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Abstract This paper reports the design and development of a
novel millimeter-sized robotic system for targeted therapy.
The proposed medical robot is conceived to perform therapy
in relatively small diameter body canals (spine, urinary sys-
tem, ovary, etc.), and to release several kinds of therapeutics,
depending on the pathology to be treated. The robot is a
nearly-buoyant bi-component system consisting of a carrier,
in which the therapeutic agent is embedded, and a piston. The
piston, by exploiting magnetic effects, docks with the carrier
and compresses a drug-loaded hydrogel, thus activating the
release mechanism. External magnetic fields are exploited to
propel the robot towards the target region, while intermagnetic
forces are exploited to trigger drug release. After designing
and fabricating the robot, the system has been tested in vitro
with an anticancer drug (doxorubicin) embedded in the carrier.
The efficiency of the drug release mechanism has been dem-
onstrated by both quantifying the amount of drug released and
by assessing the efficacy of this therapeutic procedure on hu-
man bladder cancer cells.
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Magnetic robot .Magnetic docking .Microrobotics . Targeted
therapy

1 Introduction

The progressive development of new drug delivery systems is
driven by the need to maximize therapy efficacy while mini-
mizing negative side effects, typical of a systemic administra-
tion. To reach this goal, targeted drug delivery (TDD) systems
can be employed; they allow, indeed, both a drug concentra-
tion increase in the region of interest and a marked reduction
of side effects in the rest of the body (Ricotti et al. 2015).

Despite considerable advances in TDD technologies, most
systems provide little control over timing or rate of release of
the therapeutic agent and consequently cannot be tuned to
patient needs and/or changes in physiological conditions.
Triggerable drug delivery systems, on the contrary, can enable
on-demand release by exploiting either the interaction be-
tween a Bsmart^ material and the surrounding environment
or by using a remotely controllable activation mechanism
(Timko et al. 2010; Cassano and Trombino 2015).

A high-efficacy TDD system should enable the delivery of
a therapeutic agent close to the target tissue in a highly con-
trolled way. It should also assure drug release only when re-
quired. Currently available systems at the micro/nano-scale,
such as magnetic nanoparticles (Arruebo et al. 2007) and
smart triggerable materials (Hoare et al. 2011; Arruebo
2012; Chenga et al. 2013), often suffer from low controllabil-
ity and from the impossibility of removing the delivery system
after the therapy has been performed, thus raising toxicity-
associated risks.

Medical robots have the potential to efficiently overcome
some of these limitations, allowing targeted therapy at differ-
ent length scales and in several body regions, by exploiting a
wide network of small-diameter canals and endoluminal ac-
cess points (Bergeles and Yang 2013). Robots’ features, di-
mensions and operation mechanisms strongly depend on the
procedure to be performed and, above all, on the working
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environment (Li et al. 2004; Tabatabaei et al. 2012; Woods
and Constandinou 2012; de Lanauze et al. 2013; Fusco et al.
2014). If we consider millimeter-sized body lumens, such as
the central nervous system (CNS), in particular the spine, the
urinary system, the pancreas or the ovary, therapy is usually
performed through systemic drug administration in the case of
chemotherapeutics for tumor treatment, catheters (e.g. those
for chronic pain management in the spine), and other dedicat-
ed therapeutic/interventional instruments (such as
hysteroscopes, special catheters, etc.) (Tobias et al. 1991;
Storz 2015).

To overcome the low controllability of current TDD
systems and the low dexterity and high stiffness of cath-
eters (Chee and LeMoure 1995), an untethered robot able
to controllably move through body channels and to per-
form on-demand drug administration would represent a
valid solution. Due to space constraints (i.e. less than a
few mm in most districts mentioned above), robot loco-
motion cannot be achieved by exploiting on-board actua-
tors and power sources. It is therefore necessary to iden-
tify a propulsion strategy using energy provided by the
environment or by an external source.

While several strategies have been proposed so far
(Nelson et al. 2010), magnetic-based locomotion emerged
as one of the most promising approaches. Thanks to their
biocompatibility and efficiency also at the microscale
(Abbott et al. 2009), magnetic fields can be exploited to
wirelessly transmit high forces or torques with multiple
degrees of freedom to miniature medical robots, thus
allowing their locomotion through the human body (Ab-
bott et al. 2007). Dedicated external platforms, based on
permanent magnets (Fountain et al. 2010), electromagnets
(Kummer et al. 2010) or magnetic resonance imaging
(MRI) scanners (Kósa et al. 2011), have been recently
exploited to produce pulling of magnetic microbeads,
screw-like motion of helical artificial bacteria flagella
(Mhanna et al . 2014) or swimming of magnetic
microscallops (Qiu et al. 2014).

Microrobots’ small size and payload-dependent swimming
dynamics, however, make it challenging to translate these
technologies in targeted therapy applications. At the same
time, robotic systems for TDD, such as endoscopic capsules
(Yim and Sitti 2012; Sliker and Ciuti 2014), possess limita-
tions since they are too large to navigate through small body
lumens, thus to get in hard-to-reach areas of the human body.

The contribution of this paper consists of the design and
feasibility testing of a magnetically actuated two-component
robot that is able to navigate through body canals such as the
spine, the Wirsung duct and the urethra, for on-demand and in
situ release of therapeutic agents (drugs, regenerative factors,
etc.).

In particular, the design exploits the superposition of two
different magnetic effects. An external magnetic field is used

to propel the two robot components to the neighborhood of the
target site. Prior work has demonstrated that the same external
magnetic field can be used to achieve independent control of
multiple magnetic robots (Diller et al. 2012; Panagiotis et al.
2012; Eqtami et al. 2014). When drug release is desired, the
external field can be used to bring the robots into close prox-
imity, where intermagnetic attraction forces bring about
docking and drug release.

The remainder of the paper is arranged as follows. The next
section describes the design requirements of the robot and
gives details on its design and fabrication, including synthesis
and characterization of the drug-loaded hydrogel used for pay-
load delivery. Finally, experimental evaluation is described,
including an in vitro assessment of drug release profiles and
response of human cancer cells to the treatment.

2 Materials and methods

2.1 System design: general considerations and working
environment

The system consists of two millimeter-sized near-neutrally
buoyant components (i.e. carrier and piston) both containing
a spherical permanent magnet (Fig. 1). The carrier consists of
a polymeric shell containing a drug-loaded hydrogel. Holes in
the shell allow drug release. NdFeB powder embedded in its
tip adds to total magnetization to increase heterogeneity and
thus enhancing an independent control of the two robot com-
ponents (Panagiotis et al. 2012; Eqtami et al. 2014). Once
navigated to the target position shown in the Fig. 2, attraction
between the magnetic materials of each component causes
docking, during which the piston enters the mating cavity of
the carrier, squeezes the hydrogel, and causes drug release.

Navigation of robot components can be performed using,
e.g., an MRI scanner, a coil system or permanent magnets.
The devised therapeutic strategy is articulated in the following
sequence of actions:

Fig. 1 Bi-component robot design and its constitutive elements
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1. the carrier is injected into the desired body lumen and
navigated to the target site (Fig. 2a), where it keeps the
position;

2. the piston is subsequently injected and brought close to
the target area as well (Fig. 2b). Thanks to the differences
in terms of geometric and magnetic properties between
the two robots, their locomotion can be controlled inde-
pendently, as already demonstrated in the literature. Thus,
the carrier can be kept approximately fixed, while the
piston approaches;

3. the piston is brought close to the carrier. When the dis-
tance between the two components falls below a critical
threshold, the magnetic attraction between the carrier and
the piston prevails over the external control force (Fig. 2c)
and docking between the parts occurs;

4. the piston compresses the drug-loaded hydrogel, thus trig-
gering the release of the embedded therapeutic agent
(Fig. 2d). The bi-component robot is then magnetically
retrieved and extracted from the body.

The proposed robotic system is devised as a tool allowing
clinicians to perform in situ release of drugs (chemotherapeu-
tics, anti-inflammatory drugs, etc.) and regenerative factors in
remote regions of the human body.

As mentioned, an untethered robotic system able to
controllably move through a body channel can be a valid
alternative to catheters (Tamaz et al. 2008) for targeted therapy
procedures in body districts such as the CNS, the urinary
system, the pancreas or the ovary. These sites can be reached,
respectively, by crossing the subarachnoid space, the ureter
(also allowing access to the prostate) and urethra, the excreto-
ry Wirsung duct, etc. These can be considered as relatively
small diameter fluid-filled channels in which: (i) body fluids
have features comparable with those of water in terms of vis-
cosity and density; (ii) fluid flow rate can be approximated as
zero and laminar behavior can be considered for robot motion;

(iii) robot diameter must be a few mm (Zaaroor et al. 2006;
Nelson et al. 2010) in order to enable locomotion through
these body lumens.

2.2 Magnetic behavior

From the magnetic viewpoint, three different effects character-
ize the proposed robotic system: (i) magnetic locomotion, pro-
duced by an external magnetic platform, (ii) magnetic docking,
produced by the interaction of on-board permanent magnets
and enabling drug release triggering and (iii) differentiation of
the two robots in terms of magnetic properties and drag profile.
Each contribution is analyzed in more detail below.

i) Locomotion. The locomotion and orientation of carrier
and piston are obtained by generating suitable values of
magnetic field and gradient. The magnetic forces and
torques produced by an external source on the carrier
and the piston can be expressed by:

F
!¼ m!⋅∇B

!¼ VM
!⋅∇ B

! ð1Þ

T
!¼ m!� B

!¼ VM
!� B

! ð2Þ
whereM, B, and ∇B represent the magnetization of the
carrier or the piston, the magnetic field and its gradient,
respectively; V is the volume of the magnetic dipole.

ii) Docking. The embedded permanent magnets serve both
to enable robot locomotion and to activate the drug
release mechanism. The idea is to exploit the attractive
force between the on-board permanent magnets for ro-
bot docking and the consequent payload release. This
force dominates external gradient forces when the ro-
bots approach each other (distance smaller than about
10 times the permanent magnet diameter). The interac-
tion between piston and carrier can be modeled by

Fig. 2 Therapeutic procedure
overview. a The carrier is injected
and navigated to the target site. b
The carrier is maintained
approximately fixed and the
piston is injected. c The piston is
brought close to the carrier.
Below a critical distance,
attraction between the two
modules prevails over the
external magnetic control. (d)
Docking occurs and the
therapeutic agent is released
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considering the magnets as magnetic dipoles character-
ized by a magnetic moment m:

mi
!¼ V i Mi

�! ð3Þ
The magnetic field B produced by a magnetic dipole is
(Yung et al. 1998):

B
!

m!; r!� � ¼ μ0

4π rj j3 3 m!⋅
r!
r!�� �

�

 !

r!
r!�� �

�

−m!
�

þ 2μ0

3
m!δ3 rð Þ

 !

ð4Þ
where r is the position vector connecting the dipole to
the point of interest, μ0 is the permeability of the free
space and δ is the three-dimensional delta function. If

the coordinate system is shifted to the center of the
dipole and rotated such that the z-axis points in the
same direction as m, (4) can be simplified as follows:

Bz r!� � ¼ μ0

4π
m

3cos2θ−1
rj j3

 !

Bx r!� � ¼ μ0

4π
m

3cos2θ−1
rj j3

 ! ð5Þ

The angle θ is defined as θ=ϕ-α where ϕ and α are the
angles that m and r form with the z-axis, respectively. In our
case, there are two dipoles that interact. The force exerted
from one magnetic dipole (m1) on the other (m2) is:

F
!

m m1→m2ð Þ ¼ −∇ m!2⋅−B
!

1

� �

¼ ∇ m!2⋅B
!

1
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¼
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� �
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The attraction force between the two permanent magnets
corresponds to the compression force exerted by the piston on
the drug-loaded hydrogel. This obviously influences the hy-
drogel choice, which must show properly tuned mechanical
features.

iii) Independent navigation of robot components. NdFeB
powders, located on the carrier head, contribute to differenti-
ate the motion of the carrier and the piston in response to
external magnetic fields (differences in geometrical cross sec-
tion also contribute through variations in drag forces). Com-
pared with traditionally employed superparamagnetic parti-
cles, NdFeB powders show a higher magnetic permeability,
can be permanently magnetized and show a relatively low
density in comparison with permanent magnets, thus not ham-
pering robot buoyancy.

2.3 Gravity compensation

Gravity compensation is a key requirement for avoiding the
contact between the robot and the working environment (thus
minimizing friction and stiction issues) and achieving efficient
three-dimensional navigation of miniaturized magnetic robots
in fluids. Various gravity compensation techniques have been
proposed for magnetic microrobots (Jeong et al. 2010;
Mahoney et al. 2011; Sakar et al. 2013). Inmost of these cases,
non-standard magnetic navigation systems able to generate
magnetic gradients with tailored values are required in order
to overcome friction forces.

In general, gravity compensation of magnetically propelled
robots requires complex control methods together with a

substantially increased magnetic gradient demand. In order
to reduce the impact of these constraints, the gravitational
force should be minimized. This can be achieved only by
minimizing the density differences between the robot and
the surrounding environment. Palagi et al. (2013) proposed a
solution based on nearly-neutrally buoyant hydrogel robots
and demonstrated that, despite their relatively weak magnetic
properties, for certain size/velocity ranges they could be more
easily and efficiently propelled than state-of-the-art metal
millirobots.

As an alternative to embedding a low-density material in
the robot (such as dodecane which is highly toxic), a pre-
determined volume of air may be introduced in the structure
(Diller et al. 2013). This second approach has been pursued in
this work. In order to be nearly-neutrally buoyant, the mean
density of the robot should be the same of the fluid where it
swims. By approximating the density of the human body
fluids (that represent the workspace of the proposed robotic
system) to that of water and by taking into account the specific
density (ρi) and the correspondent volume (Vi) of the materials
constituting the carrier and the piston, near-neutral buoyancy
is guaranteed by the following equilibrium equation:

V tot � ρwater ¼
X

n

i¼0

V i � ρi ð7Þ

In the equation, n is the number of the materials, Vtot is the
total volume of the robot and ρwater is the water density. This
equation was taken into account during the robot design phase
in order to identify the volume of air needed both in the piston
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and in the carrier as well as the appropriate volumetric pro-
portion between the different materials, whose densities are
reported in Table 1.

2.4 Drug-loaded hydrogel

In the design of this millirobotic system, a significant chal-
lenge is the selection of the drug-embedding material.
Hydrogels are 3D networks composed of chemically or phys-
ically cross-linked hydrophilic polymer chains. They can be
cast into almost any shape, size, or form and can absorb thou-
sands of times their dry weight of water. It is possible to
engineer hydrogels to resemble the extracellular environment
in ways that enable their use in medical implants, biosensors,
and devices for drug delivery (Seliktar 2012). A particular
favorable class of hydrogels for drug delivery is based on agar
and gelatin. They are biocompatible and can be infused not
only with drugs, but also with cells that may release molecules
promoting tissue regeneration (e.g. paracrine factors produced
by stem cells) (Ricotti and Menciassi 2013; Alvarado-Velez
et al. 2014; Gnavi et al. 2014; Tonda-Turo et al. 2014).

Different hydrogel compositions were mechanically tested
to evaluate the Young’s compression modulus. Gelatin per-
centage was fixed at 1 % w/w whereas agar concentration
was varied (4, 2, 1, 0.75, 0.5 and 0.25 % w/w) in order to tune
hydrogel mechanical properties. Agar (Sigma Aldrich,
A9539) was dissolved in deionized water (d-H2O) at 90 ° C
for about 15 min, under stirring. Then, the temperature was
lowered to 50 ° C and gelatin (Sigma Aldrich, G1890) was
added and dissolved for 15 min, under stirring. To verify if the
chosen hydrogel was actually able to embed therapeutics and
if it was able to release them after squeezing, doxorubicin was
included in the hydrogel matrix. Doxorubicin is a common
anticancer drug that can be exploited for the treatment of many
different kinds of tumor, ranging from breast, ovary and blad-
der cancer (Smith et al. 2006; Lammer et al. 2010; Tao et al.
2011). Doxorubicin hydrochloride (Sigma Aldrich, 44583)
was added at a concentration of 200 μg/ml to the agar-
gelatin solution, after lowering the temperature down to
40 °C. The solution was stirred for 2 min, before pouring the
compound into petri dishes (to get samples for compression
tests) or injecting it into the carrier (to assemble the drug-
loaded robot). After pouring or injecting the solution, it solid-
ified in a few minutes by physical cross-linking.

Assessing the hydrogel mechanical properties was crucial
to identify which composition better suited the design require-
ments. Under the action of the compression force, correspond-
ing to the attraction force between the two magnetic dipoles
(expressed in Equation 6), the hydrogel is deformed and re-
leases the infused drug. In compression, the drug-loaded ma-
trix mechanical behavior should be such to allow an efficient
squeezing process, despite the low squeezing force available,
avoiding, at the same time hydrogel fracture (indeed, the leak-
age of hydrogel fragments could produce channel obstruction
or undesired drug delivery into other regions). Moreover, the
hydrogel should be able to stably embed drugs, thus releasing
them only in presence of the triggering effect (i.e.mechanical
compression).

Mechanical testing of the hydrogel compositions stated
above were carried out in compression by using an Instron
machine (Instron 4464), equipped with a ±10 N static load
cell. A 0.5 mm/min compression speed was applied on cylin-
drical samples immersed in Phosphate Buffered Saline (PBS)
solution. Using stress–strain curves obtained for each hydro-
gel composition, finite element model (FEM) simulations
were carried out using Abaqus and MATLAB® to calculate
the deformation produced on the hydrogel cylinder, due to the
compression exerted by the piston.

The magnetic force was calculated analytically from Equa-
tion 6 and exploited in the model in order to simulate the
effects produced on each agar-gelatin hydrogel type. The
stress–strain curves were imported into Abaqus using the Hy-
perplastic module. In the Abaqus Step module, explicit dy-
namics was defined by imposing a mass scaling equal to 100.
Appropriate tie constraints between the described elements
were implemented, thus reproducing the microrobotic plat-
form. The elements were meshed by using a structured Hex
mesh. In particular, the simulations were used to define the
composition that confers the highest deformation to the hy-
drogel without causing its fracture. Once the best composition
was identifed, further mechanical tests were carried out on the
chosen hydrogel loaded with the drug, in order to verify
whether the material properties were affected by doxorubicin
embedding.

2.5 Polymeric shell and robot fabrication

Using soft structures for the robot components is advanta-
geous for reducing the risk of inducing damages to the bio-
logical channel. At the same time, some stiffness is required to
avoid piston bending during docking and to ensure an efficient
hydrogel compression. To balance these two needs, polydi-
methylsiloxane (PDMS, SYLGARD® 184, Dow Corning)
was chosen. This material is biocompatible and its mechanical
properties can be easily tuned by varying the monomer-curing
agent ratio. Both the carrier and the piston were fabricated in

Table 1 Density of
robot constitutive
components

Material Density [Kg m−3]

NdFeB 7850

Hydrogel 1000

PDMS 952

Air 1.225
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PDMS with a 5:1 monomer-curing agent ratio (Armani et al.
1999).

Robot dimensions are critical in terms of fabrication,
as the robot is neither small enough (micrometer range)
to justify the use of microfabrication techniques, nor
sufficiently large to exploit traditional machining tools.
Custom molds were fabricated through 3D-printing
(3DSYSTEM PROJET HD 3000) and used to obtain
the robot components. NdFeB powders (Magnequench
MQA-37-11, MolyCorp) were added at a concentration
of 15 % w/w to the PDMS solution (Fig. 3a) and prop-
erly mixed. The obtained solution was then poured into
the molds (Fig. 3b). Magnetic powders were accumulat-
ed at the top of the carrier’s head to differentiate the
carrier magnetization with respect to the piston (embed-
ding only the permanent magnet), thus enabling their
independent control. To collect the powders at the top
of the carrier’s head and to align powder particles, a
dedicated setup was exploited (Fig. 3c). A permanent
magnet was placed adjacent to the mold during the po-
lymerization process (carried out at room temperature
for 24 h). The proximity of a permanent magnet to
the robot head produced a migration of the powders
towards it, thus enhancing its accumulation and orienta-
tion. Before assembling the carrier components and per-
manent magnet (N45, diameter 1 mm) (Fig. 3d), the
polymeric shell was permanently magnetized: a static
magnetic field of at least 2T was required to magnetize
the NdFeB powders. To this aim, a clinical 3T MRI
scanner (Signa 3T GE scanner) was exploited, by
aligning the robot axis with the direction of the scanner
static magnetic field.

Once fabricated and assembled, 10 μL of Bhydrogel+
drug^ solution were injected into the carrier and let solidify
in situ (Fig. 3e).

2.6 Locomotion and docking tests

Once fabricated the robot prototypes, operation tests were
carried out to verify if the system was actually able to perform
the desired task. First of all, a locomotion test was performed.

A customized PDMS arena (72mm×36mm×15mm)with
a channel (diameter and depth of 15 mm and 7.5 mm, respec-
tively) and a circular chamber (diameter and depth of 30 mm
and 10 mm, respectively) was fabricated by using a 5:1
monomer-curing agent ratio.

Both the carrier and the piston were accurately oriented and
moved towards a desired position. A magnetic field of 5.2 mT
and a magnetic field gradient of 0.05 T/m were generated by
means of a permanent magnet placed below the workspace.
This was exploited to bring the carrier and the piston to the
target sites. In order to achieve the complete procedure illus-
trated in Fig. 2, the carrier was held at the desired position
using an additional magnetic field of 50 mT, while the piston
was navigated into position for docking.

2.7 Drug release tests

Drug release tests were performed to quantitatively assess the
amount of drug released by the robot. These tests considered
both the pre-docking state, to verify that premature drug leak-
age did not occur, and the docked configuration, to verify that
a significant amount of drug was released.

To measure the amount of drug released by the robot, a
spectrophotometric plate reader was used (PerkinElmer, VIC-
TOR X3), by setting an excitation wavelength of 470 nm and
an emission wavelength of 585 nm. A drug calibration curve
was first obtained. Aqueous doxorubicin solutions at different
drug concentrations were prepared and absorbance measures
were carried out in triplicate for each concentration (200 μL
samples). Six different doxorubicin concentrations in the 0–

Fig. 3 Robot fabrication
procedure. a NdFeB powders are
added to the PDMS polymeric
solution. b The compound is
poured into the molds. c
Permanent magnet causes
powders to accumulate at the
robot’s head. After demolding,
the carrier components with
embedded powder are
permanently magnetized by
means of an MRI scanner. d The
piston and the carrier are
assembled, by also embedding a
spherical permanent magnet. e
The hydrogel is injected into the
carrier
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30 μg/mL range were tested, and experimental data were in-
terpolated with an exponential function to draw the drug cal-
ibration curve.

Once obtained the calibration curve, in vitro release
tests were performed. The amounts of doxorubicin re-
leased by the robots in the docked configuration were
compared with control samples (in which no hydrogel
squeezing occurred). In all these tests, robots were im-
mersed in 1 mL of d-H2O within a 48 multi-well plate.
To measure drug release and its temporal profile, sam-
ples were taken at 30 s, 120 s, 210 s, 300 s, 600 s and
1200 s after either immersion of the robot in water or
robot docking. At each time-point, 500 μL of solution
were collected and gently replaced with 500 μL of d-
H2O, avoiding any external mechanical stimulation that
may cause undesired drug release. Absorbance data
were converted into drug quantity values and plotted
as a function of time. Three independent samples were
tested for each sample type. In addition, each absor-
bance reading was carried out in triplicate.

2.8 In vitro tests on cancer cells

In vitro efficacy tests were carried out on T24 human urinary
bladder carcinoma cells (ATCC®, HTB-4™). The idea was to
test the robotic system on unhealthy cells deriving from a
district reachable with the proposed system, in order to prove
the validity of the proposed approach.

Cells (passage number: < 3) were seeded in a standard
multi-well plate at a density of 10,000 cells/cm2 and kept in
culture medium, composed of McCoy’s 5a MediumModified
(ATCC®, 30-2007) supplemented with 10 % Fetal Bovine
Serum (FBS, Euroclone), 100 IU/ml penicillin (EuroClone)
and 100 mg/ml streptomycin (EuroClone). During culture,
the cells were maintained at 37 ° C in a saturated humidity
atmosphere containing 95 % air and 5 % CO2.

Four experimental groups were considered: (i) non treated
cells (Bnegative control^ samples); (ii) cells treated by im-
mersing for 20 min a UV-sterilized carrier (undocked) in the
culture medium (Bundocked robot^ samples); (iii) cells treated
by immersing for 20 min a UV-sterilized carrier together with
the piston in the culture medium (Bdocked robot^ samples)
and (iv) cells treated by directly dispersing doxorubicin in
the culture medium at a concentration of 10 μg/mL (Bpositive
control^ samples).

Twenty-four hours after the testing of all these experimen-
tal groups, the samples were treated to assess reactive oxygen
species (ROS) production. ROS generation is enhanced in
cells, under conditions of oxidative stress, which lately cause
alteration of membrane lipids, proteins, and nucleic acids.
ROS production in T24 cells was detected by using a Reactive
Oxygen Species Detection kit (Life Technologies, I36007).
The assay is based on 5-(and-6)-carboxy-2 ’ ,7 ’ -

dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA),
which is a fluorogenic marker for ROS in viable cells. At
the desired time-point the culture medium was removed, cells
were rinsed with PBS and incubated for 45 min with a 25 μM
carboxy-H2DCFDA working solution (in DMSO:PBS at
1:400v/v), then immediately observed by means of a fluores-
cence microscope (Eclipse Ti, FITC-TRITC filters, Nikon)
equipped with a CCD camera (DS-5MC USB2, Nikon and
with NIS Elements imaging software).

Three days after the testing of the mentioned exper-
imental groups,the extent of cell proliferation was quan-
tified for the different sample types, by measuring de-
oxyribonucleic acid (DNA) content. In brief, at the de-
sired time-point culture medium was removed, cells
were rinsed with PBS and then treated with 500 μL
of d-H2O. Cell lysates were obtained by two freeze/
thaw cycles of the samples (overnight freezing at
−20 °C and 15 min thawing at 37 ° C in an
ultrasonication bath) to enable the DNA to go into the
aqueous media. The DNA content in cell lysates was
measured by using the PicoGreen kit (Life Technolo-
gies, P7519). Working buffer and PicoGreen dye solu-
tion were prepared and added according to the manu-
facturer’s instructions (100 and 150 μL/well, respective-
ly). After 10 min of incubation in the dark at room
temperature, fluorescence intensity was measured on
the microplate reader, using an excitation wavelength
of 485 nm and an emission wavelength of 535 nm.
For DNA quantification, three independent samples
were analyzed for each sample type, and the volume
analyzed for each sample was read in triplicate, in the
microplate.

2.9 Statistical analyses

Analysis of variance was used to evaluate statistically signif-
icant differences among samples. A t-test was performed for
comparison between two groups, while Holm–Sidak tests
were performed for comparisons among several groups. Sig-
nificance was set at 5 %.

3 Results and discussion

3.1 Hydrogel characterization and FEM simulations

Six hydrogel compositions, differing in agar concentration,
were mechanically tested to identify which was the most suit-
able for the envisioned application (Online Resource 1). FEM
simulations were carried out by using the stress–strain curves
obtained through compression tests and the force values ob-
tained by the dipole-dipole magnetic model (expressed in
Equation 6). In particular, since at the squeezing starting point
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the distance between the centers of the permanent magnets is
3.5 mm (the hydrogel cylinder is 2.5 mm high), a magnetic
attraction force equal to 1.3 mN was considered. Figure 4
shows the simulation results and, in particular, how the defor-
mation produced on the hydrogel changes with its agar con-
tent. Simulations demonstrated that a 0.25 % agar-1 % gelatin
hydrogel, which represents the lower bound agar concentra-
tion to have a semi-solid behavior, undergoes a deformation of
about 38 % while maintaining its integrity, thus leading to the
choice of this composition for the drug-loaded matrix embed-
ded in the carrier. Further compression tests and simulations
were carried out on 0.25 % agar-1 % gelatin hydrogels incor-
porating doxorubicin. Simulations showed that the drug does
not negatively affect hydrogel compression. On the contrary,
hydrogel compression increases with doxorubicin inclusion,
reaching a deformation of 43%without compromising hydro-
gel integrity, thus further validating the choice of such drug
delivery matrix.

3.2 Robot prototype, characterization and locomotion
testing

After fabricating them, robot prototypes were inspected by
means of a Hirox optical microscope (Fig. 5a–b) in order to
evaluate their morphology and to remove residual materials.
Figure 5c–f show that the robot was easily provided with the

doxorubicin-loaded hydrogel, which solidified in the robot
and could be squeezed, when required.

Two types of carrier were produced, namely integrating or
not NdFeB powders into the structure. The carriers with the
embedded powders were permanently magnetized, as de-
scribed inMaterials andMethods section.Magnetic field mea-
surements were performed by means of a Hall effect probe
(Magnetometer KOSVAHA 5,Wuntronic). The objective was
to demonstrate that the addition of NdFeB powders was actu-
ally able to contribute to robot magnetization. This is particu-
larly important to differentiate the piston and the carrier in
terms of magnetic properties despite the fact that they embed
the same permanent magnet, thus to allow their independent
motion control. Magnetic field measures were carried out by
placing the Hall effect probe in contact with the carrier’s head.
Results demonstrated that the NdFeB powders contributed in
differentiating the carrier from the piston: in absence of
NdFeB powders, the measured field was 37±4.2 G, while
for the carriers embedding the powders it was 102.5±22.6 G.

Then, a preliminary evaluation was performed in order to
demonstrate the controllability of robot locomotion and of the
docking procedure. The results are shown in the attached vid-
eo (Online Resource 2) and in Fig. 6. They demonstrated that
both the components can be moved in a liquid environment
thanks to their buoyancy and to magnetic fields and that the
procedure depicted in Fig. 2 is feasible with the achieved
prototype.

Fig. 4 Abaqus FEM simulation results. a Hydrogel deformation
produced by magnetic attraction force as a function of agar
concentration. b Distribution of stress on the chosen hydrogel. c

Deformation of the 0.25 % agar-1 % gelatin hydrogel after squeezing
(blue and red lines refer to the initial and the final surface of the
hydrogel, respectively)
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3.3 Drug release and in vitro validation

Release tests carried out on the fabricated prototypes con-
firmed the correct operation of the robotic system. The doxo-
rubicin calibration curve (Fig. 7a) was achieved by interpolat-
ing experimental absorbance points with an exponential func-
tion and was used to evaluate the amount of drug released by
the robots. Figure 7b shows the temporal release profile for
both docked an undocked robots. The results demonstrate that
squeezing is crucial for drug release activation, since in the
absence of squeezing (control samples) the spontaneous re-
lease was nearly zero.

Furthermore, the release trend revealed that drug release
was still ongoing after 20 min. This represents a reasonable
duration for the therapeutic procedure. By integrating the dis-
crete values measured through spectrophotometric analysis at
each sampling time, the total amount of doxorubicin released

was calculated (Fig. 7c); these quantitative data confirmed that
the docking between the carrier and the piston efficiently trig-
gered drug release.

While the net amount of drug released by each robot is
quite low (only a few ng), this amount is reasonable since
the drug is highly effective at low concentrations and is re-
leased directly at the damaged site (Zhao et al. 2011). Further-
more, the amount of drug released prior to docking is only
0.7 % of that achieved through docking.

In vitro tests using T24 cells confirmed that the prototype
was effective as an anticancer targeted therapeutic platform.
Figure 8a shows the ROS production for the different sample
types tested. While Bnegative control^ and Bundocked robot^
samples showed no detectable trace of ROS, Bdocked robot ^
samples were characterized by a diffuse red fluorescence, sim-
ilar (although less intense) to that of Bpositive control^ sam-
ples. DNA measurements (Fig. 8b) confirm this trend:

Fig. 5 a Images of carrier and
piston obtained through a Hirox
microscope. b Robot prototype in
the docked configuration. c
Drug-loaded agar-gelatin
hydrogel. d Procedure of
drug-loaded hydrogel injection
into the carrier. e Carrier
prototype with drug-loaded
hydrogel embedded. f Docked
configuration, with the hydrogel
squeezed
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Bdocked robot^ samples, similarly to Bpositive control^ sam-
ples, showed a marked reduction in cell proliferation, at day 3
after docking tests. BUndocked robot^ samples showed a
much higher DNA content, although smaller than Bnegative
control^ samples. This is probably because the small drug
quantity released by the undocked robot during the considered

time did have an effect. In practice, this can be considered a
negligible factor, since in a real clinical scenario, the undocked
robot would not remain for 20 min in the same position: it will
travel, in fact, through the targeted canal. Therefore, the un-
desired effect revealed by in vitro tests would be strongly
mitigated, in vivo.

Fig. 7 a Doxorubicin calibration curve correlating the measured
absorbance values with the doxorubicin amount dissolved in water. b
Amount of drug released in 20 min by docked robots and controls and
expanded view of the release curve, to better evaluate the amount of drug

released from the undocked robots; c Overall drug quantity released in
20 min from the two sample types (mean values±standard deviations).
*=p<0.05

Fig. 6 Experimental validation
of navigation and docking. A
magnetic field of 5.2 mT and a
magnetic field gradient of 0.05 T/
m were generated by means of a
permanent magnet placed below
the workspace. a The carrier is
kept fixed in the target position
and the piston is injected into the
PDMS channel. b The piston is
oriented for navigation to the
target. c Piston path towards the
carrier. d Docking of the carrier
and the piston
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4 Conclusion

This paper presents a novel millirobot for targeted drug deliv-
ery. The system can be used for tumor treatment and, more
generally, for the delivery of drugs and regenerative factors in
body lumens such as the spine, the urinary system, the pan-
creas or the ovary.

The robot components were fabricated by using a biocom-
patible elastomer (polydimethylsiloxane) including small per-
manent magnets. NdFeB magnetic powders embedded in the
carrier allowed to differentiate the properties of the two robot
components, thus enabling their independent magnetic control.
A doxorubicin-loaded hydrogel based on 0.25 % agar and 1 %
gelatin was embedded in the carrier. Finite element model sim-
ulations predicted an overall hydrogel deformation of 38%, due
to the magnetic attraction between the carrier and the piston.

It has been demonstrated that robot locomotion and
docking procedure can be performed wirelessly using mag-
netic fields. The proposed release mechanism, based on the
mechanical compression of a drug-loaded matrix, was reliable
and allowed to release ~6 ng of doxorubicin in 20 min. The
drug amount released by non-squeezed robots, in the same
time interval, was two orders of magnitude smaller. In vitro
tests on human bladder cancer cells confirmed that the doxo-
rubicin released by the squeezed robots was sufficient to trig-
ger the desired therapeutic (anti-cancer) effects.

The proposed system may enable highly reliable targeted
therapy in locations that are currently reachable only bymeans
of systemic drug administration or through low-dexterity
instruments.
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