2018 IEEE International Conference on Soft Robotics (RoboSoft)
Livorno, Italy, April 24-28, 2018
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Autonomous Targeted Drug Delivery
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Abstract— Soft micromachines made out of stimuli-
responsive hydrogels have the potential to emulate the naviga-
tion strategy of leukocytes to implement autonomous targeted
drug delivery. Leukocytes navigate in their natural environment
with a variety of strategies in response to chemical gradients.
They can detect gradients and redirect their movement towards
the gradient source, or adjust their speed while moving up-
gradient through cell body morphing known as cell polarization.
In this work, we use thermo-responsive hydrogels to engineer
self-folding micromachiness that can sense near infrared (NIR)
light gradients and react in a morphing manner to adjust their
speed. We load drug molecules into the unfolded micromachines
and encapsulate the drug by folding the micromachines at
body temperature. A location of interest is targeted with an
NIR light, and a rotating magnetic field is applied to navigate
the microrobots to explore the region. Results from in vitro
experiments demonstrate that the robots speed up while moving
up-gradient, automatically stop at the location of interest, and
start to release the encapsulated drug molecules by unfolding
their shape. The autonomous navigation is achieved without any
external imaging feedback by coordinating the sensory input
and shape morphing output of the microrobots through the
single degree of freedom (DOF) shape control.

I. INTRODUCTION

Targeted drug delivery enables a clinician to control the
concentration of medicine in a target region directly. This
means of delivery is largely founded on nanomedicine, which
employs nanoparticles as vehicles to carry therapeutic agents
directly to diseased tissue, thereby avoiding negative effects
on healthy tissue [1], [2]. However, these nanoparticles
usually lack active mobility, which means they must rely on
blood circulation to approach target areas. This is a problem
because a drugs success is directly associated with limited
circulation time in the human body [3].

A variety of micromachines with diverse actuation strate-
gies, for instance magnetic fields [4], structured light [5],
acoustics [6], [7], and bacteria [8], have been developed
to enable active mobility at low Reynolds number. Many
targeted interventions, such as delivering therapeutic agents
to a single cell for gene therapy [9], in vivo biopsy by
microgripper [10], and targeted cell delivery [11] employ
magnetic actuation in virtue of its versatile modes and
precise, high DOF control, as well as the fact that the human
body does not interact with magnetic fields. To implement
these applications in vivo, the navigation of microrobots
towards target sites must rely on reliable imaging feedback
for localization, such computerized tomography (CT) scan or

The authors are with the Institute of Robotics and Intelligent Systems,
ETH Zurich, 8092, Zurich, Switzerland. Email: hhuang@ethz.ch, bnel-
son@ethz.ch

978-1-5386-4516-1/18/$31.00 ©2018 IEEE

Exploring targeted source

4
Né% Targeted delivery

Fig. 1. Schematics of multiple shape morphing microrobots exploring the
environment and eventually accumulating at the targeted source to release
drugs.

magnetic resonance imaging (MRI). However, accurate, real-
time localization of microrobots and targets in the human
body remains a major challenge [12]. Moreover, prolonged
exposure to X-ray radiation raises the risk of cancer, cardio-
vascular disease and other non-cancerous diseases [13].

Robots at macro scales capable of integrating sensors, ac-
tuators and central controllers can directly form a closed-loop
system to realize autonomous navigation without external
imaging for localization. At small scales, the conventional
sensing, actuating, and computing elements can not be
integrated into one single machine. The emerging field of
soft robotics provides an alternative that uses morphological
computation to facilitate control and perception [14], [15].
Offloading computation from the central controller to the
body is achieved by interpreting or transforming the sensory
input into shape morphing output. This allows us to encode
automation directly into stimuli-responsive materials and
structures [16], [17].

This work describes self-folding micromachines based
on thermo-responsive hydrogels to implement autonomous
targeted drug delivery by emulating the navigation strategy of
leukocytes [18]. Drug molecules are loaded in the hydrogel
of the initially folded micromachines at room temperature
and encapsulated by refolding the microrobots at body tem-
perature to shield the drug from the environment. The micro-
robots are embedded with magnetic nanoparticles (MNPs),
which enables magnetic navigation and NIR triggering shape
changes. A location of interest inside human body can be
localized first by conventional medical imaging approaches.
We then use an NIR light to target the location. Several mi-
cromachines can be approximately delivered at the targeted
location through needle injection. A rotating magnetic field
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is subsequently applied to navigate multiple micromachines
to explore the area with the location of interest. These
micromachines increase their velocity as approaching the
NIR targeted location, autonomously stop moving at the
targeted location by unfolding their shape, and begin to
release the encapsulated drugs.(Fig. 1).

II. MATERIALS AND METHODS

High water content hydrogels are inherently biocompati-
ble; thus they are widely investigated in a variety of biomedi-
cal applications and particularly well-suited to drug delivery
applications [19]. However, the high swelling property of
hydrogels usually results in a severe leakage of medicine
during transport to target sites. In our previous work [20],
we developed a novel method using hydrogel bilayer struc-
tures capable of drug loading at room temperature and
encapsulation at body temperature to prevent the leakage of
medicine from a highly swollen hydrogel during transport. In
this work, a similar hydrogel-based structure was employed
to achieve autonomous targeted drug delivery. The bilayer
structure comprises a supporting layer and a drug-loaded
layer. Both layers are thermo-responsive but have different
thermal swelling characteristics. The supporting layer is
embedded with MNPs, enabling magnetic and NIR actuation.
The drug-loaded layer stores and releases the drug molecules.

A. Fabrication of hydrogel bilayers

The drug-loaded layer was designed to swell considerably
at room temperature (25°C) and less at body temperature
(37°C). N-Isopropylacrylamide (NIPAAm) was used as the
thermally responsive monomer, whereas polyethylene glycol
diacrylate (PEGDA) was used as a cross-linker. A hy-
drophilic copolymer (Acrylamide, AAm) was used to modify
the lower critical solution temperature (LCST) of the NI-
PAAm. Above LCST, hydrogels no longer swell. The molar
ratio between NIPAAm, AAm, and PEGDA was 90:10:0.5,
which results in an LCST of 37°C. The photo-initiator 2,
2 dimethoxy 2 phenyl acetophenone (99%, EMPA), and the
solvent ethyl lactate was added at a quantity of 3 wt% and
70 wt% the weight of NIPAAm-PEGDA with the aid of
an ultrasonic bath over a period of 20 min. The supporting
layer had the same material composition as the drug-loaded
layer, but different molar ratio between NIPAAm: AAm:
PEGDA of 85:15:2, whereas the LCST was 45°C. The photo-
initiator and solvent were added in the same proportions as
in the drug-loaded layer. MNPS of amorphous Fe3O4 with a
diameter of 30 nm were dispersed in the supporting layer pre-
gel solution at 0.5 vol%. Bilayer structures were obtained by
a two-step backside exposure photolithography process [21].
When the bilayer structures were immersed in water at room
temperature, they self-folded into a tubular configuration,
with the greater part of the drug-loaded layer exposed to
the environment.

B. Single DOF shape control of the hydrogel bilayer

Self-folding hydrogel bilayer structures can unfold and
refold by increasing the temperature. A modified mathematic
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Fig. 2. Schematics of the bilayer structure for drug loading and encapsu-
lation.

model based on Timoshenko bimorph beam theory can be
used to estimate the folding curvature of the bilayer structure
at various temperatures.
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where € is the difference in expansion coefficient between the
supporting layer and drug-loaded layer, /4 is the thickness of
the supporting layer, h, is the thickness of the drug-loaded
layer, n and m are the ratios between the two layers of the
elastic modulus and thickness, respectively.

C. Drug loading and release

The self-folded bilayers were immersed and incubated in a
thermostatic water bath at body temperature for five minutes
to dehydrate the drug-loaded layer. Subsequently, they were
immersed in a 1 mM brilliant green (BG) solution at room
temperature and were allowed to absorb the model drug for
one hour. The BG solution was heated to 37°C to encapsulate
the BG in the drug-loaded layer (Fig. 2). Prior to measuring
the release of the bilayers at body temperature, they were
taken out from the BG solution and immersed in DI water
for 1 minute to rinse off any residual BG on the surface.
Then, the bilayers were immersed in 300 uL. PBS solution
within an Eppendorf, and the release of the embedded BG
was monitored at body temperature for one hour. The PBS
solution and any released BG was collected, measured, and
replaced with fresh PBS solution every five minutes.

Simulations conducted by COMSOL Multiphysics® 5.2
with the model of transport and adsorption were used to
elucidate the influence of geometry on molecule diffusion.
The physics of transport of diluted species was studied in
a time dependent case. Geometries such as a square plate,
a hollow tube with the drug-loaded layer on the outer side,
and a hollow tube with the drug-loaded layer on the inner
side, were employed in the solid models.

D. Bioinspired navigation strategies

A variety of environmental cues can attractively or repul-
sively guide many types of cells. For instance, unicellular
organisms can find resources or avoid predators through
migration in response to chemical gradients, such as pH or
oxygen. In multi-cellular organisms, directed cell migration
underlies development, regeneration, and immune control.
Various responses of cells observed in gradients can be
viewed as navigational solutions with a trade-off between
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Fig. 3. Bioinspired navigation strategey. (a) Adjustment of directional speed
along gradient. (b) Slowing down at the source. Black arrows represent
transitions in time and red arrows represent cell movement.
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gradient reading accuracy and exploratory potential. Cells
capable of adjusting their directional speed while moving
along a gradient exhibit high exploratory potential but low
gradient reading accuracy, but these cells can explore more
space through random advancement (Fig. 3a). Another strat-
egy to enhance the exploratory potential is local deceleration
at the gradient source; cells can randomly arrive at the
target and locally accumulate (Fig. 3b). This is the least
demanding strategy for the cells as it makes full use of
random exploration of the environment and has no special
requirements regarding tissue geometry or gradient shape. In
this work, we encode the navigation strategies of enhancing
exploratory potential in the shape morphing micromachines.

E. Experimental Setup

Five DOF locomotion of the self-folding micromachines
can be achieved by using an eight-coil electromagnetic
manipulation system (Octomag). An NIR laser source (wave-
length 808 nm, 1.5 W, SLOC lasers, China) is used to define
the target site, and also to heat up the micromachines and
modulate their shape. The system is capable of generating
uniform magnetic fields up to 40 mT and magnetic field
gradients up to 1 T/m. All the experiments are performed
in a glass Petri dish placed in the middle of the workspace,
filled with deionized water at 37°C.

F. Manipulation of micromachines in low Reynolds number
flow

Tubular micromachines are subjected to an externally
applied magnetic field H with a flux density B=uyH, where
Uo is the permeability of vacuum. The torque that acts on
the micromachines can be described as

r=VM X B

(2)

where M is the volume magnetization in [A/m] of the object
of volume V. When the micromachine translates and rotates
near a surface, it experiences a drag force, which is approxi-
mated by assuming that the micromachine is a solid circular
cylinder in a low Reynolds number flow perpendicular to its
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long axis. Analytical models for the drag force and torque
acting on a cylinder in open flow can be found in [22]. If
the locomotion occurs in a confined space close to a wall,
the drag force is then estimated by

—4nu,U
log2k + (%)2

where k = r./d. is the fluid’s dynamic viscosity and U is
the relative velocity between the fluid and the micromachine.
The parameters corresponding to the wall interaction are the
radius of the cylinder (7.) and the distance between the center
of the micromachine and the wall (d.). The drag torque on
a cylinder rotating close to a wall is given by [23]

Fy/L= 3)

—4ruyor @
V1i-#i2

The translational velocity of the tubular micromachine rolling

near a substrate can be described as

Ta/L=

U = Usrc® (5)

where 0 < g < 1 is the slip coefficient, which depends on
the viscosity of the liquid as well as the characteristics of
the surfaces of the micromachine and the substrate.

G. Navigation strategy for autonomous targeted delivery

In this work, we applied a rotating magnetic field to make
the microrobots roll on a substrate to move forward. The
plane of the rotating magnetic field automatically changed
its orientation in 45° increments every 5 s to ensure that
the micromachines could explore the whole area. Therefore,
the micromachines could only stay in one direction for 5 s.
The duration of 5 s is chosen because the micromachines
require nearly 5 s to completely unfold. We used an NIR
light to target a location of interest. The gradient of the NIR
light triggered the unfolding of the micromachines. When
the micromachines are on their way towards the targeted
location and sensed the NIR gradient, they are encoded to
speed up to enhance the chance to reach the targeted area
before the orientation of the magnetic field changes. Once
the micromachines reach the source of the gradient, their
mobility will be disabled, and they will start to release the
encapsulated drug by unfolding. If the micromachines cannot
reach the source in the direction within 5 s, their moving
direction will be reoriented and they will start to explore the
area again (Fig. 4).

III. RESULTS AND DISCUSSIONS

Self-folding bilayer structures based on thermo-responsive
hydrogels are employed to load, encapsulate, and deliver
drugs through a single DOF shape control. Drugs are loaded
in the unfolded micromachines at room temperature, encap-
sulated by folding the micromachines at body temperature
and released by unfolding the micromachines at the target
site. The MNPs embedded in the supporting layer of the
micromachines enable not only the magnetic navigation
but also the NIR-triggered shape changes. In the following
sections, we will study the shape change, translational speed,
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Fig. 4. The flow chart of the navigation strategy for autonomous targeted
drug delivery

and sustained drug release of our soft micromachines con-
trolled by temperature variations that can be regulated by an
externally applied NIR light.

A. Single DOF shape control

Shape morphing micromachines are achieved by coupling
two hydrogels with different thermal swelling characteristics.
The inset of Fig. 5 shows the thermal response of the
individual supporting layer and drug-loaded layer. The drug-
loaded layer has a considerably higher weight swelling ratio
(WSR) than the supporting layer at room temperature to
ensure the drug-loading capacity. This difference of WSR
between the two layers determines the morphology of the
bilayer structure that can be controlled by varying tem-
perature. At room temperature, the bilayer forms a tubular
configuration with the drug-loaded layer on the outer side,
which allows the drug-loaded layer to absorb drug solutions.
When increasing the temperature from room temperature
to body temperature, the WSR of the drug-loaded layer
rapidly decreases, and the gel matrix of the drug-loaded
layer entirely collapses, which induces a refolding procedure
that switches the drug-loaded layer from the outer side to
the inner side. The drug-loaded layer is thereby shielded
from the environment by the supporting layer, and the drug
molecules are encapsulated in the refolded bilayer. In the
meantime, the WSR of the supporting layer decreases only
slightly. As the temperature continues to increase from 37°C,
the supporting layer gradually dehydrates, triggering the
unfolding of the refolded bilayer. At 45°C, the supporting
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Fig. 5. The temperature response of the curvature of the bilayer structure

and the weight swelling ratio (WSR) of the individual layers.

layer entirely dehydrates, and the bilayer fully unfolds. The
corresponding folding curvature of the bilayer is obtained by
(1) and shown in Fig.5. The curvature of the bilayer structure
can be directly controlled by varying the temperature.

B. Shape influence on drug release

Naturally, the shape of self-folded micro-structures in-
fluences their drug release characteristics. [24], [25]. We
employ the difference in the diffusion of molecules for
different shape configurations to implement drug loading,
encapsulation, and delivery through temperature-controlled
shape-morphing micromachines. Fig. 6 shows the simula-
tion results of the molecule diffusion from the drug-loaded
layer of bilayer structures with various configurations to
the environment for different configurations. Three different
configurations of the micro-structures, which are folded tube,
refolded tube and unfolded plate, are analyzed, The folded
tube with the drug-loaded layer on the outer side, designed
to absorb the drug solution, allows the molecules to leak into
the environment (Fig. 6a). The refolded tube with the drug-
loaded layer on the inner side, designed to encapsulate the
drug, prevents leakage of the drug (Fig. 6b). The unfolded
plate, designed to release the encapsulated drug molecules
at target sites, exhibits unidirectional drug release (Fig. 6c¢).

C. Velocity of shape morphing micromachines

The tubular micromachines are driven by external rotating
magnetic fields to navigate in low Reynolds number condi-
tions. They roll near the substrate by rotating along their long
axis to move forward. The forward velocity is proportional to
the rotating radius and frequency, according to (5). Therefore,
the speed can be modulated by the single DOF shape control
of the micromachines without interfering with the external
magnetic field control. The self-folded micromachines are
devised to have the smallest possible folding radius at body
temperature to minimize drug leakage. Increasing the tem-
perature from 37°C results in increasing the forward velocity
of the self-folded micromachines (Fig. 7a). While increasing
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Fig. 6. Simulation results of the drug release at different geometry.

the temperature to increase the speed of the micromachine by
enlarging the folding radius, fluid drag forces (3) and torques
(4) on the micromachines are also increased, which might
decrease the velocity. At low Reynolds number, the applied
magnetic torque must be balanced by the induced fluid drag
torque. By solving (2) and (4), the maximum rotational speed
of the rolling micromachines can be described as

"L'T\/lfk2

L 4mu,r?

(6)

Under a constant magnetic toque, increasing the radius
results in decreasing the rotational speed, until the rotational
motion of the micromachines no longer synchronizes with
the external magnetic field. As the amplitude of the magnetic
field is set at 5 mT, the maximum rotational frequency of the
micromachines is 3 Hz at body temperature. At 45°C, the
micromachines are completely unfolded, and therefore the
forward velocity dramatically drops (Fig. 7a). The mobility
of the micromachines is disabled when the rotating frequency
of the micromachines is reduced to 0 Hz. We exploit this
to enhance the locomotion control of the micromachines. If
there is a gradient of temperature, the micromachines can
gradually speed up by enlarging the radius while moving
up-gradient. Once the micromachines reach the source of
the gradient, the temperature at the source can completely
unfold the micromachines and disable their mobility.

Wy

D. Addressable shape control by NIR targeting

The embedded MNPs in the supporting layer are capable
of absorbing and converting NIR light to heat to regulate the
temperature of the hydrogel bilayer structure, which in turn
controls the shape of the self-folding micromachines. Fig.
7b shows the temperature elevation of the hydrogel bilayers
subjected to the NIR light for 15 secs. The temperature on
the surface is measured and shows the heating rate is up to
1.7 °C/s. By interpolating, increasing the temperature from
37 °C to 45 °C requires 4 secs, which is then also the time
required to disable the mobility of the micromachines. In
this manner, the micromachines can sense the NIR light and
react by unfolding their tubular shape. By measuring the
curvature of the bilayer structure subjected to NIR light, the
absorbed energy can be estimated. Therefore, the morpho-
logical sensing capability can also facilitate the perception
of a gradient of an NIR source. Then, we use the NIR light
as an environmental cue to target regions of interest. The
micromachines can sense and react to this environmental
cue and automatically adjust their shapes to perform specific
tasks at the target site.

—@— 0.5 vol% MNPs §

a/é
02 4 6 8 10121416
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37°C
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Fig. 7. (a) Velocity of the micromachines versus temperature. The rotating
frequency and amplitude of the applied magnetic field is 3 Hz and 5mT.
(b) Time response of the temperature elevation of the shape morphing
micromachines by applying NIR light.
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Fig. 8.  Collection of micromachines at the NIR targeted region. Black
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E. Autonomous targeted drug delivery

Soft micromachines made out of programmable materials
allow us to program automation directly into their soft
body. The proposed shape morphing micromachines can
autonomously change their shape to accelerate or decelerate
their speed in response to an environmental cue and stop
moving to perform targeted intervention without feedback
from the external system. Fig. 8a shows four self-folded
micromachines navigated by a global rotating magnetic field
in random orientations. Without an environmental cue, these
micromachines just randomly wander around the area. Once
an NIR light is introduced and targets the central region of
the environment, the micromachines encoded with the bio-
inspired navigation strategy are attracted by the NIR light.
As the micromachines approach the NIR source, they speed
up, increasing their chance to reach the targeted area. If
they arrive in the NIR target area before the orientation
of the magnetic field changes, these micromachines will
remain at the targeted region to perform the given task. Fig.
8b shows that the four micromachines eventually all reach
the NIR target site due to the completely unfolded shape.
The unfolded configuration also triggers drug release. Fig.9
shows the difference in the accumulated release between the
refolded and unfolded configuration of the micromachines.
The drug encapsulated in the refolded configuration has less
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Fig. 9. Drug releases in bilayered tubes at different temperatures.

than 5% leakage within one hour during the transport to
the targeted area. When arriving at the targeted area, the
micromachines unfold to release the encapsulated drug. The
accumulated drug release reaches 20% in one hour.

IV. CONCLUSIONS

Self-folding micromachines made of thermo-responsive
hydrogels are able to sense NIR light gradients and react
to them by morphing their shape. We encode a navigation
strategy inspired by leukocytes in the shape morphing micro-
machines to implement autonomous targeted drug delivery.
Our results suggest that the sophisticated locomotion control,
the perception of environmental gradients, and the control of
sustained drug release can be facilitated through the single
DOF shape control of the self-folding micromachines. We
demonstrate that the micromachines can increase their speed
while moving up-gradient, automatically stop at the location
of interest, and start to release the encapsulated drugs by un-
folding their shape without relying on any external imaging
feedback.
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