABF in vivo toxicity in order to fully understand any long-term 
effects on the interacting tissue and the excretion mechanism 
of the swimmers after accomplishment of their navigation 
mission. 

 Non-optical methods, such MRI, have been found to be 
useful, in particular combined with paramagnetic and ferro-
magnetic microparticles that enhance the MRI signal contrast. 
However, MRI becomes unfeasible because high magnetic 
fi elds, typically associated with MRI instrumentation, will inter-
fere with the magnetization of the ABF swimmers, particularly 

in ferromagnetic systems actuated with homogenous magnetic 
fi elds. [ 48 ]  In this case, there is a need to incorporate alternative 
imaging signals to enable tracking and visualization. Here we 
demonstrated that the chemical functionalization of the ABFs 
with a NIR fl uorophore, NIR-797, provides adequate imaging 
to allow tracking of the  f- ABF swarm trajectory in the body of 
the animal. Although the speed of the  f- ABF swimming motion 
was found to be lower in vivo than in vitro, the 3D direction-
ality of the  f- ABF swarm actuation could still be achieved. This 
represents a signifi cant progress for the development of micro-
scale robots that could be navigated, imaged and tracked in vivo 
that could constitute a technology platform for advanced, wire-
lessly controlled and imaged vehicles for transport of therapeu-
tics and tools for microsurgery.  
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